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ABSTAC T

Fuel tank inerting requirements for two typical military airC raft have been

established. With these requirements as a basis various inerting systems using
a catalytic combustor have been considered and an optimum configuration has
been selected for further study. A preliminary design has been completed on

this configuration, including weights, general configuration, control functions and

performance. The weight of the system is approximately 50%/( of a liquid nitrogen
system designed to meet the same requirements. The moisture added to the
fuel tanks is approximately the same as that added to the current fuel systems
which do not have inerting systems. A program plan for the follow-on program

which consists of building and testing a breadboard system of this configuration

has been prepared.

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 43433.
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1.0 IN THOI)I i ;'TI' )N

l,'ire muid explosion haz.ards in airrt-Craft fuel tanks arise from the presenClu
of a; C(OlbULStihlh 111ixtuIre of fuel vapor a.nd oxygen in the space abov' tihl'
fuel. Oxygen colits out of solution in the fuel, and air may cnter at on-
protected vents. The mixture nuty be combustible over a wide range of
frequently encountered temperatures. Penetration of projectiles, ignition
at the tank vent by lightning and local heating by lightning or by fire can
result in fuel tank and venting system explosions and fires. Fuel tank
inerting systems have been used successfully in which a stored inert gas
such as nitrogen is supplied to the interior of the tank, purging it of oxygen
to noncombustible levels.

The present study has been undertaken to develop a preliminary design of
a system for producing an inert gas from air by burning fuel to reduce its
oxygen content. The approach taken is to perform the burning on a cata-
lyst bed supplied with engine bleed air and fuel. Heat is rejected to ram
air and moisture is condensed in an air cycle refrigeration unit.

The study comprises four major tasks aimed at developing a preliminary
design of the catalytic reactor inerting concept. The first involves writing
specifications for the inerting systems to cover the requirements of two
aircraft, the Tactical Fighter Aircraft (TFA) and the B-1. The second
task covers concepts for catalytic reactor inerting systems for the two
aircraft. One concept, that for the B-i, is developed into a preliminary
design in the third task. Finally, the fourth task describes a breadboard
development program for ground testing of a catalytic reactor type fuel
tank inerting system. A concept has been developed in the study that makes
use of a catalyst in the form of packed beds of pellets that promote the re-
action between fuel and air at about 1300 0 F. Combustion heat is transport-
ed by a large volume of recirculating gas to the heat exchangers which re-
ject it to ram air. The inert gas, still at close to bleed air pressure, is
further cooled in heat exchangers and is expanded in a turbine, bringing
temperatures close to freezing for maximum condensation and drying.
Moisture is discharged into the ram air inlet for its cooling benefit and
the dry, inert gas is delivered to the aircraft fuel tank.

• • , a i i Ii I i I I I1
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2. L DEFINITION OF SYSTEM REQUIREMENTS

As T,"k I of the study program reported herein, the Fuel Tank Inerting
System requirements were established for a Long Range Bomber (B-i)
and a Tactical Fighter Aircraft (TFA). A system specification was
prepared for each aircraft, including an outline of the general system
requirements and detailed flight profiles for two typical missions, one
subsonic and one supersonic. The full details of the flight profiles are
classified secret ard are available only through limited distribution. The
general system requirements, which are essentially alike for both air-
craft are presented below, followed by a discussion of specific B-i and
TFA requirements.

It is to be noted in reviewing this presentation of the system requirements
that they represent a composite of information gathered from several
sources over a time span of considerable length relative to the overall
study duration. The flight profile data, in particular, was based on in-
puts from both the Air Force and the airframe prime contractors and,
simply due to the early stages of development of both aircraft, contain
many approximations.

General Requirements

Fuel Tank Oxygen Level

The requirement for the fuel tank inerting system is that the oxygen con-
centration in the fuel tank vapor space be maintained at a level below that
which will support combustion. A concentration of 9% by volume was
established as the maximum allowable. This is to be accomplished by
maians of reducing the oxygen level of engine bleed air in a catalytic com-
bustor and feeding the inert gas to the fuel tank.

Moisture Removal

The inerting system design objective is to provide moisture removal
capacity to the extent that the moisture added to the fuel tanks over the
specified flight profiles would not exceed that added by the atmosphere
to unprotected tanks. This design objective led to the establishment of a
maximum absolute humidity of 80 grains water/lb dry gas delivered to
the fuel tanks under all normal operating conditions.

3



Fuel Tanik Plrus.a~vr' Control

"Theu_ ulk-rtinig syst('11 is reqUired Lu conmtrol tihe flow of iner~ink gabes to

the fiucl tanks in sulch a nimincr that a spmeffivd ircsurlzatiot schedulu
is maintained. Thu nornmal fuWO tank p-essurizttion is 0. | sig or ). 0

psia, whichever is greater. n, fu11 tank pressure relief valve will
prevent ovurprcssuriz ation and the drive valve will not allow negative
pressure in the tanks.

Fuel Compatibility

The inerting system is to be compatible with JP-4, JP-5, and JP-8 fuels
while meeting the requirements of the specification. In addition, no
hazard shall be added by the inerting system while the aircraft is operating
on emergency fuel consisting of 97% aviation gasoline and 3% lubricating
oil.

Heat Sink Availability

Both ram air and fuel are available as heat sinks to meet the cooling
demands of the system. A design objective is to minimize the use of
fuel as a heat sink.

Operating Requirements

The operating modes of the inerting system are described by specifying
what is required of the system during various phases of a typical aircraft
operation cycle.

Climb

During climb the quantity of dissolved oxygen and nitrogen which the
fuel can hold In equilibrium is reduced. These gases, dissolved in
the fuel during ground storage, tend to stay in solution in a super-
saturated condition as the pressure is reduced unless the fuel is
agitated. To prevent the oxygen from coming out of solution when
sporadic agitation occurs and disturbing the safe oxygen concentration
in the tank ullage a fuel scrubbing process is required. Scrubbing will
be accomplished by injecting the inerting gas into the liquid fuel to
promote agitation and maintain equilibrium of the dissolved gases in
the fuel during climb. The injected inerting gas will serve to dilute
the oxygen to a safe concentration in the ullage. A continuous venting

4



of LuertIng wnd emerging gases is provided by the tank pressure relief
valve. The minimum volume flow rate of inerting gas required for
adequate sparging during climb has been assumed to be equal to the
volume flow rate of the fuel eonsumption at sea level. If a higher flow
rate is necessary it can be provided without increasing the system
size. The mass flow rate of inerting gas should remain essentially
constant with increasing altitude until the tank pressure becomes
constant.

Cruise and Descent

SDuring cruise and descent the inerting system is required to maintain
fuel tanks at the specified pressurization by controlling the flow of
inerting gas into the tanks.

Fueling

During fueling on the ground and in flight the entering fuel can be
supersaturated with air. Oxygen emerging from solution could
enrich the ullage space far in excess of the safe limit. The inerting
gas supply should be capable of scrubbing the fuel and purging ullage
space to maintain a safe concentration in the ullage.

Ground Operation

It is desireable to provide inerting protection on the ground during
stand-by. Over extended periods, with engines off, operation of the
inerting system would be possible by making periodic use of hot,
compressed air from an APU.

Emergency Operation

In the event of emergency descent rates a safe oxygen concentration
and positive tank pressurization are to be maintained.

Logistics and Maintenance Requirement

System regeneration, maintenance and overall life is required to be
consistent with the intent of the Bare Base Concept. The inerting
system should be capable of multi-mission operation without external
regeneration, replacement, or maintenance. The number of mission
cycles between such maintenance will not exceed six.

5



The nornii' •i axi lnu I' 10m% aItc '(i2(0irtrd for the TFA to nii|taii• a i

positive pressure in the fucl tanks is approximately 4. 5 lb/mim.
T'his flow deman(d occurs with thu aircraft approaching sea level
in descent at thc maNaxi mum uormal descent rate with the fuel tanlks
nearly empty. In the event of an emergency descent, which, for the
TrFA, .,: cifie•t as occurring during normal combat maneuvers,
the descent rate is approximately six times the m:,zximum normal
rate. These combat maneuvers ;ire assumde to occur between

25, 000 ft and 10, 000 ft altitude.

B-1 System Requirements

The normal maximum flow rate required for the B-1 to maintain
pe' ive pressure in the fuel tanks is approximately 75 lb/min.
Thib flow demand occurs with the aircraft approaching a 3, 000 ft
loiter altitude in descent at the maximum normal descent rate with
the fuel tanks near empty. In the event of an emergency descent,

the flow demand for maintenance of positive fuel tank pressure to
3, 000 ft may reach 200 lb/mtn.

The normal descent condition occurs with the engines at idle power
setting. The emergency condition has sufficient engine throttle
advance so as to assure adequate bleed flow availability. These
flight conditions are the design points for the system. Specifically

the system was designed to provide the normal maximum flow of 75
lb/min of inert gas at 3, 000 ft hot day, M=O. 025 and engine idle
pressure. Collectively these conditions represent the severest
operating condition and each has a direct influence on the resultant
system size. A system sized to provide that amount of inert gas
during normal maximum descent will also meet the emergency descent
requirement when supplemented with engine bleed.

•: : ..... ,• _,_• :• . .. :- -- :• : • -. .:..:•: • ,•::• . . • -- ::, : :• .: .6
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3.0 , SYS'TEM CoN('NEI'yl' SEIECTION

3.1 Concept Philosophy

There has long been a recognition of hauzards associated with the mixture
of fuel vapors and air in the spave above the fuel in aircraft fuel tanks.
Over the past 30 years various schemes have been tried for reducing or
eliminating these hazards, usually by purging the ullage space of oxygen.
Inerting with combustion products has been applied in the past using
reciprocating engine exhaust products, and also using combustion products
produced by purge gas generators designed from heater technology. The
latter were never evaluated by flight test, and that technology is now
fifteen years old. At the present time fuel tank inerting has become a
recognized need for military aircraft as protection against enemy action.
During 1968 and 1969 United Aircraft Research Laboratories conducted
studies on various types of gaseous inerting systems with emphasis on
combustion. Concurrently, American Cyanamid, under Air Force con-
tract, was experimentally and analytically investigating a catalytic reactor
type of combustion inertipg system. From these programs it was evident
that a combustion system based on the use of engine bleed air to react
with aircraft fuel, and the use of ram air as a primary heat sink, offered
significant advantages over other systems. These advantages appeared
most prominently in weight savings and in the reduction of logistics
support requirements.

The scope of this study was to apply the American Cyanamid catalytic
reactor results to a system based on the use of aircraft equipment design
principles for heat exchangers and controls. The system was also to
make use of aircraft air-cycle refrigeration equipment for the removal of
moisture produced in the combustion reaction. Full advantage was to be
taken of the great affinity of SO 2 gas for moisture in the removal of this
potentially corrosive combustion product from the inerting gas. Automatic
controls to maintain stable operation at all conditions requiring inert
gas production within the aircraft flight profile were included in these
requirements.

A possible alternate to this system concept includes the use of a jet
engine type burner and a single high temperature heat exchanger as a
substitute for the catalytic reactor and its cooling heat exchangers. All
other parts of the system would remain essentially unchanged. The burner
would thereby permit avoidance of some of the reactor control problems
while simplifying the system. Such a system was not considered in

7



detail sincv it waits h.yoVld thc ,, opc of tlu currient program.

"4.2 Catalytic Itactor i)'sign

In a prior program sponsored 1)I, the Air lorcu Auro 1Propulsion La)oratory,
American Cyanaminh (Comipany ,xplorv, the f(tasibility of utilizintg a catalytic
comlnbustion techniutie to provide inurt blillast gas for the ullage spaces in
aircraft fuel tanks. To a largce extent the earlier work comprised a cat-
alyst screening program utilizing propane as fuel, but some work was
also done with JP-7 and JP-4 liquid fuiels. The experimental work con-
firmed the general feasibility of the approach, led to the selection of

Cyanamid's AERO-BANR catalyst as the must suitable of those studies,
and provided some preliminary dat:a on the kinetics of the reaction. Two
general reactor design concepts were proposed, one a radial design in

which the gas stream flows outward from a cylindrical core through a
single catalyst bed, and the other a segmented reactor design in which the
gas stream flows through a number of catalyst beds in series, with cool-
ing between beds to remove the heat of reaction.

The objective of the present reactor design analysis program was to study
several design concepts in more detail in order to obtain a preliminary

assessment of the effects of bed configuration and operating parameters
on system performance. System characteristics of prime concern in
this study were:

Weight
Pressure Drop
Safety
Reliability
Simplicity of Control

In this preliminary analysis, only "steady-state" performance was con- I
sidered for mathematical treatment. Analysis of the transient response
of the reactor system to changes in demand for ballast gas required by
the varying operational modes of the aircraft was not attempted because
of the limited scope of the present program. Such an analysis would be
desirable in connection with possible future "breadboard" studies of this
system.

3.2.1. Basic Design Concepts Studied

There are several basic conceptual approaches to the design of a
catalytic reactor for reducing the oxygen concentration of ballast air to
safe levels. These may be stated as alternatives, as follows:

Sq



1) Recycle or once-through flow

2) Single or multiple catalyst beds

3) For multiple-bed configurations, series or parallel flow. SIplit-

air or split-fuel feed

In choosing among these approaches, a major consideration is the extreme
exothermicity of the oxidation reactions involved, and the need for
effective heat management to maintain adequate temperature control. It
is also Important from the standpoint of safety to ensure that the concen-
tration of oxygen and/or fuel is maintained outside the limits of flam-
mability in all parts of the system. When these criteria have been
satisfied, attention may be focused on means for minimizing system
weight and pressure drop.

Management of the heat of reaction may be accomplished in at least three
ways:

1) Recycling of Inerts to moderate the reaction by providing a
heat sink.

2) Inter-cooling between catalyst beds in a series configuration.

3) Direct cooling within the catalyst bed.

Recycling of inerts is an attractive approach because in addition to aiding
heat management it also provides a means for reducing the oxygen concen-
tration to levels which are safely below the flammability limit (about 8-9%
at reactor inlet conditions). With recycle, a single bed, or a multiple-
bed series or parallel flow configuration may be considered. In a series-
bed configuration with recycle, splitting the air flow among the beds also
helps reduce oxygen levels throughout the system.

Without recycle, (and without direct cooling of the catalyst), a multiple bed
series configuration with a limited flow of fuel to each bed is required in
order to maintain catalyst temperatures within tolerable limits. Because
the number of beds in series would be large (on the order of 10 or more),
such a system would tend to be quite complex from the control standpoint.

9



Direct cUoling of t1a' Ct:t1~ty. ht b 1  18, in lrlini ipic, vn attractive mc:ins
for controling th," t'it' n .loll i.\''lhircii, ll ', l pre.el lap t iy duesig-n

MiOYSiy S Ciiri'i.d , jlt V u'ricv ,l ' l iltiittttit d t1At te heait trfltIAn er .iuit:(._

r'VejUiredI woiild 11 l~taj ,gk rct:Attvc t i it-' v'Olutmi of cattaly,'-it, ho thait tdii
:tpprowtcl. wYoutld ,'e'q rc j hL i,i of til cit)il'yn'., iflnd thus iti p))ic :i wcirht

penIAlty. .\nothtir i0OhICnletn with thi.S i'nligHiitr ioji is to pr'ovidt unliitoritn

bed cooling. Sitict, realioion rAle i[5i strongly dupendent otl tvmpe;ratur.r,
it is imtportant 01a thOW tern,'etri lcvel in the Ited, on a plane normiil
to the flow, is held uniformly within :a narrow rangc. If one area ol the
bed is overcooled the reaction rate will dechrease. This will in turn result
in a further reduction in temperature possibly to the point where reaction
ceases in that portion of the bed.

In a series-bed config-uration with recycle, it is possible in principle to
operate outside the region of flammability by limiting the flow of either
air or fuel to each reactor bed (split-air or split-fuel concept). The
former leads to fuel-rich mixtures, and possible "coking" problems in
the reactor. The latter avoids fuel-rich mixtures, but may introduce
mechanical problems with respect to distribution of fuel among the beds,
as well as some ambiguity with respect to the concentration of "fuel" in
various parts of the system (because of recycling unburnt fuel and partial
oxidation products). Monitoring of oxygen rather than hydrocarbon levels
in the inert gas supply would appear to be a more practical approach to
ensuring non-flammable mixtures throughout the system. The more
difficult task of monitoring hydrocarbons would have to be used in the
split fuel system. Thus, despite possible problems due to coking, the
split-air concept appears initially more attractive than the split fuel.

3.2.2 Selected Concept (Series-Bed Recycie System)

A careful consideration of the various factors discussed in the foregoing
paragraphs led to the selection of the series-bed recycle system with
split-air flow. A generalized mathematical treatment of this type of
system has been made, and is presented along with computer-generated
results for specific cases in the system design sections.

This concept has another advantage in that it permits the use of a simpli-
fied fuel control. Reaction rates are strongly dependent on bed tempera-
tures. Cooling between beds with the recycle configuration provides a
means for uniform bed temperature control and therefore reaction rate
control. The ram air to each catalyst-bed exchanger has a separate con-
trol so that each bed can be controlled independently of the others and of
the rest of the systems.

*AFAPL-TR-69-68
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3.3 C oXliirg and Moisture Itemoval Su4b-Systn, Concept

In addition to tht, need to provide gas low in 0., to the tank is the require-
nieat that thc gas have relatively low moisture content. Previous systems
which have used products of combustion as a source of inert gas have con-
sidered chemical drying agents or absorbents to meet this latter require-
ment. These types of systems are very heavy and/or require considerable
maintenance. In this system, moisture is removed by condensation. The
cooling required for this condensation is provided by typical aircraft
refrigeration equipment and is therefore lightweight and current technology
hardware.

3.3.1 Confifuration for Syrstem

The heat sinks which are used are both ram air and fuel. Ram air is the
primary sink and is used at all conditions. At extreme flight conditions
where ram air is too hot, it is supplemented with fuei. Both the ram air
and fuel heat sink requirements are minimized by the use of the con-
densate itself as an additional heat sink.

The moisture removal sub-system is illustrated in the system schematic
in Figure 1. Inerted gas from the combustor is first precooled with ram
air. It then flows through the fuel exchanger where it is cooled when
ram temperatures are high. In the outlet header of each of these two
heat exchangers there is a water drain which removes most of the water
which is condensed in each. After leaving the fuel exchanger the inerted
gas is further cooled in the regenerative heat exchanger and all of the
remaining condensate is removed in a water collector located in the outlet
header of the regenerative heat exchanger. The gas is then cooled in the
expansion turbine which is, indirectly, the source of cooling for the
regenerative heat exchanger. The energy extracted from the gas in the
turbine is absorbed by the recirculating fan and is thereby rejected to
the ram air. Upon leaving the turbine, all of the inerted gas including
the moisture which was condensed in the turbine is passed directly into
the cold side of the regenerative heat exchangers. This cooled gas, and
the moisture in it, is the heat sink for the regenerative exchangers. The
moisture, which is in the form of very fine fog particles, evaporates as
the surrounding gas is heated in the exchanger and at the heat exchanger
outlet there is no free moisture. The temperature is, in fact, well
above the dew point and, when the system is operating in the low flow
mode, the gas is in proper condition for pressurizing and inerting the
fuel tanks. The demand fuel tank pressurization control feeds only that
portion of the inerted gas required for pressurization or purging into the

11
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tanks and the remainder is discharged overboard.

F.'or operation in the low flow mode a second regenerative heat exchanger
has been added which yields substantially dryer gas. in this mode, the
amount of gas required for pressurization and purging is tapped off just
downstream of the fuel heat exchanger. Because of the favorable mass
flow ratio substantially colder, and therefore dryer, air is possible. In
this case the demand control system throttles the inert gas stream to
maintain the necessary flow rate. Turbine effluent is discharged over-
board under this mode and consequently turbine discharge pressure is
closer to ambient pressure rather than fuel tank pressure. This lower
turbine discharge pressure is another factor which contributes to the
lower moisture content.

3.3.2 Alternate Systems Studies

Systems studies which were conducted in establishing this system included
several alternate configurations. Three of these warrant further discussion.
An alternate turbomachinery configuration was examined which used a
portion of the turbine power to raise the system pressure level. Although
the higher pressure aided the moisture removal, this approach was dis-
carded because it had insufficient power for the recirculating fan. In the
selected system the condensate is used as a heat sink by being sprayed
into the ram air of the precooler. This approach was selected over the
direct boiling of the water in a separate heat exchanger because it yields
a lower temperature sink and it eliminates the need for ar additional heat
exchanger. Lastly, a system was considered which used a water separator
downstream of the turbine. Superficially, this would appear to be a better
system thermodynamically because it permits a higher turbine inlet

temperature for a given supply moisture level. Were it not for the in-
creased pressure downstream of the turbine resulting from the water
separator pressure drop this alternate system would be superior, but the
decreased turbine pressure ratio more than offsets the advantage of the
higher allowable inlet temperature. A substantial pressure drop is re-
quired in the water separator because of the fineness of the water particles
that exist at the turbine outiet. These particles are on the order of one
micron in size and must be coalesced before they can be mechanically
separated.

3.4 System Control Selection

Preceding Page Blank
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conditions C:iLl he -'rOimjKA inito thc two rang-s; the higher occurring at

descent and the lower rangC at all othe ' conditions. As discussed in the
section on systemn dc wriptiozi, therer are two modes of operation which
have been selected. The control philosophy was to minimize the com-

plexity by making these the only modes that need be considered. More

complex control (coiicepts were considered in the study but were found to
be of little advunt;4ge. The magnitude in flow rates at which acceptable
turbine performance could be nichieved was actually the determining
criteria in setting the flow level at the low flow mode. As described in

the earlier sections, the system was designed for the descent requirements.
System studies showed that, to get proper oxygen and moisture levels, a

minimum turbine nozzle area of 10% of the design area must be maintained.
Since all operating conditions other than descent required less than 10';Y,
it was permissible to adopt a control scheme which would waste the

difference in these flow requirements and the 10% level. This excess
flow has been used to good advantage to provide drier inert gas. A
similar philosophy (minimum complexity) has been used in the concepting
of the other controls. Wherever a control has a minimum effect on system

weight and aircraft penalty, the simplest control approach has been used.
In other areas, such as in the control which regulates the supply of inert
gas to the fuel tanks where the control has a significant effect on fuel

tank inerting conditions, a somewhat more complex control has been used.

In some control elements there are uncertainties of the criticallity of their
influence on system operation. In these areas where it will be necessary
to have experimental data to resolve these uncertainties, the simplest

control approach has been used. The controls which fall in this latter
category include start-up controls, the fuel flow rate controls, and the
reactor-bed temperature controls.

Despite these simplifications to the controls, the resultant system requires
relatively complex controls. The wide variety of parameters which must
be controlled make this necessary. Relief in system requirements and

changes to the system schematic offer the possibility of further control
simplification. For the current requirements however, these controls

are essential to proper operation.
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ln addit ion to thtst, controls, a mcatis of monitoring 02 concuntration

should be included in the final system. Such a device has not been in-
oluded in this study because it WOUld not have a control influence on the
system. It would be used to scnse the oxygen concentration to indicate

when the slxcititd limit was exceeded and thereby indicate when

catalyst regeneration or replacement was necessary.

3.4.2 ,elected Controls

The moisture rtnmoval subsystem incorporates three basic control

functions; a control in the precooler to minimize ram air consumption
and the corresponding penalty, a control on the fuel flow to minimize
heat addition to the fuel, and a control to prevent snow at the bypass
regenerative heat exchanger cold-side inlet. The precooler ram air

control limits ram flow to maintain a minimum hot-side outlet tempera-
ture of 900 F. In addition to minimizing ram flow, this control also
eliminates the possibility of freezing in the precooler on cold days. There
is an additional function of this control which limits the ram air control

valve maximum area to five square inches when the system is operating in

the low-flow mode. This area is sufficient to maintain maximum pre-
cooler effectiveness when in this mode. The fuel heat exchanger control
is a simple on-off control which turns on the fuel flow to the exchanger

when the ram air temperature is above 1500F. Freezing conditions
entering the regenerative heat exchanger are prevented with a bypass
around the turbine which maintains a temperature of 35OF at that point.
A venturi is located upstream of the bypass line to limit the flow in the

high flow mode when bypass is occurring.

The catalyst-bed subsystem controls are simply the two-level fuel flow

corresponding to tha high - and low-flow modes and the bed temperature
controls. The latter controls modulate ram air through each heat

exchanger to maintain the temperature leaving the succeeding bed to a
prescribed level. It has been necessary to use a separate control on
each bt ' beoau..se of the criticality of maintaining proper catalyst tempera-

tures. The experimental data on the catalyst shows very vividly the strong
influence of bed temperature on reaction rate. A single control on all

three beds could not hold the desired bed inlet temperatures and corres-
ponding heat fluxes over the range of steady-state aid transient flight

conditions. This influence of temperature on reaction rate is typical of
catalyst reactions and is not restricted to this geometry.

The system includes two additional controls. One is for start-up and

consists of a bypass valve around the catalyst bed. This provides direct

bleed air to the cooling turbine for driving the recirculating fan. The
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second control is an cmurguncy bvyprt.s valve which feeds bleed air
directly to the fuel tank pressurization line for supplemental flow during
rapid descent.

3. 5 Comparison of the T'FA and the k-I System

Schematically, the TFA system is identical to the B-1 system with thu
exception of one control function. In the TFA system there is an added
control function which will switch the system to the high flow mode at
the time the aircraft weapons are aimed. This will provide maximum
flow availability instantaneously during combat maneuvers. Upon
safetying weapons, the control will switch back to the normal mode, which
will be either high-or low-flow, depending on the flight condition.

Performance of the TFA will be similar to that on the B-i, with the
flow reduced to approximately 6% at all conditions. The system weights
will be reduced correspondingly,

is



4.0 SYSTFM OPERATION

4.1 Start-up

Normal operatioti of the fuel tank inc rting system may be assumed tu bugin
with a start from a cold condition. Also, it is reasonable to expect that
the system is filled with air as a result of leakage transfer with the
atmosphere during the shutdown period. Once operational, the system is
designed to xun continuously. If, however, a shutdown occurs, the re-start
procedure would follow the same sequence as that for a cold start since it
is likely that the system would cool down and fill with air as a result of a
shutdown.

The start-up procedure to be followed involves a sequence of events
observed to be necessary to accommodate the basic nature of the catalytic
inert gas generator. Specifically, a heat-up period is required before the
inerting reaction can be initiated. When the so-called "light-off" tempera-
ture is attained, the rate of fuel addition to the heated air must be low
enough to enable the reactor cooling system to maintain control over
catalyst temperature. Running the catalyst on a pure air/fuel mixture
leads to essentially full oxidation of the fuel in the first catalyst bed
encountered. This, in turn, could lead to a rapid overheating in the first
catalyst if excessive fuel was available. An initial mixture of approximately
1.0% fuel in air (by weight) is dictated by analysis.

The sequence devised to achieve the desired system start-up characteristic
is outlined below. Since normal start-up is envisioned for ground opera-
tion, bleed air is assumed to be flowing to the ejectors.

a. The reactor bleed supply valve is closed and the start-up bypass
valve is opened.

Thus, the system begins operation with air driving the cooling
turbine and the gas stored in the reactor, essentially entrapped
in the recirculating loop with no fresh bleed air being added.
Also, no fuel is being injected.

b. The recirculating flow is heated to 5000F.

This represents what may be considered a minimum "ilight'off"
temperature for the catalyst employed. The actual heating of
the system is partially accomplished through the heat generated
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by the fan. This is sutpplemennted by an clectric heater which locally
heats the first catalyst btud. "T'he required size of thu heater would
detend on the desired start ti me. Without the electric heater, start-
up tinine \vould I) 10 to 15 In Uutes from a cold soak condition.

c. Fuel flow commences at a mass flow rate of approximately 0.5 li/min,
corresponding to approximately 1% of the recirculating flow rate.

The oxygen in the recirculating flow is thus consumed as reaction
is initiated. Cooling flow to the reactor heat exchangers is
available as becomes necessary. This part of the start-up
sequence would last for a predetermined time aimed at inerting
the atmosphere within the recirculating loop before fresh bleed
air is added.

d. The start-up bypass valve closes as the reactor bleed supply valve
opens and the fuel injection rate is adjusted to correspond to bleed
flow.

Normal operation of the system is thus established. During this
start-up procedure the fuel tank pressure control system will be
functioning, passing most of the system flow overboard.

As indicated above, considerable detailed design analysis, as
well as experimentation, remains to be done in order to describe
the system start-up characteristic precisely. Establishing this
characteristic would be included in a suggested follow-on to this
preliminary design program.

4.2 Steady-State

In order to accommodate the wide range of inert gas flow requirements
encountered over a flight profile, the system operates according to a
high/low-flow mode control which allows adequate flows to satisfy the
high demand of descent while attempting to minimize the penalty of con-
tinuous operation during periods of low-flow demand. The system will
normally be operating in the low-flow mode. This means that normally
only 10% of the full turbine nozzle area will be utilized and the ram flow
through the precooler will be restricted by closing the discharge valve
to a position providing approximately 5 in 2 effective flow area. Also, in
the low-flow mode, only the small fuel nozzle will be in use supplying
fuel to the combustor. Furthermore, in the normal low-flow mode, the
inert gas flow to the fuel tanks is tapped from upstream of the regenerative
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heat exchanger, cooled and dehumidifiud in the bypass regenerator arnd
throttled at the tank pressure control valve. The remaining system flow
is tipilled overboard.

The switching from the normal low-flow mode to the high-flow (or descent)
mode is accomplished by the use of a pneumatic rate detector which is
sensitive to rate of change of ambient pressure. During descent, a signal
will be provided that would cause the following changes to occur:

a. The valve at the turbine inlet would open, allowing full admission to
the turbine nozzles.

b. The precooler ram air control valve would be free to operate full
open.

c. The reactor fuel supply would be increased by permitting flow to the
large, as well as the small, fuel spray nozzle.

d. The fuel tank pressure control function would switch from the fuel
tank pressure control valve to the overboard spill valve.

e. The reactor bed temperature control would switch setting from 11000F
to 13370F.

The signal to switch would be overridden by an altitude bias since the
fuel tank pressure is maintained constant above 25,000 feet. Hence,
changes in ambient pressure would not affect fuel tank pressure until
the descent passes through that altitude.

4.3 Shut-Down

Prior to the shutdown of the aircraft bleed air supply, inerting system
shut-down control will sequence the removal of the fuel and air supplied
to the catalytic reactor. The fuel supply will be shut off first, allowing
for a short operating period with air only. This procedure serves several
purposes. As long as the catalyst beds remain hot enough, reaction will
continue to purge the system of fuel vapors and to provide a catalyst
regeneration period wherein any coke deposited upon the catalyst surface
would be burned off. Once all reaction is completed, the bleed air flow
will provide a means of cooling the inerting system. Also, operation for a
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shor't time without reaction would :llohw the moisture removal sUbsystemn
to run relatively dry. This would iprovide for drying the components which
normally run wetted by acidic con(densate from the products of reaction.

During the shut-down tx.riod, all control systems will be operating. Since
normal shut-down will be executed on the ground, cooling by means of the
ejectors will be available. The fuiel tank pressure control will pass most
of the system flow overboard so that the shut--4own period would not
serve to significantly increase the oxygen concentration in the fuel tanks.
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,5, 0 S"YSTIEM DE.SIGN

Tl'his section contains a detailed descriltion of the various co-ponenitm of
the systcm whtch have been designed to niet the specifled requirementh
of the B-I and is based on the selected system schematic. A detailed
design aiialysis of the catalyst lhas been included which can be correlated
with the experimental portion of this program. Installation-type drawings
are presented on the major components. Since particular installation
requirements will have a direct influence on the shape of many of these
components, these drawings should be considered to be merely typical.
Further system or component optimization will also have some effect on
the size and shape of each. The weight summary reflects a moderate
amount of optimization, and the Installation drawing represents one
possible arrangement of these typical sizes.

5.1 Materials Selection

Hamilton Standard conducted an extensive study * several years ago into
the best material for use In a gas turbine recuperator. The availability,
corrosion resistance, and mechanical property requirements explored in
this study are very similar to those of the inerted gas portion of the Fuel
Inerting System.

The following is a summary of the recuperation requirements and con-
clusions. The characteristics considered necessary for this application
are as listed below:

a. Availability:

The material must be available in cold-rolled, pickled and annealed
sheets and foils of the required thickness and must be economical
commensurate with other requirements.

b. Corrosion Resistance:

(1) Elevated Temperature Oxidation - The material must have
superior resistance to elevated temperature (500-9500 F) oxidation.

(2) Products of Combustion - The material must have superior
resistance to oxidation and reduction resulting from the products
of combustion and breakdown of JP-5 or diesel fuel at operating
temperatures from 5000 F to 95 00°F.

Hamilton Standard Technical Study for Marine Gas Turbine Recuperators,

EP 64304, March 5, 1964
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(3) Salt Water 1Pitting - Te material nust be resistant to pittiring
induced ht( 1 fV the sunulc of stagnant silt water of varying Con-

centratiomi. tThis is a Ir'L'ult of salt atmosphere contaninaiwi
during recuperator shut-down periods.)

(4) Chloride-Ion Stress Corrosion Cracking - The material must
have superior resistance to chloride-ion stress cracking at
temperatures of 500-9500 V beeause of salt water ingestion. (The
required brazing alloys and welding filler rods must be equally
resistant to the above corrosion environments.)

c. Mechanical Properties:

(1) Tensile Properties - Must be considered good over the entire
operating and transient temperature range (room temperature
to 1350 0 F).

(2) Short-Time Creep and Stress IRupture Properties - Must exhibit
high values at temperatures up to 13500 F.

The combined corrosion resistance and mechanical property requirements
complicated the material selection since all of these requirements are not
generally encountered together. The groups of materials considered for
single or partial combinations of the above requirements were investigated
for applicability to this recuperator program. They were as listed below.

Titanium and Titanium Alloys
Inconel Alloys
Inc oloy Alloys
Ni-O-Nel Alloys (Nickel-Iron-Chromium)
Monel Alloys
Copper-Nickel Alloys
Electrolytic and Electroless Nickel Plate on high strength, low alloy

steels

Low alloy steels were not considered due to their low resistance to high
temperature oxidation, while stainless steels (austenitic and martensitic)
were not considered because of their high susceptability to stress cor-
rosion cracking. The relative ratings of the various materials considered
are presented in tabular form below. The results of these studies in-
dicate that Incoloy 800, Titanium Alloy 600 are.both suitable, considering
their corrosion resistant characteristics. However, since Incoloy 800
is the best from a fabrication viewpoint, it was chosen for this application.
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Corrosion Resistance

Elevated Products Salt .Llev 'Ilerip
AVIL- Temp of Fuel Water 8tresb Mechanical

Material ablIIIty Oxidation Combustion Pitting Corrosion PrOlxrtieu

Copper-Nickel Good Poor Unknown Excel Excel Fair
Alloys

Monel Alloys Good Unknown Poor Excel Fair Good
Nickel Plate Excel Poor Poor Good Unknown Good

on High
Strength-Low
Alloy Steels

Inconel Alloys Good Excel Good Good Excel Excel
Incoloy Alloys Good Excel Excel Excel Excel Excel
Ni-O-Nel Fair Excel Excel Excel Good Good
Alloys

Titanium Good Fair Excel Excel Excel Excel
Alloys

For the Fuel Tank Inerting System, all components exposed to the

products of combustion or the resulting acids will be fabricated

of Incoloy 800 or, in cases where higher strength or castings are

required, of Inconel alloys unless otherwise stated in the

individual component description.

5.2 Catalyst-Bed Deslgn Analysis

The mathematical analysis of the series-bed recycle system was

based on the schematic diagram presented in Figure 2. For

convenience, the analysis was carried out on the basis of 1 Ib/hr

of wet gas leaving the final reactor segment, with an appropriate

scale factor being applied to translate the results to the specific

ballast gas demand for a given aircraft and operational mode.

Details of the calculation methods are presented in Appendix I,

so that only a brief explanation of the approach is given here.
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5.2. L ~Design Approach

The methods used to calculate the steady-state performance of this systern
involve four basic relationships:

* material balances around the total system and around each reactor

segment individually

* heat balances around each reactor segment (assumed to be adiabatic)

* a chemical reaction rate expression

* an empirical relationship for estimating pressure drop through the
catalyst beds

The first two relationships describe how the system functions in terms of
flow rates, conversion levels, and temperature rise in each of the com-
ponent segments. The amount of catalyst required is then calculated from
the reaction rate expression. Based on earlier studies, a pseudo-first
order rate expression of the type KT = SV (In 1

l-x
was used. This expression states that at a given temperature (taken as
the reactor "hot-spot" temperature in this application) the product of the
space velocity (SV) and a function of fractional oxygen conversion (X) is
constant (the reaction rate constant, KT). Space velocity is defined as
the volume of gas flowing per unit time per unit volume of catalyst, and
thus may be considered as the reciprocal of the "residence time" in the
reactor. When conversions and flow rates are known, space velocities and
hence, catalyst weights, may then be calculated for each reactor segment.
For the preliminary design studies reported here, a reaction rate constant
of 194, 000 hr- 1 at a catalyst "hot-spot" temperature of 13370 F (725 0 C-the
maximum allowable operating temperature for the catalyst) was used. It
is important to note that the rate constant is a strong function of tempera-
ture (decreases at lower temperatures). Throughout this analysis, the
implicit assumption Is that inlet temperatures to each reactor segment
will be adjusted so as to maintain the reactor hot-spot at the specified
temperature at all times.

The pressure drop expression utilized in this analysis is based on
correlations reported in the literature for flow through packed beds.
Adapted to the present application it takes the form:

P = K Tave) (SV) 1.85 () 2 . 8 5

Pave
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major paramneters tindepunde tit variables) is sufficient to fix the systeni +.

* number of beds in series

• recycle ratio

0 overall oxygen conversion

* air flow coefficients (describing the distribution of bleed air among
reactor segments)

* conversion coefficients (describing how the total amount of conversion
is to be apportioned among the beds)

With these inputs, the following dependent parameters may then be

calculated for each reactor segment:

"* conversion level

"* oxygen concentrations entering and leaving

"• temperature rise

"* catalyst weight

* catalyst cross-section

* pressure drop

The above represents a "general case". Obviously, there are many
possible combinations of the independent variables (particularly with
regard to the distribution of air flow and conversion among beds), so
that an extremely large number of reactor configurations could be cal-
culated. In practice, it may be desirable to place other restrictions on
the system. For example, if the amount of conversion in each bed is
assumed to be proportional to the flow through that bed, the temperature

Assuming that the ballast gas demand, reaction rate constant, overall

fuel/air ratio, average pressure and minimum catalyst bed thickness
have been specified.
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rise in each bed at design flow will he equal and may be specified.
Similarly, the air flow distribution may be made proportional to the
total flow through each bed (so that the temperature rise in each bed
would be approximately equal at low flows when conversion in each bed
approaches 100",(;). When the above rtestrictions are applied, and a
temperature rise is specified, the required recycle ratio may then be
treated as a dependent variable.

Six computational cases have been programmed for solution by the com-
puter. These cases differ with regard to the variables which are specified,
and the restrictions which apply, as shown in Table I. Case 6 is of
particular interest in that it can be used to determine the effect on system
performance of changes in parameters once the catalyst-bed weights have
been determined for a previous set of parameters.

In the following section, the results of a series of computer runs based
on several of the cases listed In Table I are presented and discussed.

5.2.3 Results and Discussion

a. General Parametric Stud,

Tables II and III summarize the results of the computer runs made in the
course of this analysis. (Detailed results, In the form of computer print-
out sheets, are given in Appendix II.) The runs in Table II were made to
determine the general effects of variations in specific parameters.
Catalyst weights and bed areas are scaled to a ballast gas demand of
80 lbs/min for the B-1 bomber. First, a series of runs was made using
computer case 3 to explore the effect of variations in conversion level,
number of reactor segments, and the recycle ratio. In this series, the
air flow was assumed to be split equally among beds. Temperature rise
at design flow was held constant among reactor segments in any one run,
but varied among runs with variations in the other parameters.

Another series of runs was made using computer case 4. In this case,
air flow was distributed in proportion to the total flow through each
segment. For many of the runs in this series, the temperature rise
at design flow was fixed at 5950 F, which would be near the maximum
tolerable temperature rise, assuming a gas inlet temperature of about
7000 F.
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CASE 4: DESIGN FLOW: 80 hbs./miti.

OVERALL CONVERSION; 85%

18 9 TEMPERATURE RISE: 595"F
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FIGURE 4. EFFECT OF NUMBER CATALYST BEDS IN SERIES CONFIGURATION

34



Analysis of the results given in Table II shows that both total catalyst
weight and the oxygen concentration entering the first reactor stage are
governed primarily by the overall oxygen conversion level, and are much
less sensitive to recycle ratio or the number of beds in series. This is
illustrated in Figure 3, which shows that catalyst weight increases sharply
at conversions above about 85%. The range of weights indicated at 81% con-
version (t about 10%) covers variations in recycle ratio from 0.55 to 0.75,
in number of beds from 2 to 4, and in temperature rise from 3200 F to
620 aF. Catalyst weight is also inversely proportional to the reaction
rate constant so that, for example, if the rate constant were actually 25%
lower than the assumed value, the weight required for a given conversion
would be about 33% higher. Experimental data indicate, however, that
the value for the rate constant used in the design analysis (K = 194, 000 hr-1 )
is approximately correct In the region of principal interest.

Inlet oxygen concentration, as expected, decreases with increasing overall
conversion. (In this presentation, all oxygen values are given in weight
percent. On a valume basis, the values would be about 10% lower). The
exit concentration is uniquely determined by overall conversion; inlet
concentration then depends on the amount of recycle and the proportion
of bleed air fed to each reactor segment. If the temperature rise in each
bed is to be maintained at about 6000 F, the inlet oxygen concentration must
be maintained at about 3% as overall conversion approaches 100%.

It is of interest to note that, for the configurations represented by the runs
in Table 11, the inlet and outlet concentrations were nearly the same for
all of the beds in series. For example, in Ran 10, with six beds, inlet
oxygen concentrations ranged only from 5.9% in the first bed to 6.2% in
the last. Similarly, exit concentration ranged from 3.0 to 3. 3%.

Figure 4 shows how varying the number of beds in the series configuration
affects the other parameters. Data for this plot were taken from the runs
under case 4, with overall conversion and temperature rise constant at
85% and 5950F respectively. Note that catalyst weight changes only
slightly as the number of beds is increased from one to six. Recycle rate
must be decreased in order to maintain the desired temperature rise. The
bed area and pressure drop curves assume a minimum bed thickness (i. e.,
the thickness of the smallest bed) of one inch. With bed thickness fixed
and catalyst weight essentially constant, the cross-sectional area per
catalyst bed is inversely proportional to the number of beds, while the
pressure drop increases approximately as the square of the number of
beds. If beds thinner than 1" could be utilized, pressure drop would de-
crease markedly, (AP o c 2. 85), but cross-sectional area would
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increase. Where the hallast gas demnand is large, as in the case of the
1-1 hoomber, thi eross-section:tl airvt required even at 1" bed thicktitss
may present a significant problem with regard to obtaining uniforin
distribution of flow across the bed fae,.

Pressure drop is ilso strongly :tffcetcd by spate xvelocity (Al - IN I. -5).

Thus, if it is desired to save catalyst weight by operating at higher space
velocities and lower overall conversions, a penalty in increased pressure
drop must be accepted (assuming the number of beds remains unchanged).
Compare, for example, runs 8 and 24, Table II.

Of the runs presented in Table II, run 8 appears to represent a reasonable
trade-off among the various parameters. By operating at a relatively
high overall conversion level (85%), it is possible to maintain low oxygen
concentrations throughout the system and a reasonable pressure drop,
without using an excessive weight of catalyst. This set of conditions has
an advantage over other configurations involving lower overall conversions
in that a greater degree of catalyst deactivation, if encountered during
use, could be tolerated before the oxygen in the ballast gas reached an
unsafe level. It would, of course, be possible to decrease the size of
the reactor system somewhat by bypassing sufficient bleed air to bring
the exit ballast gas up to about 6% oxygen, but this would eliminate the
margin allowed for deactivation or other malfunction.

b. .Special Runs

The general parametric study just discussed led to the selection of the
reactor configuration in Run 8 as a "base" design. Several additional
runs were then made to explore the effects of a slight modification to this
configuration, and of operation under "off-design" conditions. The results
of these runs are summarized in Table III.

Run 8 describes a three-bed series reactor, with recycle, operating at an
overall conversion level of 85%, and with a temperature rise at design
flow of 5950F in each bed. Because of design restrictions placed on the
system, the catalyst beds in all of the runs made in the general parametric
study are of unequal weight. Thus, in Run 8, the first, second, and third
bed weights were 17, 19, and 23 lbs, respectively. In practice, it would
be desirable for all beds to be the same size, for ready interchangeability,
minimum inventory, etc. In Run 9, therefore, equal-sized beds (20 lbs
each) were assumed. The results in Table III indicate that this change had
very little effect on overall conversion, reduced the pressure drop, and
introduced an appreciable imbalance in the temperature rise among the
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beds. It wouhl undoubtedly be possible to reduce this imbalance, if
desired, by adjusting the air flow hplit to feed less bleed air to the first
bed.

Under actual flight conditions, the ballast gas demand will vary over a
wide range. M~ximttm normal demand will occur during powered descent.
For the B3-1 bomber, this demand has been estimated at S0 lbs/min, and
is taken as the "design flow" for the reactor. To simplify the "turn-down"
problem, it has been assumed that the reactor will operate in only two
modes- a high-flow mode (80 lbs/min for powered descent), and a low-flow
mode (8 lbs/min). During all normal operation other than powered descent
(ascent, cruise, etc.), ballast gas demand will be less than 8 lb/min, and
the excess will be vented.

Runs 12 and 13 were made to determine the effect of operating the system
at a ballast gas flow rate of 2 1/2 times design flow, simulating emergency
descent conditions. For this condition, it was estimated by Hamilton
Standard that the recycle rate would be limited by fan capacity to a value
of about 0.375. The calculations for these two runs indicate that excessive
temperature rise and high inlet oxygen concentrations would result,
particularly for the equal-bed-weight case.

In run 22, the low-flow mode of operation was simulated, using the equal
bed weights assumed for run 9. For the low-flow mode, a recycle ratio
of about 0. 9 was determined based on the turndown limitations of the fan.
Because of this high recycle rate, the calculation for run 22 assumes that
all of the bleed air would be fed to the first reaction segment. The results
indicate an overall conversion level of 100%, with most of the reaction
occurring in the first bed. The temperature rise in that bed would be
relatively low, so that minimum cooling of the recycle gases would be
required. If the first bed were operated at about 1000 F below the maximum
allowable catalyst temperature (approximately 13370P), no cooling between
beds should be required.

Run 19 was made to estimate the effects of catalyst deactivation. The beds
were sized as in run 8 for a reaction rate constant of 194,000 hr-1, but the
calculations assume that catalyst activity has declined to a level correspond-
ing to a rate constant of 150,000 hr- 1 . The results indicate the overall
conversion would decrease only to 80%, with correspondingly modest in-
creases in both inlet and exit oxygen concentrations.
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De.4 l~sign Altcrnativeti

The computer rtns nmade for this sLudy by no F(1ans v.tailust the p)oSsih.l
eoib ination's of all the dusig'n lj)i;11rIItCPr. They do serve to d-cil e the
general effoets of the more important varid)lcs, however, arid show how
they may bIe manipuilated to adeeofhnlodate system limitations such is max-
inmun bed templrature, pressure drop, etc. Further exploration of the
effects of the distribution of bleed air and conversion among beds would
probably be desirable in an optimization study, but would not drastically
change the picture as shown in this analysis.

One alternative to the three-bed series configuration (represented by run
S or 9) which appears worthy of further consideration, is the single-bed
reactor with recycle. Such a system would have several potential ad-
vantages over the series-bed arrangement. Control of the reaction should
be simpler than in the series-bed situation where all beds interact with
one another. The number of heat exchangers would be reduced and could
probably be sized more efficiently, and with smaller pressure drop. The
single-bed reactor could also be operated at close to the stoichiometric
fuel/air ratio, thus minimizing the potential coking problem of the series-
bed reactor operating with split-air.

The principal disadvantage of the single-bed concept is the large catalyst
cross-section required. As shown for run 21, Table II, the area required
for a single 1-inch thick bed would be about 17 ft2 . Pressure drop was
only 0.35 psi, however. If one assumes that a somewhat higher pressure
drop would be allowable for the single bed system than for the series-bed
(less pressure loss in auxiliary equipment), and that improvements in the
catalyst are possible (use of larger particle size without loss of activity),
an increase in bed thickness to 2" with a corresponding 50% decrease in
bed area appears feasible. Breaking the single bed up into a number of
smaller beds operating in parallel might simplify the configuration from a
mechanical standpoint and ease the problem of obtaining uniform distribu-
tion of gases over the catalyst surface.

Another possible feature which might be considered in connection with the
series bed reactor is the addition of a "clean-up" bed following the three
principal reactor beds. This bed could be operated at low space-velocity
with no further addition of oxygen, and would serve to complete the
oxidation of excess fuel and partial combustion products in the reactor
exit gas when operating at design flow, should this appear desirable.



5. .. Catalytic Bed

The catalytic bed shown in l,'igure 5, has heen made in a cylindrical con-
figuration with a large flow area entering to enhance uniform flow dis-
tribution through it. The cylindrical configuration also allows the reactor
heat exchanger headers to be made as cylindrical pressure vessels.

The catalyst is manufactured in the form of small pellets about 0. 06 inches
in diameter and 0. 12 inches long. To hold these pellets, a sheet metal
and screen frame Is used. A 20x20 mesh screen is used to contain the
pellets and a 3x3 mesh screen Is used for structural support of the cylinder.
A sheet metal dome closes one end of the cylinder and is provided with a
14. 0 inch diameter flange for installation and mounting support. This
dome may be unbolted from the cylindrical screen so that the catalytic
pellets can be periodically replaced. In the cylindrical frame near the
dome, several Belleville type springs are used to load the pellets and
to compensate for any settling.

This catalytic bed is used In all three reactor heat exchangers and is
interchangeable from one to another.

5.3 Heat Exchanger. Reactor (No 1 & 2)

The first and second Reactor Heat Exchangers are identical units and are
shown in Figure 6. The heat exchanger core is of plate and fin design and
is fabricatea of Incoloy 800. The products of combustion exiting from the
catalytic bed and ram cooling air each make a single pass through the core.
The core dimensions are as follows:

Hot flow length = 7. 36 inches
Cold flow length = 12. 19 inches
No flow length = 24.68 inches

The hot side inlet header is a partial cylindrical pressure vessel shell
welded to the core. A 14. 0 inch diameter flange is provided for installa-
tion of the catalytic bed. Recirculated gas with fuel added enters through
a 2. 0 inch diameter flange. The gas leaving the heat exchanger core exits
through an 11. 0 inch diameter flange.

The ram cooling air enters the core through a rectangular "picture frame"
type flange and exits through a sheet metal header with an 8. 0 inch dia.n-
eter flange.
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The hot gas outlet and ram air outlet locations may be modified
significantly if required to meet the installation space envelope availa•le.
Heat exchanger mounting provisions (not shown on drawing) are dependent
upon the installation position of the unit, however, mounts may be welded
to the two end-sheets of the core.

5.4 Heat Exchanger, Reactor (No. 3)

The third Reactor Heat Exchanger is similar in design to Reactor Heat
Exchangers 1 & 2 except that it has a larger core in order to reduce the
hot gas temperature to a lower level. It is shown in Figure 7. The core
dimensions are as follows:

Hot flow length = 13.63 inches

Cold flow length = 10.87 inches
No flow length = 25.26 inches

The header arrangement is similar to Reactor Heat Exchangers 1 & 2

except that the ram cooling air exit flange is 10. 0 inches in diameter.

5.5 Assembly of Reactor Heat Exchanger and Catalytic Bed

The catalytic bed is designed to slide into the Reactor Heat Exchanger
hot gas inlet header through the 14.0 inch diameter installation flange
and is held in place by a "V" band-type coupling at the Insertion end and
a slip fit on the gas inlet end of the header. This arrangement allows
the catalytic bed to be replaced periodically without dismantling the three
reactor heat exchangers or their associated ducting. This design feature,
which permits quick removal of the catalyst for regeneration or replace-
ment, was considered as an essential feature of the design. At this point
in the program too little is known about the ultimate life of the catalyst.
It has been added even though operation procedur-es have been established
which will supposedly regenerate the catalyst during normal shut-down
operation. If more extensive operational data on the catalyst shows that
frequent replacement is unnecessary, this feature can be eliminated with
a corresponding weight reduction,

Recirculated gas mixed with fuel enters the header through an 11.0 inch
diameter inlet. Bleed air enters through a 2. 0 inch diameter duct. In-
side the header this duct is perforated to allow the bleed air to mix with
the fuel/gas mixture. This mixture then flows radially through the
catalytic bed where the oxygen in the bleed air reacts with the fuel. Hot
gas leaving the catalytic bed enters the core of the heat exchanger where
it Is cooled by ram air. This process is repeated three times in the
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reactor portion of the system. Figure 8 shows the assembly.

5.6 Fuel hijector, Nozzles & Shut-Off Valves

The fuel injector consists of a 4.0 inch diameter duct formed into a
venturi shape which acts as a mixing section for the fuel-gas mixture.

Two solenoid valves and two spray nozzles control the fuel flow into the
venturi. The valves are on-off type which give a selection of low fuel
flow (0. 7 lb/min) or high fuel flow (0. 57 lb/min). The valves act only as
a means of switching flow, Figure 9 gives details of components. The
flow rate is controlled by an orifice in each spray nozzle, one nozzle
operates during the low-flow condition and both nozzles operate for the
high-flow rate. The fuel supply pressure will have to be specified by
the customer so that the nozzle orifices may be properly sized.

In both the high- and low-flow modes, the fuel entering the valves passes
thrcugh both solenoids and provides cooling. The valves are coaxial in
design and compactness is achieved by having the solenoid plunger carry

the valve poppet seal. The valves are designed to operate at temperatures
ranging from -650 F to +4500 F. The following is a tabulation of electrical
data.

Voltage - 18 to 30 volts DC

Duty - continuous
Dielectric Strength - 1000 volts RMS minimum

Current Draw - 1.5 amps max to 30 VDC and 70 0 F for each solenoid

5.7 Heat Exchanger, Precooler

The precooler is a plate and fin type design fabricated of Incoloy 800
material as shown in Figure 10. Inerted gas flow makes two passes
through the core while ram cooling air makes a single pass. The core
dimensions are as follows:

Hot flow length = 18.10 inches
Cold flow length = 11.90 Inches
No flow length = 29.97 inches

Inerted gas enters and leaves the unit through 4. 0 inch diameter flanges.

A water collector is provided on the outlet duct to collect water which

condenses in the core.
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The water collected at the precooler and other downstream heat exchanger
outlets is sprayed into the ram cooling air duct upstream of the precooler.
This flow enters the precooler through a rectangular "picture frame" style
flange. The ram air exits through a M3.0 inch diameter flange.

5.8 Heat Exchanger, Fuel

The fuel heat exchanger is a plate and fin type, cross-counterflow design
fabricated of Incoloy 800 material and is shown in Figure 11. Fuel makes
four passes and the inerted gas makes a single pass through the core.

The core dimensions are as follows:

Hot flow (gas) length = 7.55 inches
Cold flow (fuel) length = 6.61 inches
No flow length ý 7.28 inches

Fuel enters and leaves the unit through 1.50 inch diameter flanges. The
inerted gas enters and exits through 4.0 inch diameter flanges. The gas
outlet header contains a water collector and drain boss for collecting
water vapor which condenses out in the heat exchanger core.

5.9 Heat Exchanger, Regenerative

The regenerative heat exchanger is of plate and fin type construction and
fabricated of Incoloy 800, and shown on Figure 12. The operating
temperatures of this unit are quite low (about 1500F max) and it is made
of Incoloy only to resist the corrosive acids which are present. The
inerted gas and the turbine discharge gas each make a single pass through
the core. The core dimensions are as follows:

Hot flow length = 9.81 inches
Cold flow length = 15.20 inches
No flow length = 12.16 inches

The hot-side inerted gas enters and exits through 4. 0 inch diameter
flanges. A scupper type water collector and drain is incorporated into
the outlet header to collect condensed water. The cold-side gas enters
and leave& through 5.0 inch diameter flanges.

5.10 Heat Exchanger, Bypass Regenerative

The bypass regenerative heat exchanger is a plate and fin style unit made
of Incoloy 800 material, and shown in Figure 13. This heat .xchanger has
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very low operating tenlperaturt's (about 150" F maix) and is fabricated of'
Incoloy only because of the corrosive acids which collect in the core.
The hot-side inerted gas makes four passes through the core and the cold-
side gas makvs a single pass. The core size is as follows:

Hot flow length - 7.30 inches
Cold flow length 3.68 inches
No flow length - 7.35 inches

Hot inerted gas enters and exits the unit through 1.00 inch diameter
flanges. A scupper type water separator and drain are provided on
the outlet header to collect condensed water. The cold gas flow enters
and leaves the core through 5. 0 inch diameter flanges.

5. 11 Ejectors (Cooling Air)

For ground static operation, or when ram pressure is inadequate, ejectors
are used to provide cooling air for the reactor heat exchangers. One
ejector proviaes cooling air for all three reactor heat exchangers and
another ejector is used to draw cooling air through the precooler; these
are shown on Figure 14.

The ejector is of welded construction and consists of an outer housing
with V-band flanges. A 2. 0 inch diameter bleed air inlet tube with a
V-band type flange passes through the outer housing. Seven nozzles
are attached to the tube. Air exits through the nozzles at a high velocity,
creating a low static pressure region that induces a flow of cooling air
through the heat exchangers.

The outer housing diameters are 13.0 inches for the procooler ejector
and 15. 0 inches for the reactor ejector.

5.12 Turbine/Fan

The proposed turbine/fan unit features Hamilton Standard's patented
single-ended design, with a radial flow turbine and mixed flow fan. Both
rotors are unshrouded.

Several distinct advantages result from the single-ended concept.

a. The bearing cartridge is cooled by turbine exhaust air, thus
eliminating problems associated with high temperature lubri-
cation.
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h. Oiw*t, vd of the bearing cartridge is seahld statically, thcrreby
eliiniating leakage or air circulation through th, healrinvg
atssetull) ly.

c, Otnly olt, rotating ticl5ti requiredl,

d. The entire rotating assembly may be dynaiically balanced
withouit the parasitic massi of the turbine housing. nrill allowsi Aii

a more sensitive balance and contributes to smoother Oljxratiuns.

Details of the assembly are given on Figure 15.

Turbine Fan Characteristics

Rotors

The turbine is a two-piece, radial flow rotor, fused to limit maximum .'

burst speed. Two-piece construction provides blade damping, thereby
minimizing vibratory blade stresses. Turbine diameter is 4.71 inches.

The fan is a one-piece rotor with a tip diameter of 4.74 inches.

Both rotors are machined from 6A1-4V titanium forgings which pro-
vide high material properties and good corrosion resistance.

Housings

The cast Inconel turbine housing provides external support for the
unit and also supports the bearing cartridge. Two separate turbine
inlets, with a 90% and 10% area split, provide dual nozzle capability.
During steady flight conditions, the smaller inlet directs flow into 2
of the 19 nozzle passages and allows operation with low weight flow.
Use of the two inlets supplies all 19 nozzle passages with flow. This
enables the system to respond to rapid changes in ambient pressure
(as in a rapid descent), and maintains a positive pressure in the air-
craft fuel tanks,

The fan housing material is laconel 625 and is of welo,3d construction.

Nozzle

The nozzle contains 19 passages and forms one wall of the turbine
housing. In addition, it supports a silver labyrinth seal which
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isolates the turbine and fan circuits. The nozzle plate is a Stellite

i I investment casting. Critical dimensions, such as nozzle throath,
are machined.

iLubrication

Lubrication of the two bearings is provided by two felt wicks which

direct oil from the sump to the shaft. As the oil is deposited on the
shaft, centrifugal forces sling the oil to the inner walls of the spring
seats. It then collects in oil grooves in the spring seats and is fed
to the bearing outer race. After passing through the bearings, the
oil drains into the sump to be :.•circulated. The oil reservoir con-
tains approximately 125 cc of oil, which has been found to be adequate
for operation in excess of 1,000 hours.

Rotor Containment

The turbine houcing provides containment for a turbine fuse burst and
for a tri-hub burst. Fan housing provides containment for fan blades
and for a fan tri-hub burst. Both rotors are contained at 135% of
maximum normal speed or at the maximum speed that can result
from any single failure-inducing condition. The turbine is fused to
burst at a lower speed than the fan. This approach assures that the
driving member will burst before the driven member, thus resulting
in lower containment weight.

Bearing Cartridge

The bearing cartridge is located downstream of the turbine and is
surrounded by cool turbine discharge gas. A carbon face seal
isolates inert gas products which might contain corrosive elements
from the cartridge environment. All other ports are sealed
statically. Two spring-preloaded, angular contact ball bearings
support the rotor shaft. The bearings sleeve is a steel tube which is
free to move radially within the turbine housing. Damping of the
rotor shaft system is accomplished by a flexible, oil-film-damped
rotor suspension. This consists of a predetermined diametral
clearance between the bearing sleeve and the turbine housing, which
is supplied with bearing lubrication oil in sufficient quantities to
damp out excessive ribration due to shaft resonance. Either, or both,
of the bearings may be damped depending on system dynamics. All
other fits and clearances in the cartridge area are optimized to con-

tribute to the proper amount of damping.
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3.13 Systcm CoL0trols tand Valvew

5. 13, 1 bA.l Tank Pre!surv Cmonitrul

The inertitig systtvi p)rovide(Cs thc primve niCns of controlling luel tan'.% to
anibiont diffiretiLial prcs.ure. .A b; k'up) sNvstvnr, consisting of ;t rcli('
valve 'und ua diic valve, p)rOovid irotection frorn overp)ressure andirJ
negative pry•ssut*o, respectively, The specified pressurization schedule
calls for maintenance of 0. 5 psig or (i. 0 psia, whichever is grueater. This
indicates constant fuel tank pressure above 25,000 ft.

The fuel tank pressure control involves controlling the gas flow tc the
tanks according to the actual demand, as sensed by an underpressure

condition. The excesm flow is passed overboard through the overboard
spill valve, rather than through the fuel tank. This approach minimizes
the addition of contaminants in the inert gas (water, carbon dioxide, etc.)
by limiting the gas flow to the tanks to the minimum required. The con-
trol scheme involves two valves, namely the fuel tank pressure control
valve (in the low flow supply line) and the excess flow overboard spill
valve, and the control fuuction is in one or the other depending upon the

mode of system operation. In the normal (low-flow) mode, the gas flow
to the tanks is modulated by the pressure control valve while the over-
board spill valve is wide open. The check valve in the crossover line
prevents flow from the tank supply line from crossing over to the over-
board line.

In the high-flow mode during descent, control switches to the overboard
spill valve and the pressure control valve are shut. The excess flow
produced by the system is modulated overboard according to the demand
for pressurization flow as signaled by an underpressure condition in the fuel

tanks. In the case where the system flow just meets the demand, the
overboard valve would be closed and all the flow would go to the tanks.

To implement this control scheme, fuel-tank-to-ambient-differential
pressure is sensed across a diaphragm, compared to a reference delta

P, and the error used to modulate the pneumatically actuated valve in
control.

5.13.2 System Flow Control

Control of the inerting system throughout flow is maintained by a combina-
tion of components. The pressure regulator upstream of the turbine is
provided to limit the pressure into the turbine. The setting of the regulator
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i 2 1 psig, which aIsurcs 81) throttlin g "at thUl idle descent c-ondition which I

dcterminckd the s ize of the turi)iec noz.zlu. The' flow-limiting venturi i
provided to limit the maxilnum comibitlvd turi int, and anti-ice bypass
flow. Flow tapped off by the bypass rtegenertator line is controller by
tit, modulating l'uel tank pressure control valve.

5.13.3 Catalyst B ''edTmperature Control

Maintcnanev of t'atalyst bed temperrature is accomplished by modulatinlg
the ram air cooling flow through the heat exchanger upstream of the bed.
A separate control is provided for each of the three reactor segments,

thus assuring localized protection from both overheating and overcooling
(quenching). The reactor temperature control is based upon controlling
the temperature at the catalyst bed discharge. A normal setting of 11 0 0°F
is maintained during low-flow operating. This is switched to a setting of
1337'F (725'C) during high-flow mode when higher temperature rises

across the catalyst beds are expected. The setting of 13370F represents a
maximum recommended catalyst operating temperature. Ir obtaining
control, the catalyst-bed discharge temperature is sensed by a bimetallic
temperature sensor and compared to the setpoint reference temperature.
The control converts the error signal into a change of servo pressure,
causing an integrating pneumatic actuator to move the control valve until
the temperature error is reduced to zero. Low temperature in the
catalyst bed, suca as during start-up, would close the ram control valve.

5.13.4 Fuel Heat Sink Control

The use of fuel as a supplemental heat sink when the ram air temperature
is high greatly improves the moisture removal capacity of the cooling
system. A simple on/off fuel valve is utilized to control the flow of

cooling fuel through the fuel heat exchanger. The control consists of a
bimetallic temperature switch which opens the pneumatically actuated
fuel valve when the sensed temperature exceeds the switch point. When
the ram air temperature falls below the switch point, the valve is driven
closed. The setpolnt chosen for this switch is 150 0 F.

5.13.5 Anti-Ice Control

Anti-Ice Control

Anti-ice protection is provided by a turbine bypass line which permits

mixing of warm turbine inlet gas with the cold turbine discharge in order
to prevent below-freezing temperatures at the inlet to the bypass the
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diselh rge tLnMIi, 'atel Iv of ')0°' F'. "'hi: control Iniction was provided in

order to m aintain an elevated tu t'ilne init temperature, thereby Jnvoiding
excessive turlibinc bypass flow. The control setpoint was selected after
consideration of the conmpromise to the moisture removal capacity that
would result from a higher setting, 'Ihis control also serves the purpose
of protecting the precooler fronm icing. When low ram temperatures orc
encountered, it is feasible to coaclude that an uncontrolled ram air heat
sink could result in an icing condition. This possibility is obviously
eliminated by controlling the precooler discharge to 900 F.

5.13.6 Ground Operation Control

Operation of the inerting system on the ground necessitates the use of
ejectors in induce ram air cooling flow. A simple on/off valve will
supply the bleed flow to the ejector nozzles upon receiving a signal to

open. Such a signal could be a switch which would sense pressure on the
aircraft landing gear.

5.13.7 Fuel Supply Sparge Control

During climb and fueling operations, the potential exists for high rele.-e

rates of oxygen dissolved in the fuel. Agitation of the fuel supply pr'ornrtes
the gradual release of dissolved gases. When this sparging is done with
inert gases bubbled through the fuel, it is possible to dilute the oxygen
concentration in the ullage space and maintain an inert ullage atmosphere.

The sparge control function of the inerting system utilizes a simple on/off
valve which would open upon signal and pass flow to the sparging nozzles
located under the fuel supply. The flow would first pass through the bypass

regenerative heat exchanger for cooling and reduction of moisture content.
The fuel tank pressure control valve would be closed since there is an over-
pressure condition in the fuel tanks during operating conditions when
sparging is called for.
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5. 1U. S Emcr~eacy l)estcet Pressurization

In the event of an aircraft descent at an emergency dive rate, positive

pressurization is maintained by opening the emergency bypass valve and
allowing bleed Uir to be added to the inert gas on the way to the fiul
tanks. The overboard spill valve will maintain control by modulating
overboard any emergency bypass flow that may he in excess of demand.
A flow limiting vwnturi is provided in the emergency bypass line. Thllis
would be sized to pass adequate bypass flow for the worst specified
emergency condition.

5.13.9 Valve and Control Design

The inerting system contains a total of fourteen pneumatically actuated
butterfly valves, two hinged-flapper type check valves and three solenoid
driven poppet valves for fuel-flow control. Table lV provides a listing
of the system valves and controls, indicating function, size material
and design weight.

The gas-handling butterfly valves are powered by either single-acting
actuators, in the case of simple shutoff functions, or double-acting,
haLf-area actuators where a modulating control function is required. The
actuator pistons utilize either thin silicone rubber/dacron fabric diaphragms
or teflon-filled piston rings, depending upon application. Servo pressure
to drive the actuator is controlled by the associated temperature sensor,
in the case of the temperature control valve, or by a pneumatic controller,
in the case of pressure control valves.

Material selection for the valves and controllers was dictated by location
in the system. A suitable steel was chosen for the valve bodies for both
the high-temperature valves associated with the catalytic reactor and for
the valves exposed to the acid condensate in the water removal and inert
gas supply subsystems. Aluminum is used for the remaining valve bodies
as well as for all actuator housings. In all cases, a chrome plating is
applied to the valve bores for wear resistance in the sealing area. The
butterfly disc and shaft assemblies are supported in the valve bodies by
carbon bushings in the high-temperature valves, or teflon-lead im-
pregnated bronze-coated steel bushings in the lower temperature
applications.

A typical half area actuated butterfly valve is shown in Figure 16. The
dimensions are for a 4. 0 inch diameter valve.
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D iame fx, r Valve Toy j U j ,!, I eWZTI1T
Valve Name and uhmction inclh Material ibt

B1 leed Air Supply-Shutoff and Plre;,ure

Regulating 4.0 Aiuminum 0

Ejector •ileed Suppiy-Sautoff 3.U Aluminum J.Pk

Start-up 1Pypass bleed Sur)ply-.~iutoff 2,0 Aluminum 2.1

Turbine Inlet-Pressure Regulating 3.0 Steel 8.2

Turbine Nozzle Control-Shutoff 3.0 Steel 6.o

Turbine Bypass Control 1.5 Steel 2.3

Overboard Spill-F'uel Tank Pressure Control 6.0 Aluminum 6.9

WPuel Tank Supply-Low Flow Pressure Control 1.0 Steel 1.5

Fuel Sparge Flow-Shutoff' Valve 1.0 Steel 1.3

Emrgency Bleed Bypass-Shutoff 2x. Aluminum 2.1

Ram Air Discharge Control-Reactor No. 1 8.0 Steel 13.1

Ram Air Discharge Control-Reactor No. 2 8.0 Steel 13.1

Ram Air Discharge Control-Reactor No. 3 10.0 Steel 16.3

Ran Air Discharge Control-Precooler 13.o Aluminum 18.8

Reactor Discharge-Start-up Check Valve 4.o Steel 2.3

Fuel Tank Supply-Crossover Check Valve 6.0 Aluminum 1.3

Fuel Heat Sink-Shutoff 0.75 Aluminum 1.2

Reactor Fuel Supply-Shutoff (pair) 0.25 Aluminum 1.0

Total System Valve Weight 107.3 lbs
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inletais with diffle reat c'out ifnL'lts of the rial aXI elxnsioll. Changes in
sensed tevniprat re result in a1 differential expansion of the probe
assembly. This differential uxpansion is amplified by al bell cranIk that
comipresses 8 biasing spring, thus chaniging the reference of the pressur(e
regulator portion of the sensor. The pressure regulator portion consists
of a pivoted lever, fixed orifice, variable area nozzle, knd associated
springs. This resulting regulated signal pressure, which is proportional
to sensed temperature, acts on the controller or actuator of associated
valves.

The coaxial sensing probe has an inner rod of low expansion Invar and an
outer tube of high-expansion, corrosion-resistant steel. The rod and
tube are joined by electron be,- 1 welding to insure repeatibility. The
steel crank and lever are pivoted on close-fitting electrofilmed pins to
insure accuracy.

A typical sensor is shown in Figure 27.

5.14 Installation and Weight Summary

The eventual installation configuration for this system will depend on the
shape of the available space envelope. To assist in establishing the
volume requirements, a tentative installation drawing has been prepared.
This is shown in Figure 18 and includes a list of syptem components.
Table V presents a weight summary for this system. Further optimiza-
tion of components or design requirements could reduce this weight.
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'l'able V

F'UE1. TANK TNth'1II,'Cs 5YSA(j4

WEIGHT I•;EAKLOWN

COMPONENT NAME

TUM INE FAN 
36

FUEL INJECTOR, NOZZIES AND SHTUTOFF VALVES 9

CATALYST BED (THREE BEDS TOTAL) 142

HEAT EXCHANGERS
REACTOR NO. 1 78
REACTOR NO. 2 71
REACTOR NO. 3 221

RECOOIER 218

FUEL COOLED 21

R3GENERATIVE 101
BYPASS PIGENERATIVE 11

EJECTORS 6
REACTOR PAM AIR 6
pgECOOIER RAN AMR

VALVES
BlEED SUPPLY - SHUTOFF AND PRES. REG. 6

?WECTOR BLEED - SHUTOFF 4
START-UP BYPASS - SHUTOFF 2

START-UP CHECK VALVE 2

TUFBINE INLET - RESSUY{E REGULATOR 5
OVEBOARD SPILL - TANK PRESSURE CONTROL 7

TANK SUPPLY - IDW FLZW PRESSURE CONTROL 2

TANK SUPPLY - CROSSOVER CHECK VAUTE I

RAN DISCHARGE - REACTOR NO. 1 13

RPM DISCHARGE - REACTOR NO. 2 13

RAM DISCHARGE - REACTOR 11. 3 16

W DISCHARGE - PRECOO1 19

FUEL HEAT SINK - SHUTOFF 2

TURB i1E BYPASS 2

FUEL TANK SPARGE FILW - SHUTOFF I

EMGENCY B IEED BYPASS - SHUTOFF 2

TURBINE NOZZLE CONTROL 3

TOTAL COMPONENT WEIGHT 916

79



PMRzDIIG PAGE 1BL&W O 1S

6.0 SYSTEM PERFOIRMVIANCE

6.1 System Design Point Performance

Design requirena•its for the system specify a maximum oxygen cuntent
in the tanks which will assure a noncombustible mixture at all flight
conditions and a maximum moisture content in the inert gas being
supplied to the tanks. Early surveys of the various flight conditions

indicated that the most stringent requirements existed during descent.
More specifically, the worst conditions and the condition which has
been used as a design point for this system is 3, 000 ft descent at
minimum flight speed and minimum engine power. This condition on
a hot day combines in several areas the worst conditions which can be
encountered with this system. Considering the two basic requirements
separately, it should be noted that the oxygen concentration in the inert
gas is substantially below combustible limits. It was necessary to design
for this degree of inerting at this flight condition so that at emergency
descent conditions, an inert mixture would always exist in the fuel tanks.
An alternate approach would have been to use a secondary system to meet
these emergency descent requirements. This secondary system would
add significant complexity to the overall system and not have the side
benefit of the selected system of having a significant margin of inertness
at normal flight conditions. This margin in oxygen content can accommo-
date such things as deterioration of catalyst operation with time and
changes in oxygen content during transients or purging operations.

This condition by itself represents the most severe case in terms of
meeting basic moisture requirements. The combination of low bleed
pressure, low ram pressure drop, and high ram temperature all tend
to make the moisture removal process more difficult. These conditions,
as compared to those under all other flight conditions, have resulted in a
significantly greater heat exchanger size. Any change to this 3, 000 ft
condition in terms of higher pressures or decreased requirements would
have a significant effect on overall system sizes and weight. An example
of this will be shown in the off-design performance where, for example,
at 25, 000 ft descent, significant throttling of the ram air is possible
while maintaining required moisture content.

The performance at the design point condition is illustrated in Figure 19.
The bleed conditions were obtained by extrap-lation of the bleed data and
include a loss of 10% between the engine and the system. The combustor
characteristics, although not identical to the test data, were substantiated
by the test data. Heat exchangers were sized at this condition, including
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the effects of condensation and/or evaporation wherever it occurs. The
turbomachine performance characteristics wre evolved from test data

on similar machines. The performance of the system includes antici-
pated pressure losses between components although installation could
alter these losses slightly. It can be seen from this flow chart that design
requirements for moisture are met and for oxygen content are exceeded
by a substantial amount.

The performance at this design point condition as well as several off-design
point conditions has been analyzed through the use of a computer program

to assure that the performance at all conditions would be adequate. This

analysis has properly accounted for the effects of the changing fluid com-
position, the most important of which is the condensation occurring in the

heat exchangers of the moisture removal subsystem. The latent load on
these heat exchangers that is a result of this condensation is very
significant, particularly in terms of heat exchanger size. The amount of

moisture condensed is several times the amount that occur in aircraft
ECS.

6.2 System Off-Design Performance

Performance of the inerting system was analyzed for a number of normal
off-design operating conditions selected fo-r their critical nature in terms
of the moisture content of the gas supplied to the fuel tanks. Also, an

analysis of an emergency descent was conducted to demonstrate that the
worst case fuel tank oxygen concentration remains within the safe range.

6.2.1 Low Altitude Dash

The system performance during a low altitude dash is shown in Figure 20.

The system is operating in the low-flow mode with all ram flows greatly
throttled, with the turbine nozzle at partial admission and with essentially
complete conversion of oxygen predicted for the catalytic reactor. The

temperature rise across the catalyst beds is down from the 500-600OF level
to approximately 200OF due to the greatly increased ratio of recycled inert

gas to fresh air added. This, in turn, is due to the fact that although the
turbine flow was reduced by almost 90% of the design point flow, the re-

circulating fan flow dropped by only 44%. This circumstance allowed the
reduction of the maximum temperature in the reactor while keeping the
average catalyst temperature at approximately 1000 0 F.
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The low altitude dash condition represents the operating point with the

highest heat sink temperature over the specified subsonic mission pro-
file. The fuel-cooled heat exchanger was sized for this condition so that
the moisture content in the gas supplied to the fuel tanks is below the 6U
grains per pound that was specified as the maximum allowable. This
was accomplished by combining a 90% effective fuel heat exchanger with
the highly effective bypass regenerator which provided cooling to 108%,
at approximately 74 psia. A flow of 1. 0 lb per minute is supplied to the

tanks while the turbine flow of 8. 4 lb per minute flows overboard. System
pressure is throttled both at the bleed supply point (60 psig) and the turbine
inlet (21 psig).

6.2.2 High Altitude Dash

The system performance during a high altitude dash condition is shown in
Figure 21. The system is operating in the low-flow mode. This operating
point has the highest heat sink temperature over the specified supersonic

mission profile. The bypass regenerator was sized for this condition so
that the moisture content in the inerting gas supply is less than the 80
grains per pound maximum limit. At this condition, considerably more
turbine cooling is made possible by expanding to the low ambient pressure.
The flow chart shows the bypass regenerator at 80% effectiveness providing
cooling to 81 0 F at 31.5 psia, bringing the absolute humidity to 73 grains
per pound.

6.2.3 25, 000 Foot Idle Descent

The system performance during descent at 25, 000 ft with idle engine power
is shown in Figure 22. This condition demonstrates the operation of the

anti-ice turbine bypass control. The system is operating in the high-flow
mode with 60 pound per minute of dry gas being generated, although only
38 lb/min satisfies fic demand for fuel tank pressurization. The precooler
ram flow is throttled to hold 90 0 F on the hot-side discharge. It is de-
sirable to keep this temperature high so as to minimize the anti-ice bypass
flow, however, a low temperature is dictated by moisture removal require-
ments. The performance chart shows that 90OF provides for a moisture
content of 80 grains per pound under this low pressure condition.

In the combustor section of the system it is noted that the recirculation

flow ratio is below the design point value due, mainly, to the power-
reducing effect of the turbine bypass. Since the effect of reduced recir-
culation is increased temperature rise in the catalyst, and the bed dis-
charge temperatures are held to the maximum control setting of 13370F
(725 0 C), the result is reduced catalyst inlet temperature. This, in turn,
causes a shift downward in the oxygen conversion rate and, hence, a
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tendency toward reducing the temperature rises. The performance chart
indicates an estimate of the resulting steady-state operating condition.

6.2.4 Cruise Performance

System operation during cruise is on the low-flow mode. The flow demand
to maintain fuel tank pressure is extremely low, typically on the order of
0. 1 lb/min. The 90OF precooler discharge and 350 turbine discharge
controls will be on and the temperature of the flow to the tanks will be
about 400 F. At typical bleed pressures of 30 to 50 psia, the moisture
content during cruise operation will be less than 20 grains/lb.

6.2.5 Emergency Descent Performance

In the event of an emergency descent, when the rate of change of fuel tank
pressure could be as much as 2.5 times the maximum normal rate, the
emergency bypass line is opened to supplement the inerting system flow
in order to maintain fuel tank pressurization. An analysis performed
showed that the oxygen concentration in the fuel tanks does not exceed 9%
under worst-case conditions. The assumptions made in this analysis are
as follows:

a. The ullage space is initially inerted with the oxygen concentration
possibly as high as 3%.

b. The fuel tanks are near empty.

c. The tank pressure at the start of the dive is 6 psia at 25,000 ft and is
maintained at 0. 5 psig to 3, 000 ft.

d. The bleed air bypass flow is used as make-up flow to the extent that
the system flow is deficient in meeting the demand for pressurization.

e. The oxygen concentration in the inerted gas is 4%.

Figure 23 summarizes the emergency descent performance. It can be

seen that the oxygen concentration just reaches 9% at an aircraft altitude
of 3, 000 ft. Since it is not likely that the emergency dive rate would be
maintained to such a low altitude, it may be assumed that this method
of satisfying emergency fuel tank pressurization would result in a final
oxygen concentration of less than 9%.
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6.3 lnertlng System Overall Mission Performance

An evaluation of the inerting system performance with an overall mission
viewpoint may be made through the use of basic penalty factors. The
system defined through the preliminary design study was sized for a B-i
Long Range Bomber with a stated fuel tank capacity of approximately
40,000 gallons, or almost 250, 000 pounds of JP-4 fuel. The fuel tank
capacity is the main factor in describing the aircraft penalties incurred
by operating the system. For example, the estimated take-off weight
added by the system is approximately 0.5% of the aircraft fuel capacity.

The overall mission performance, when measured in terms of added fuel
consumption, must be considered in two parts: direct and indirect. In
terms of direct fuel consumption, that is, fuel actually consumed in the
catalytic reactor, the inerting system requires approximately 0. 02% of
the total aircraft fuel capacity per mission hour. Indirect fuel consump-
tion is attributable to bleed air usage and ram drag penalties. A first
order approximation of these effects over the specified mission profiles
suggests that an additional fuel penalty of 0.01% of the fuel capacity per
mission hour is consumed by the inerting system. For a 10 hour mission,
for example, the total penalty amounts to 750 pounds of JP-4. Of this
total, about 650 pounds is consumed during the long duration cruise when
the actual demand upon the system is minimum. However, due to the
continuous operation of the system, a steady overboard flow of inert gas
causes considerable penalty to be incurred. Analysis shows that the use
of intermittent system operation could bring about a major reduction in
this penalty. Such operation could be based upon a demand control, where-
in cyclic fuel tank pressurization, within the pressure control tolerance
band, was obtained. However, this scheme would rely on frequent
start/stop cycles which is undersirable from the viewpoint of catalyst
bed performance. Also elimination of the overboard flow line would
tend to substantially increase the moisture content of the gas flow to the
tanks due to the removal of the highly effective bypass regenerator.

Analysis of the moisture content in the inert gas delivered to the fuel
tanks over the specified long range missions indicates that approximately
1.5 gallons of water are added over one subsonic and one supersonic
mission. This corresponds to 0. 00375% of the total fuel tank volume and
is comparable to the water added by a hot day atmosphere when the fuel
tanks are pressurized with engine bleed air.
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7.0 CATALYTIC .EACTOR EXPERIMENTAL PROGRAM C((NI)UCTJI) mFD "

AMERICAN CYANAMID COMPANY

7. 1 Background

In the prior program * relating to catalytic combustion for fuel tank
inerting, only a limited amount of work was done with liquid fuels. The
general feasibility of the approach was demonstrated but there was
little exploration of the many variables Involved. Most of the work was
carries out with JP-7, a highly paraffinic fuel with higher and narrower
boiling range than the JP-4 fuel of present interest, and containing very

little sulfur. The space velocity range studied was 32,000 to 150,000 hr-1.
Stoichiometric mixtures, 2 inch thick catalyst beds, and inlet oxygen con-
centrations of 3.5-4% were used in most runs,

The data obtained from this program, while limited, provided a preliminary

estimate of the reaction rate constant for use in the design analysis covered
in paragraph 5.2 of this report. There was also some indication that the

reaction was increased by operating with an excess of fuel or at pressures
somewhat above atmospheric. Reasonable catalyst stability was demon-
strated in one run of 60 hours duration, using an excess of JP-4 fuel, and
operating at a space velocity of 100, 000 hr-I with a conversiou level of
about 95% or greater.

With this prior work as a starting point, the general objectives of the

present program were defined as follows:

a. Investigate the relationships among space velocity, temperature, and
conversion under conditions simulating actual operation. Determine
how these relationships are affected by variations in gas composition
and system pressure.

b. On the basis of the above data, determine the minimum temperature

required to initiate ("light-off") the reaction, and re-evaluate the
reaction rate constant used in the design analysis.

c. Investigate the problems associated with starting up the reactor, using
undiluted air.

* AFAPL-TR-69-68
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desigli analysis.

e. Investigate the o'ompositioi of thc reactor exhaust ga-i, p[irtic • HY
with reslect to carbon monoxide, sulfur and nitrogen oxides.

f. Determine mininmum practical ht(- thickn(c,-• ai: determined by
either "light-off", or by conversion at (lesiga flows.

g. Obtain some information with respect to transient behavior of the
reactor system.

Within the limited time available for experimentation, it was not possible
to actively pursue all of the objectives outlined above. Major emphasis
was placed on objectives (a), (b), (d) and (e). The question of minimum
practical bed thickness was not pursued experimentally because the desitn
analysis indicated that for the B-1 bomber application, the use of beds
thinner than one inch would result in excessive cross-sectional area re-
quirement.

The experimental approach to obtaining the information outlined above was
guided by the results of thedesign analysis presented in paragrapn 5.2.
Thus, most of the runs were made at either 300,000 hr- 1 or 30, 000 hr-1
space velocity (representing the high- and low-flow modes of operation).
The choice of inlet oxygen concentrations used in these runs (approxi-
mately 6% at high flow and 3% at low) was also governed by the design
calculations.

7.2 Experimental System

7.2.1 Apparatus

The experimental system (Figure 24) is composed of four subsystems:

* Fuel feed and vaporization
* Gas and water feed (including water vaporization)
"* Reaction
"* Sampling and analysis

The system is designed to operate at pressures up to 100 psig, and to
handle throughputs of up to about 1 lb/min.
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a. uel Feed and V.ljoriz:ttion Sti)hHtevm

This subsystem eonsist.s o! a liquid fuel tank, a liquid fuel rota nieltr.

and a heated vaporization chainher. The tank is pressurized WiLh

mitrogen to force the fuel through a two-fluid atomizing nozzle into

the vaporization choinier. The atoniiinrg fluid is normally pre-
heated nitrogen. The vaporized mixture is further preheated in
the line leading to the reactor. All heating is done by means of
Nichrome resistance wire coiled around the chamber and connecting

tubine. -lTherinocouples and pressure gages are strategically

located.

b. Gas and Water Feed Subsystem

Air, carbon dioxide, nitrogen and water are fed through individual
rotamneters into a heated blending and vaporization line. Water is

fed as a liquid from a pressurized feed tank and is introduced axially
into the horizontal vaporization line through a small-diameter injection
tube. The gas mixture is further preheated in a packed-column furnace
and in the line between that furnace and the reactor. Again, pressure

gages and thermocouples are conveniently located.

c. Reaction Subsystem

The two streams of preheated gases and vapors combine and discharge
into the reactor, which is located inside an electric furnace (Hotpack,
Model 7075). The reactor exhaust gases pass through a helical cooling
coil (air or water cooled) where water is condensed and removed by
means of a trap. Uncondensed vapors and gases leave through the PC
valve, which is a needle valve used to control system pressure.

The reactor and the furnace are instrumented with pressure gages,
thermocouples and a differential pressure gage. Most of the

thermocouples inside the reactor are inserted radially, as shown
schematically in Figure 25. Thermocouple (TC) Nos. 9, 10, 11, 12,

13 and 19 are straight and have their sensor-tips centered inside
the reactor to give axial temperatures. TC's 17 and 18 are bent so
that their tips are about 1/8 inch distant from the reactor wall. TC 21
is located in the reactor wall, while TC 20 is centered immediately
below the bed supporting screen. (TC's 14, 15 and 16 shown in the
figure were not installed).
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oil"a two--iUiUte cycle arid CV_•', crr at te'mpr'ature span of 0-1000"C.

d. Sampling arid Analytis Sriby.;stcn

h ris SUl)SysteM I.OnSi St 0 L aCOt ino•Ius in-lint oxygen tnal Y Wer, ;tt,
various sam pling arrangeentits itsed to obtain off-gas and condensat,

samples for intermittent zuitlyscs. The analytical methods and

equipment used are described in more detail in paragraph 7.2.4.

7.2.2 Materials

a. Equipment

All components of the experimental system in contact with the reactants

are made of type 316 stainless steel.

b. Catalyst

The catalyst employed in this experimentation is American Cyanamid
Company's AERO-BAN R Catalyst. It is an oxidation catalyst
furnished as 1/16 inch diameter extrudates having an average length
of 1/8 inch, and a bulk density of 40. 6 lb/ft3 .

c. Fuel

The fuel used is referee grade JP-4, conforming to Mil-T-5161G

specification. A complete analysis of the lot employed (Batch No.

3-70-COV) was submitted by the supplier (Ashland Oil, Inc.) and is

reproduced in Table VI.

For computational purposes, the fuel is assumed to have an equivalent

composition of C 1 0 H2 0 , with a corresponding molecular weight of 140.

d. Other Materials

Air - ambient air from a reciprocating compressor

N2  - 99.998% pure, from liquid nitrogen cyclinders (Linde

Division, Union Carbide Corporation)

C0 2  - 99. 997% pure, from gas cylinders (Air Reduction Co.)

Water - distilled
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Table VI - Fuel Analysia.

COVINGTON 311 TANK - PM E GRADE I MI1=T-2I61G

Batch 3-70-COV

Mi1-T-5161G Covinto, .Ky.
Specification (U11o/70)

To Mid. Btm

Gravty, OAf 50-57 55.0 55.1. 55.2.

Distillation. OF - IBP Report 150
10% Evaporated 200 max 187
20% Evaporated 180-230 2o4

50% Evaporated 230-75 2358
90% Evaporated 325-370 358
EP 450 max 44.6
Recovery, % Report 98
Residue, 5 1.5 max 1.0
Loa5s 1.m 1.0 max .O

Existent Gum, mg/iOO ml 7 max 2.9

Potential Gum, m O/100 al 1 max 5.14 a

Total SuJI\r, weight % 0.15-0.40 0.165

Mercaptain Sulfur, weight 0.005 max 0.0005

Reid Vapor Pressure, 100PF, psi 2.0-3.0 2.65

Freeze Point, OF -67 max -80

Aniline Pointp OF Report i0"

INet Heat of CaibU~tiOnl, BTUE/Xb 18,o1400-18,9750 18.,690

Aniline Gravity ProdUct 5,250-7j,000 5,730

Arumatics, Volume % 10-25 24.9

Olefins, Volume % 5 max 0.7

Smoke Point, = Report 17

Copper Strip Corrosion 1 max ia

Water Reaction Ib max 1

Viscosity, Cs at -30OF Report 1.74

Water Separometer Index Modifled 85 min 98

(Table Continued)
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Tabh1 VI cantiziuva)

MiI-T-5161G Coviz.::tU:., ?,y.
:;p•c�ric•tion . _• s/J ...

Therm•al Stability (300/400/6)
Filter Presuze IDopp In. Hg 1,5 M ax 00-

Preheater Rating 3 max I

Anti-icing Additive, Volume

Top Report 0.145
M.iddle Report 0.1.44
Bottom Report 0.2145
Composite 0.12-0.15 0.145

Metal Deactivator: N, N'Disalicylidene-
1-2-Propanediamine, ibs/lO00 bbls 1.5-2.0 2

Antioxidant: 2,6 Ditertiary Butyl-4-
Metbyl Phenol, lbs/100 bbla 5.0-8.4 8
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7. 2. .1 Operating Procedures

a. General

(i) Flow of Gases. The flows of the gases are regulated individually
by means of pressure regulators, calibrated indicating rotameters
and precision needle valves.

(2) Flow of Liquids. The rotameters for the fuel and water are cal-
ibrated for use with these fluids in the liquid phase at a tempera-
ture of 72.50 F. For computational purposes, it is assumed that
the superheated vapors behave as ideal gases.

(3) Analytical Instruments. The oxygen analyzer and Carle gas
chromatograph are calibrated with gas mixtures of known com-
position (chromatographically determined). Provision is made
to permit checking the calibration of the oxygen analyzer while a
run is in progress.

(4) Use of the Furnace. During low space velocity runs, the feed
subsystems do not preheat the entering streams sufficiently and
additional heat must be added by means of the furnace surrounding
the reactor, which can be set at any desired temperature of
interest in this program. For high space velocity runs, the re-
actor furnace is not used for supply of additional heat but as an
insulated chamber. In the latter situation, the cavity between
the reactor and the furnace is filled with glass wool.

b. Charging the Reactor

For a given run, a fresh charge of catalyst may be required, depending
on the purpose of the run and on the condition of the catalyst in the
reactor after prior usage. The required volume of catalyst is weighed,
pl oed in the reactor on top of the support screen and leveled out.

s thickness and uniformity of the bed are checked and the reactor
head is bolted on. The reactor is then placed inside the furnace and
all thermocouple connections made.

In some cases, a 1/4 inch thick bed of inert granular material was
placed on the support screen before charging the catalyst. This made
it possible to obtain a better definition of the temperature profile in
the vicinity of the exit plane of the catalyst bed. The inert material
used is identical to the catalyst in size and shape.
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Once tilt inlet and outlet v ltnil.cti(lu-I Lo the iqat{'tOt haLve he.'ll inaln

tight and leak W•ited, the following stupwise start-up prox-cdure it,

initiated:

t1) .\ s.n1all flow of nitrog(en (about .11 /nin) is directed through the
various sections of the test system.

(2) All of the Variacs (voltage regulators) in the feed subsystem are
set to the required voltage, and power is switched on. Heat-up
of the entire system to the desired temperature takes about two
hours.

(3) The oxygen analyzer is calibrated using a standard gas (4'/(, oxygen
in nitrogen), and a check is made on the nitrogen flowing through

the system.

(4) Upon completion of heat-up, the full flow of each of the component
gases (for the particular space velocity and composition desired)

is turned on in the following order: nitrogen, carbon dioxide,
and air. The feed mixture is checked for its oxygen content and
adjusted if necessary.

(5) If the run is to be made under pressure, pressure is built up in
the system by means of the PC valve and necessary adjustments
made to pressure regulators and rotameters.

(6) Over a brief period of time, temperatures in the system adjust
to new levels. Adjustments are made to the Variacs as necessary
to obtain the desired temperature of the mixture entering the
catalyst bed. In the case of low space velocity runs, final control
is achieved by means of the reactor furnace.

(7) Once the desired feed temperature, pressure, and composition
have been established, the flow of fuel is begun. This marks

the start of the run.

d. Run Procedure

In general, during a run, space velocity, feed composition (other than
fuel vapor), and pressure are maintained constant while the effects of
changes in fuel-to-oxygen ratio and inlet (feed) temperature are

108



investigated. Fuel-to-oxygen ratio is evaluated by first establishing
a base-line operation at the stokchiometric ratio, then increasing the
fuel flow stepwise. At appropriate intervals, temperatures and other
conditions are logged, analyses made, and samples taken. This

procedure is repeated to evaluate the effect of increasing inlet tem-
perature levels, while exercising caution not to run with fuel-to-
oxygen ratios that are likely to overheat the catalyst bed. (In the event
that an excessive catalyst temperature is observed, fuel flow is shut
off. )

In special runs, operation at elevated pressure and in the presence of
water vapor were studied. In the latter case, the inlet concentration
of oxygen was held constant by reducing the flow of nitrogen diluent

as the water vapor was added.

Study of the effects of variations in pressure spanned the range of one
to three atmospheres, and covered operation at both high and low
space velocity.

e. Shut-Down Procedure

The shut-down proceeds in the following order:

(1) Shut off the fuel.

(2) After a few minutes (allowing time to burn all fuel remaining in
the system) shut off the power to the various heaters.

(3) Take an oxygen reading on the feed mixture (without fuel).

(4) Shut off the air and take an oxygen reading on the N2 or N2 +
C02 mixture. These oxygen readings (Steps 3 and 4) are made
to check on the composition of the gases fed during the run, and
to check the calibration of the oxygen analyzer.

(5) Reduce flow of N2 (to a total of about 4 i/min) and shut-off C02,
if used. This standby flow of nitrogen is left on overnight.

(6) Check oxygen analyzer if necessary.
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7. 2. Chemical Analyses- l'rt-'-durIVs

01V VhV1W i(-.i l :a101 ly.s-s C:trrit~d out in this investigation fall into two
categories: routine analyses ni,:td hy operating lxrsmonnel at the t(cSt
ice ation, and Special :ti;;Ilyscis madhe in American Cyanamidt's supporting
Research Service 1,aIoratorius.

• Routine Analy8.li

Oxygen in the reactor exit gas was monitored continuously, using a

Beckman Model 777 in-line analyzer connected to a Honeywell Model
Electronic 1931 recorder, with a 0-100 mv span. This temperature-
compensated instrument reads out directly in volume percent oxygen,
and thus gives a continuous indication of the level of conversion when
the inlet oxygen concentration is known.

Carbon dioxide levels in the reactor off-gas were measured by means
of a simple gas chromatograph (Carle, Model Basic TM) coupled to
a strip-chart recorder (Fisher Scientific, Model PWSN, 0-1 mv

span). Intermittent samples for injection into the chromatograph
were taken with a syringe through the C0 2 sampling port shown in
Figure 24.

It was originally intended to determine carbon monoxide levels on a
routine basis with the Carle gas chromatograph, but the column set
up for this purpose proved insufficiently sensitive.

b. Special Analyses

Samples of reactor exit gas for various analyses carried out in
supporting laboratory facilities were taken through the "vent and
sampling port", using evacuated glass sampling bulbs of 200-1000 ml
capacity. Several such samples were taken in most runs during
periods of steady operation.

Analyses for CO, C02, 02 and H2 in the gas samples were carried out

by gas chromatography. The instrument employed was the Hewlett-
Packard Model 5750 Research Chromatograph.

Ultraviolet spectroscopy was used to check several samples of exhaust

gas for the presence of S02, N02 , and aromatic hydrocarbons. An
Applied Physics Corporation Model Cary 11 instrument, and an 88.6

cm cell were used.
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During runs in which water was added to the feed gases, samples of
condensate were collected from the water trap located downstream
of the reactor exhaust gas cooling coil. These samples were analyzed
for nitrates, sulfates, and acidity; and for dissolved aromatics by
uv spectroscopy.

7.3 Results and Discussion

A total of 24 experimental runs were made with duration ranging from
4 to 16 hours. The runs are listed in Table VII, which gives the highlights
of the conditions used and information sought. Only two runs, 23 and 24,
were made using a bed two inches thick; all other runs were made with a
1-inch bed of catalyst. The 1-inch bed thickness was chosen on the basis
of the preliminary design studies as a reasonable balance between excessive
pressure loss at greater thicknesses, and very large catalyst bed cross-
sectional area requirements at lower thicknesses.

tuns 1-12 were made with the bed of catalyst resting directly on a support
screen. Because it would facilitate a definition of the temperature profile
at the exit plane of the bed, later runs were made using a 1/4 inch-thick
layer of inert granular material between the catalyst and the support screen.
Thus, TC 9 was located at the exit plane of the catalyst.

Most of the runs were made at space velocities of 300, 000 hr-1 or
30,000 hr-1 . The higher value corresponds to operation at the maximum
ballast gas demand (encountered during powered descent of the aircraft),
while the lower value represents a reasonable 'turndown" ratio from the
maximum value, and is more than sufficient to provide the ballast gas
required during other flight modes.

7.3.1 Reaction Studies

The reaction studies comprised the determination of the effects cf the
following parameters:

* Space velocity
* Initial oxygen concentration
* Fuel/oxygen ratio
• Inlet temperature
• Presence of water vapor
• Bed thickness
• Pressure
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on conversion (of oxygen), temperature rise (At) and hot spot tempera1-
ture, pressure drop (Ap), and reaction rate constant (K).

a. Reaction Kinetics

The rates of processes occurring in plug flow reactors frequently
reflect the law of mass action; that is, they show a dependency on
the concentration of one or more of the reactants. If the overall
rate is directly proportional to tile concentration of one reactant,
the reaction process is described as first-order and, assuming
constant volume, the following rate equation applies:

1
K = SV In (

where K is the reaction rate constant and other terms are as defined
below. As shown in a previous study *, K is also defined by the
Arrhenius equation

K = Ae - (B/T)

where

K reaction rate constant, hr-1

SV space velocity, hr-1

X conversion (fractional form)
A = frequency factor, a system constant

B E/R = energy of activation/gas constant
T absolute temperature in reaction zone

In the situation relevant here, such an equation is a great over-

simplication since the temperature of catalyst is non-uniform.

However, it may be used as an appro.'-'ation, with T taken as the
hot spot temperature. A more appropriate description of the reaction
kinetics is obtained by plotting conversion at various space velocities
as a function of the hot spot temperature, as shown in Figure 26.

It should be noted in connection with Figure 26 that for SV -- 30, 000 hr-1

the initial concentration of oxygen (in the feed) was approximately 3%,
while at all other space velocities it was about 6% by weight. The
"band" for SV = 300,000 hr- 1 contains the results for dry and wet
(with water in the feed mixture) runs, at 0 and 40 psig, and for 1 inch
and 2 inch bed thickness. Within this band, there were no apparent
correlations among these latter variables.

*Report AFAPL-TR-69-68
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The data presented in Figure 26 may be used to test the rate ex-
presskon previously given. Thus, for a temperature of 7250 C, and
using the range of values within the band at SV :- 300,000 hr-1 , the
following values for the reaction rate constant may be calculated:

SV, hr- 1  K725, hr-1

100, 000 190,000
300,000 175,000-260,000

500,000 240,000

These values, while not remaining entirely constant with varying
space velocity, do indicate that the value of 194,000 hr- 1 used In

the preliminary design analysis is reasonable, and may be used
conservatively for space velocities in the neighborhood of 300,000
hr- 1 .

At 30, 000 hr- 1 space velocity, as conversion approaches 100% cal-
culation of the rate constant becomes less meaningful. The pre-
liminary design calculations, based on the K value of 194, 000 hr-1

at 725 0 C, predicted that conversion would approach 100% at 300,000
hr- 1 space velocity. This prediction appears conservative, since

the experimental data showed conversions approaching 100% at hot-
spot temperatures of about 6000C.

b. Operation Under High-Flow Mode

This mode represents operation during normal powered descent, when
the ballast gas demand is at a maximum. To conform with the
preliminary design analysis, tests simulating this mode of operation
were carried out at a space velocity of 300,000 hr- 1 with an inlet
concentration of approximately 6% by weight.

(1) Temperature Rise

The experimentally observed temperature rise is shown as a
function of conversion in Figure 27, together with the calculated
relationship for an adiabatic reactor. It is readily seen that the
reactor is quasi-adiabatic for most situations up to a conversion
level of 40-50%. An apparent departure from the adiabatic line
was noted in the one "wet" run at atmospheric pressure. This
may indicate a possible shift toward less exothermic reactions

(steam reforming and decoking reactions are endothermic), but
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there wati little direct chemic~al evidence for such a hypothesis U.. I
(see following section on ui'ftct of excess fuel).

(2) 'Temperature Profiles i

F.igu•re 28• illustrates typical axial temperature profiles olserved •!'• ,

within the catalyst bed at 300, 000 hr-1 space velocity. Tempera-"••

70

tures at the entrance plant! r-ange from 3750 to 400 C in all cases. •i
For it bed thickness of 1 inch, the highest temperature was ::i

achieved at the exit edge of the bed. The profile was similar in 4ý

the 2-inch bed, but leveled off in the last 1/4 inch of the catalyst.•

It should be noted that in addition to the axial gradients there were

also radial temperature gradients, amounting in the I inch bed
to 10-200C near the bed entrance, and to 125-1500C near the
exit plane (for hot spot temperature in the neighborhood of 700'C). .-

(3) Effect of Excess Fuel

L

Figure 29 indicates the effect of excess of fuel on the Ilnet
temperature required to reach a given conversion when operating .,
at a space velocity of 300, 000 hr-1 and at atmospheric pressure. •
There is clear evidence of the beneficial effect of fuel excessvs

(oe stoichiometric requirements) on the reaction rate. At the
same time it is also evident that the higher the excess of fuel,
the more precise Is the control of inlet temperature required to
maintain the desired conversion and prevent overheating of them -

c atalyst.

The effect of excess fuel was not studied in detail at pressures

above atmospheric because of time limitations. In one run at A; t

40 psig, however, increasing the fuel from stoichiometric Lo an •
excess of 10-35% produced significant increases in conversion
(from about 40% to 60%) with little change in inlet temperaturewa

(4) Effect of Water Valor in the Feed 1

The shift that takes place upon inclusion of water vapor in the

feed is indicated in Figure 30. It is evident that at 40 psig, as
well as at atmospheric pressure, the inlet temperature in a "wet" •run must be higher than in a dry run to achieve the same level of wr
conversion. This must be taken into account in planning bedI
operational unit, where water vapor will be present in all situa-
tions except the first bed during stahtup. n h 7
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Unfortunately, time did not permit experimentation with levels
of excess fuel other than those shown in Figure 30, or a defini-
tive study of the magnitude of the effect of water as a function of
water vapor concentration. Data from Run 21 do indicate, how-
ever, that inlet temperature must be increased to maintain con-
version as the water level in the feed is increased in the range
of 5-10 volume percent.

(5) Effect of Pressure

The effect of pressure has already been touched upon in the pre-
ceding discussion of the effects of excess fuel and of water vapor.
Reference to Figures 29 and 30 indicates that under otherwise
identical conditions, a significantly lower inlet temperature is"
required to achieve a given conversion levei at 40 pelg than at -
atmospheric pressure. Some additional data were obtained during
run 23, using a 2-inch bed of catalyst. In this run, conversion
dropped from about 45% to 12% as the average pressure in the
reactor was reduced from 40 psig to 7 psig, while maintaining a
stoichiometric flow of fuel.

(6) Transient Behavior

A systematic study of the transient response of the experimental
reactor to changes in operating variables (flow rate, inlet tempera-
ture, pressure, etc.) was not within the scope of the present
program. It was thought to be of interest, however, to show a
typical experimental "light-off" as an example of the transient
behavior of the system. Figure 31 shows such a light-off, at
SV = 300,000 hr- 1 , 40 psig, and a stoichiometric fuel rate.

The figure shows that, following Initiation of the reaction at about

3450C, temperatures within the bed rose gradually over a

period of 20-25 minutes. Conversion rose correspondingly during
this time, reaching about 50-55% after 20-25 minutes. Actually,
due to feedback of heat along the walls of the reactor, the inlet
temperature was increasing slowly, an, a true "steady-state"
was not reached.

The rate of temperature rise during light-off will depend on the
particular set of conditions. For example, in several cases
involving light-off at atmospheric pressure in the presence of
ea,;ess fuel, hot-spot temperatures as high as 9000C were reached

121



7r

~uo

<- 0
0~

0 cc
Lii?

LUU

0~

z ~I-

Cý
LU 0

L Li

CN- S

0 CC L

co~Y j-WL

3. '3un-vH~-J



within about five minutes. The light-off illustrated in Figure 31
may well have proceeded faster if the inlet temperature had been
higher, or if excess fuel had been used. Since these conditions
would also lead to higher conversions, it would be necessary to
take corrective action as the bed temperature approached the

allowable maximum.

c. Operation Under Low-Flow Mode

This is the operation during cruise, at SV :: 30, 000 hr- 1, with the
reactor feed containing approximately 3% by weight of oxygen.
Table VIII summarizes most of the experimental data relating to this
mode of operation.

(1) Temperature Rise

For the low-flow mode, the calculated temperature rise for 100%
conversion is approximately 3600C (assuming an inlet 02 concen-
tration of 3.2 weight %). Since the experimental data yielded
lower values than the calculated, it appears that at 30, 000 hr-1

space velocity heat losses from the experimental reactor are
significant.

(2) Tempera-ure Profiles

The temperature profiles at low space velocity (Figure 32) show
that the hot spot is normally located in the upstream portion of
the bed. At atmospheric pressure, there is a "hot-region"
rather than a "spot", which indicates that a larger portion of the
bed may be involved in the reaction. Under pressure, the hot

spot typically appears very early in the bed.

In these low space velocity runs, depending on the temperature
profile, radial temperature gradients of 1000C or more were
observed near the bed as well as at the exit.

(3) Effect of Excess Fuel

As in the case of high space velocity, an excess of fuel at

atmospheric pressure tends to lower the inlet temperature re-
quired to achieve a given conversion. With tle feed entering at

about 3000C and with 400% excess of fuel, a conversion of about

90% was achieved. With 0-100% excess, at 0 psig, the inlet
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TABILE, VIII

1,FFECT 0F 'NI.I.'FT TE'MPEiATUHJE AND PHESSUItE ON
CONVERSION AT SV 30,000 111t

Water 02 in
Inlet Excess Vapor in Exhaust

Run Temperature Pressure, Fuel Feed, Gas, Conversion, At( l
No. aC. psig % Vol. V Vol. % - °_

15 280-290 0 o-4oo 0 -0
15 292 0 300 0 -2.7 -8
15 305 0 400 0 '-0.3 90 265
15 325-330 0 o-4oo 0 0.35-0.15 88-95 Z15c.
15 350-355 0 0-400 0 - 0 -100 255

17 302 0 2) 0 o-0.4 - 85 285

20 246 40 100 0 - - 0 -
20 Z75 4o 100 0 - 2.8 -10 -
20 281 4o 100 0 - 0 -100 305
20 ,rj300 0 100 0 -0.1 - -95 285
20 305 0 0(2) 0 -,0.2 - 93 315

240) 314 40 0(2) 0 -1.25 40 162
24 320 4o 50 0 -0 -100 332(4)
24 346 ho 100 11 -v 0 - 100 322 4)
24 354 4o 50 11 -0 ' 100 353Nb)

(1) Between hot-spot and inlet (axial).

(2) Stoichiometric

(3) 2-inch bed

(4) May not be the maximum.

12
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tunipvrltutr nitiust hr :325-3,00"'c to achieve t(0' conw-rtiion, wh ih

if it is :150-:1550C esse nti ally 100',(' convers ion is obtained. 'J(I .

VIII suiuniarize.,s the availadI)le information.

(4) E,]ffect of Watter Vapor iu the F(Ie

Only one run (24) was made with water vapor in the fued, anld it
was found that approxi natuly 1 06', conversion is obtained at 40
psig with the feed entering at about 3500C, and containing 5 0-100'1'
excess of fuel, in the 2-inch bed. Since conversions approaching
1000X% might have been achieved at lower inlet temperatures had
they been run, the effect of the water addition is not clearly
defined by the data from this run.

(5) Effect of Pressure

The data from run 20 indicates that pressure tends to lower the
inlet temperature required for high conversion at low space-
velocity. Thus, at 40 psig and 100% excess fuel, an inlet
temperature in the vicinity of 2800C is sufficient to achieve
almost 100% conversion, while temperatures above 3000 C are
required at atmospheric pressure.

(6) Transient behavior of the reactor at low space velocity (30, 000 hr- 1 )
are given in Figures 33 to 35. Figures 33 and 34 show "light-offs'
under two different sets of conditions, with markedly different
transient behavior. Figure 35 shows a loss of reaction ("flame-
out") resulting from a slow decrease in the inlet gas temperature.

A fast light-off is illustrated in Figure 33. In this case, operating
at atmospheric pressure, the stoichiometric rate of fuel was in-
troduced when the inlet gas temperature was at 3150C. In slightly
more than two minutes, 90% conversion was obtained, while the
temperature at all points in the bed rose essentially simultaneously.
During ýhe period of time shown in the figure, the inlet temperature
rose to 3230C and the hot-spot moved deeper into the bed (from
1/4 to 1/2 inch).

A "slow" light-off (Figure 34) was obtained at 40 psig, with 100'X
excess fuel and initial inlet temperature of 2730C. The coner-
sions were as follows (teferring to the figure):
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During this pe•riod of time, the location of the hot spot moved
from the exit edge of the b(ed to a point 1/4 inch from the bcd
entrance. The temperature at the different points in the bed
rose in succession, starting with the farthest downstream, and
even the temperature at the entrance edge finally rose sharply.
The inlet gas temperature rose slightly to about Z2O0C during the
light-off period.

A reverse transition, representing a loss of reaction ("flame-
out") due to an induced drop in inlet temperature is shown in
Figure 35. While the inletatemperature was dropping slowly
from 29-40 C to 275 0 C, the "hot region" was moving slowly down-
stream in the bed. Temperature at the different points within
the bed dropped off in reverse order to that shown for the slow
light-off in Figure 35. As long as the hot spot was within the
bed, very little loss in conversion was observed, as can be seen
from the oxygen concentration curve. Once it reached the exit
edge of the bed, however, the oxygen level rose rapidly. This
loss of reaction preceeded slowly as the inlet temperature was
slowly decreased. A more rapid decrease in inlet temperature
would undoubtedly have given a more rapid response.

d. Start-Up Simulation

Two attempts were made to simulate the start-up operation at
SV = 30, 000 hrC1 , one at atmospheric pressure, and one at 40 pslg.
In both cases, undiluted air and small amounts of fuel were fed to the
experimental system. It was intended to keep the fuel-vapor con-
centration low in order to stay below the lower flammability limit, as
well as to limit the temperature rise to the maximum permissible
value:

0.2% fuel vapor 3% 02 14. 3% conversion 410"C At
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T'rouble was experienced with controlling suh snijal Hlow r:ttes mf
fuel, however, especially in the pressuru run, and in hoth runws
exotherms carrying the bedtnix-rature over 100010C l;ceurrci.,

In the atmospheric p~ressure run, no reaiction waB o)bsenrvd below

"24o (C, hut with inlet temperatures in the range of 30U-:1i0(C, an
exotherrn to about 530OC was obtained. Increasing the inlet tertrltra-
ture to :1250 resulted in in excessive temperature rise (hot-spot over
100 0°C) and deactivation of the catalyst. In the pressure run, a high
exotherm was encountered when the inlet temperature was only 230"C.
In this case, the oxygen level in the air was reduced by the reaction to
about 2.57, so that a large excess of fuel over that i.•tended must have
been inadvertently fed. In the same pressure run, the sjice velocity
was increased to 100,000 hr- 1 and the inlet temperature to awi)ut 330 C.
Under these conditions, a moderate exotherm (to about 5400 C) ano
about 10-15` conversion of the oxygen in the air was observed at a
fuel concentration of 0.2 volume %.

The above data are too meager to give an adequate definition of
light-off requirements in air, but they do suggest that the inlet
temperatures needed may not differ greatly from those observed when
the inlet oxygen concentration was 3%.

7.3.2 Pressure Drop

The relationship used in the design analysis to estimate the pressure drop
due to passage of gases through a bed of catalyst is given by

T ave 5 1.85 2.85
AP - 0.00141- ) (SV x 0) (1) Af

P.f
ave

where;

AP pressure drop, psi
Tave average absolute temperature in bed, OR
Pave = average absolute pressure in bed, psiL
SV = space velocity, hr"1

I bed thickniess, inches
Af = wall factor (dimensionless)
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ait room temratur.e (.Figure :I,;- anIl uuuher reaction conlditionls •'I'lh I- XI.
The da:ta )resentcd in l'igulrL' :ro; wer, oht:inted :it ess-.rti ally tni osp}:,rvl'
pressure, but l)mcaluse the pressutre drop tlhrough the bed was consihcr:dt.,-
at the higher flow rates used it was necessary to correlate the diat: on the
basis of the pro(hict of the average pressure Und the pressure drop. A
slightly different vatluc for the constant in the general relationship was
used in this case, to account for the different physical properties of
nitrogen at room temperature, :is compared with those of the gas rnixture
at reactor conditions. The wall factor was taken as 0. 76, based on :I
relationship involving average particle size an(] reactor diameter given in
the literature.

It may be seen from Figure 36 that there is excellent agreement between
the experimental and the predicted values for the 2 5/16-inch bed thickness.
For the smaller beds, the fit of the data is somewhat poorer but still
satisfactory.

In Table 124, the pressure drops observed during actual reactor runs are
compared with the predicted values, Ior space velocities ranging from
100, 000 to 500,000, and for pressures from ambient to 56 psia. Here
again, the agreement between the calculated and observed values is good,
with the observed values generally running about 10-20% higher.

7.3.3 Chemical Analysis Data

The relative amounts of C02 and CO in the reactor exhaust stream are
of interest not only from the environmental standpoint, but also as an
aid to interpreting the -effects of operating variables on the reaction
mechanisms. Samples from a number of experimental runs were there-
fore analyzed by gas chromatography for these constituents, as well as
for hydrogen. The results are summarized in Table X.

CO levels in the various samples tested ranged from about 0. 1 to 0. SC.
Some caution must be exercised in interpreting the results given here,
because in many cases, the "oxygen balance" does not check well. If the
only major reactions occurring involve oxidation of the fuel to CO, C0 2
and H2 0, then 1.5 tools of 02 are accounted for by each mole of C02
(+H2 0) formed, and 1. 0 mols 02 for each mole of CO (+H20). Thus, the
CO formation plus 1. 5 times the net CO2 formation should equal the
oxygen disappearance. Net C0 2 formation is best indicated in those runs
in which there was no C0 2 in the feed. For three such situations in the
table, only one (Run 21) gave a reasonably close oxygen balance.
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Ke4-,ling tlht'ste rest' tLions with it-artld to tho" :ice'tr;iv 0 the Ihtt;I IIi rIIIII'l,

some tentative conelusions 11 .1v still he dratwnl. For the dry ru. As it high

Sp'ce vChxtity', it :iplars that Co) fornuation accounts l- :t)oot 2 W-:(,

the oxygen disa)pxarcnve. With water added, somewhat less Cf' 1:1ih,-..

20',' of the o., (lis:ppe:rarance) nm1|y hayv b)e(en formed. For the runs under

pressure. :ntl at low space vtei(.ity, CO formation ap(.ars to I(. siguid;

cantl\v lower. on the order of 5-15"; of o.-,xgen disappxearnceC.

"I'hl p)0ossi)iilitV of !IVl IrogCn fortn:ition through shift or reforming reactioris

is of interest hec:wse of possible problems involving embrittlement of

structural equipment. Since these reactions are consideraibly slower

than the oxidation reactions, it was not expected that they would occur

to any appreciable extent. As indicated in Table X, however, small

quantities of hydrogen were detected in virtually all of the samples. N6
correlation with reaction conditions is evident.

"The J11-4 fuel used in this test program contains appreciable sulfur

(0. 165"".). "'he fate of this sulfur is of interest because of potential

corrosion problems in downstream equipment. Complete oxidation of the

sulfur contained in the stoichiometric quantity of fuel required for an
inlet oxygen concentration of 6(/ would result in an S02 concentration of

about 25 ppm in the reactor exhaust. In samples from dry and wet runs,

both at atmospheric pressure and at 40 psig, no S0 2 was detected by UV

spectroscopy (limit of detection about 20 ppm). Condensate samples
collected during wet runs were found to be strongly acidic (pH 1. 8-2. 3),
however, and to contain significant amounts of S04 = (see Table XI).

An approximate calculation, based on the ratio of fuel to water fed, and

assuming complete oxidation of the sulfur in the stoichiometric quantity of

fuel, gives a value of about 0. 16% S04 = in the condensate. Thus, the
analyses for the high space velocity runs in Table XI account for about
half of the sulfur fed (the balance presumably passes through the system
unreacted). The value for the low space velocity run seems unreasonably

high, unless the excess of fuel was actually significantly greater than the

indicated value.
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"(1) Twc Samples

Nitrogen oxides were not detected in the reactor exhaust gas by UV
spectroscopy (limit of detection about 20 ppm), although trace quantitVes
of nitrates were detected in the condensate samples.

Further examination of rhe condensate samples, using UV and spectro-
fluorometrie techniques, revealed the presence of water-soluble aromatic
compounds. While these were not quantitatively determined or identified,
they appeared to be principally benzene derivatives, with smaller amounts
of aaphthalenes and larger ring aromatics.

7.4 A"ea6 fur Further n Suy-a- Ic

While the exper,- mental program carried out under the present effort has
provided much useful dpta regaiding the functioning of the catalytic reactor
under conditions simulating actual operating conditions, there are still a
number of areas in which information is sketchy and in which further in-
vestigation might profitably be carried out before proceeding with (•r
concurrently with) system studies involving a "breadboard" or prototype
unit. In particular, the following arear need ftirthej-' study-
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:1. Inter ot'i• l s- Among () i' t iti ng V;via:ihh'ls

T'he te'|(,'t m1 etx'ess fut l :d r : I vI'lJo" COlic(c'tI rlta otl oil thc (',:-

version v't-rsu' - tter nwi, ul.(, V 1'.litionshil) ;t A lres,•s rt.• :|iove :1*|lJ!S-
pheC f needs to he S!,1(itud in more detail.

Lb. Transient ihilnavior of thc Reatctor system

A tlhot)112h uneh'rst:L-.lir of' th. reslpons(, of the system to changes in
level of the t,1myn op)eratin.-g "'nari:bes - flow, temrx_.r.ttur(r, pressUre,
excess fuel, etc. - is essential to success!ul operation of the cat:cly-ic

inerting system. Further studies, 1oth theoretical and empirica!,

would be desirable in this area.

c. Catalyst S'tabilitv

Very little data has been obtained to determine the life-expectancy of
the catalyst under the projected operating conditions. A study of the
factors affecting coke formation, and the effects of coking on catalyst
performance would be desirable.

d. System Chemistry

A more thorough investigation of possible side reactions occurring

during various modes of operation and of the effect of recycling partial
combustion products would be of interest. Identification of the water-
soluble aromatics noted in the current program might also be worth-
while.

e. Testing of Improved Catalysts

It seems likely that catalyst preparations providing improved pressure
drop characteristics without loss in performance capabilities can be
formulated. Testing of such improved catalysts, particulary for
stability, would constitute an important area for further work.

Much of the information and testing described above could be carried out
in the 1 - inch unit used in the current work.
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.IU-}LIMINARY DESIGN DEVE.LO1PM ENT AREAS '

In several areas of the system design, the design has been completed
recognizing that there is at this time insufficient data to support all of

the approaches used. These areas represent items which must be in-
vestigated ftirther in the follow-on experimental program. These areas

-ire considered to represent some uncertainty in the design selected but,
in general, any problem areas that are encountered in the experimental
phase can bo corrected by changes in system design. The experimental
program must be directed at investigating these problem areas early in

the course of the program so that corrective measures and design modifi-
cations can be incorporated where necessary. In reviewing these areas it
becomes apparent that the majority exist in the catalytic reactor design.
This, obviously, is a result of the moisture removal subsystem being a
more highly developed technology. The following is a list of these areas,

not necessarily in the order of their importance:

a. Reactor Temperature Control

Reaction rate is critically dependent upon the temperature entering the
catalyst bed. Reactor outlet temperature depends on both its inlet - ,
temperature and reaction rate. This means that small changes in
reactor inlet temperatures will result in sizeable changes to reactor
outlet temperatures and, consequently, heat exchanger inlet tempera-
tures. The system design uses ram air modulation to control reaction
rates and heat exchanger inlet temperatures. Because of this amplifi- .
cation of heat exchanger inlet temperature variations by reactor
characteristics, this ram control may be inadequate to prevent un-
acceptable temperature transients.

b. Reactor Installation Hazards

There is reasonable confidence that reactor geometries can be evolved
which will not result in hazardous conditions existing within the system
itself. Because of catalyst characteristics, it has been desirable to
design the system using fuel-rich mixtures throughout the catalyst '
beds. The concern in this case relates to the potential leakage of
this fuel-rich mixture to ambient which can result in combustible
mixtures close to the reactor beds. This leaking gas can, in certain
areas, not only be fuel-rich but also of very high temperatures where
auto ignition could occur. The reactor design configuration has been
selected with the best possible means of sealing the leaka-'o controls.
Nevertheless, it may be necessary to make installation arrangements
which will purge this region of combustible products.
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adlequate temlx'rature, contr-ol (.:ninot he( nm:int:|inedt throug~h ramr rfmv

4 ,'1 noduhation, it hay he necessnry to incorporate a more sophisticated

Z fuel control system.

d. Reaction Temnperature Control in Transients

Again, reactor temperature control is accomplished by ram air. But,
; -.!,

hi-I when flow is decreased or increased as a result of switching from
low-mode to high- mode, this temperature fluctuation can be ampliflf-d

Ir.;. substantially. In the present design it is assumed that these tra|nsients

"44 ,. can be accommodated by proper timing between the change in fuel

a 91'flow rate and bleed air flow rate.

The ultimate timing and sequence of these controls will have to be
established as a result of the test program.

e. Flow Distribution in Reactor Bed

~ 1 !•;•Reactor temperatures and catalyst breakdowns will depend very
•, •: heavily on the ability to get uniform mixtures across the face of

•4~ :the catalyst bed. This need for uniformity of mixture is most apparent

"' ••.when it is noted that higher reaction rates in any locality raise local

temperatures which, in turn, increase reaction rates. The system

Sdesign has arrived at the first configuration for introducing bleed air

into the reactor, but the final distribution system will have to be

F established in the test program. Variations to this distributor can be
readily accommodated in the current design configuration.

PS, f. Start-Up Timing

In the start-up mode, the system is filled with oxygen-rich mixture

relative to normal steady state operation. It is therefore necessary

in the start-up mode to add fuel at a relatively slow rate to prevent

1,
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Tlt- hIeat exch.111ge i's ill the react or. :11.4"1 :If*(. co0Irt i ItamIV (-ly e oSe t
ttemIl& rato res1 which .art, higher thani cliirretit Wechnology laire rail he at

~xching rs.*le re, is re~c.nild cofdev t hat. at theSV teml perr.,
turtit IeVO]Rl. t he 11t extlimniurr de-sign wvil j)rt-orni :irewl:ttlV. If
reactor i)C'i tinnper:itu rt, controls ~Ilnlot maintain the-se teniperato res

a!il lit'S :I cpI u~ is pla.ced onl the livat exchlangers duirabilIity.

I'lc :Ihili , N. of hec hient exchantgers to meet increased temperature
eI(Ili renleits will tht'jx'fld up)on tic temperature distribution as well

as5 the maignitutil and dluraition of these transients, Hlow much the
hieat vxchangv~r decsigns can be modiffied to acCOmmfl:;!~c these
1 ransients is uncertain until these va riattions are determined.

h. Effect of Acidity on Component Life

Test results from the catalyst test program indicate that the effluent
mix-tures contain a relatively acid mixture. In the laboratory type
tests though, it is difficult to be certain how much dilution of these
aicidls will occur in the final system. This level of acidity obviously
will have an effect on the degree of corrosion on all the downstream
comp)onents. A measurement of this acidity wvill be essential in the
experimental program to determine its effect on system life.
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9.0 CONC ILUSIONS

9. 1 General

The combustion type fuel tank inerting system is capable of maintaining
noncombustibility in an aircraft fuel tank system over an entire mission
profile. The combustion type is inherently rate limited. System size
and weight are substantially proportional to the maximum inert gas flow
rate specified, and the maximum rate occurs during descent. The more
rapid the descent rate under which inerting is required, the greater the
necessary inert gas flow rate. Necessary flow rate is also proportional
to the total fuel tank ullage volume at the time of the maximum rate of
descent. A fast descent with nearly empty tanks would govern the design.

In contrast, the liquid nitrogen type fuel tank inerting system is not rate
limited. It can easily supply inert gas to the highest rates because it
need only pump liquid through small, insulated lines and spray it over
large expanses of fuel for evaporation. The liquid nitrogen system, in-
stead, is total mass limited. It must carry all the inertant from the
ground for the entire mission or series of missions if need be. It is
limited in the total number of climb &nd descent cycles it can perform
before its stored mass must be replenished. The combustion type inerting
system has no limit on stored mass as it gets its supply from the atmos-
phere except for a small quantity of fuel from the tanks it inerts.

Combustion of fuel produces products that vary with the chemical com-
position of the fuel. Sulfur in the fuel becomes sulfur dioxide gas which
may be readily oxidized to sulfur trioxide. These two gases have a
strong affinity to water and tend to be collected with the moisture removed
from the inert gas. They are highly corrosive, and dissolved in the water
become approximately 0.01 normal sulfurous or sulfuric acid. The inerting
system components that encounter moisture must therefore be made
corrosion resistant. Any small amount of moisture that is not separated
and remains entrained in the inert gas supplied to the fuel tanks can be
considered to be acidic. It is important to regard this as a problem for
further study. Actual quantities must be measured and the average and
maximum rates of corrosive attack on fuel tanks must be quantitatively
determined. Means of absorbing, neutralizing or resisting the small
quantities of acid produced must be carefully evaluated.

There is a wide range of flow rates demanded of an inerting system over
the mission profile. During cruise, flow rate is at a minimum, determined
by the volume rate of fuel consumption. During climb, this rate is
arbitrarily determined, to agitate the fuel and purge it of dissolved
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descenit 111.1 bi i. il0i of. 2ý0( Littics greviter1 tharn t hat reuinired fo r c r'ii!%(-
Continuous o[)eratlioll of the ineurtirig sivsteni at, stbstantially gre:ttcr- it~iu

requ ired rates (,il a" ad weight to the mission ix-tialty. it is dIesirafh V tu.

design the systcm for the leaist rvasonahie t1ow~ rate in descenlt and 1 1
avoid unnilecessary disceharge ofi inert ga.s (furing e'xtended pAurio(Is sucne
-is in cruise. A ny sciiene that would Ilcrin it redefinition of the fuce tatnk
lhazardl so as to reduce the inert gas flow recju ire ne tts would result ill

advantageous weight reduiction. Onle such means would involve per-
mitting the- fuel tank to breathe :iir during rapid or emergency deLscen~t, Io
be replaced at Once hw the action of the inierting system. The exact haza r;
in such an event would( he depeŽndent on the design details of the tank :anW
venting system and wvould require experimental investigation. Olxratiur::u
probabilities of ignition should also be evaluated.

An extension of this philosophy to the design point of the system would
result in a substantial reduction of system size. Because the designed
inerting system provides an 02) concentration well below the allowable
maximum, it is possible to supplement the inert products with raw
engine bleed and still miaintaiOn an inert tank. It has been determined by
analysis that the design flow rate, and similarly the system weight,
could be reduced to 407o of the present size and maintain, at the com-
pletion of the maximum normal descent, a tank 02 fuel concentration below%
9%. The significance of this weight saving justifies a reexamination of
emergency descent requirements since that is the only consideration that
prevents this reduction. Based on the requirements of this study, which
are very severe, the reduced system would result in a tank 02 concentra-
tion above 9%. It would appear that some relaxation of these emergency
descent requirements can be justified, thereby allowing a reduction in
the B-i system size. If these requirements cannot be relaxed, then an
alternate means for providing emergency flow should be sought.

9. 2 Alternate Systems Comparison

Table XII compares weights of several possible inerting systems. It must
be reemphasized that these are weights of systems designed for the
specified mission. As discussed in other sections of this report, ultimate
mission requirements will be far less severe, thereby yielding
corresponding reductions in system weights. In addition, it is anticipated
that further research will provide tile basis for reductions in both
system complexity and weight not possible in the liquid nitrogen system.
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ilert ing cani 11 h i-'rornied with :1 t.;it:llvtic( reactor or iL t 'il a u .r.

Eithe r coml)ustion sv.tern ' an I l jkratedfull time hut with flow turn'ed

tIown to :I iow raitte tduring oruis. ulnd 'limhl). Also, either t,:1 I)v- oJwP:tt(c.

intermittently to conserve .xlxnld: )li.s. These five cas:es ar. t:abuhltateu

andl weight eqluiv:a I vnts [rc.e given for (XlX)ndad)lvs.

The% weight of inert gas required over the mission lprofile is stored weight

for the nitrogen system. "T'he others come from the atmosphere, but
there is :a penalty in the form of enginu fuel consumed to corn press the
bleed air. There is another penalty in the form of engine fuel consutl(.d

to overcome the drag on the ram air. These penalties :ire ta)ulated.

The nitrogen system has been assigned a 50'1, reserwe capacity to

summarily account for boil-off, unusai)le liquid, and for flight contingencies•
involving depairtures from the mission profile. An additional climb and
descent could easily consume the reserve nitrogen.

Fixed system weights have been tabulaited. Each combustion system is
sized for its maximum rate required. This turns out to be the matximum
normal rate of descent for sizing the moisture removal subsystem, and
the emergency descent rate for sizing the combustion subsystem. The
burner type is seen to be substantially lighter than the catalytic reactor
combustion subsystem. This is the result of the light sheet metal design
of the burner as opposed to the greater weight of catalyst bed and to
corresponding heat exchanger design advantages.

Installation weights include supports, ducting and distribution nozzles. The
combustion systems are heavier than the nitrogen system in this area
because they have engine bleed air ducting and primary heat exchanger and
firewall weights in addition to ram air ducting and larger diameter dis-
tribution ducting. The nitrogen system has only the smaller distribution
ducting, supports and distribution spray nozzles.

Total weights show that the intermittent operation of the combustion system
can save up to 1000 Ib, a large portion of which is the weight of fuel burned
in the inerting system. The burner type combustion system is lighter than
the catalytic reactor type by about 230 pounds, primarily because the
burner and heat exchanger is that much lighter than the catalyst beds and
heat exchangers. The intermittently operating burner system is one-half
the weight of the nitorgen system, while the intermittently operating
catalyst system is 60% as heavy. Both steady operation combustion sys-
tems are essentially the same weights as the nitrogen system, with the
catalytic system only slightly heavier.
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It i-s to be 'onIcluded from this %%eight sumimary that intermitteilt operation
i.- one miethodl by which L significant weight advantagecan be niade by thu•

tvorlbustion t'ype• |netting system.

The greatest part of the weight penalty difference between continuous :rnd
intermittent operation, where continuous is based on 10';( full capxicity
minimnum flow, results from the extremely long cruise duration of 900
minutes (15 hours).

It should be reiterated that this weight comparison is based on a single
mission. When multiple missions are considered without replenishment
of expendables, the weights of the nitrogen system will increase propor-
tionately - putting that system at a sizable disadvantage. For example, if
the system has to be designed to complete two missions without re-
plenishment as is reasonable because of logistics with the bare-base
concept, the total weight of the nitrogen system would increase from
2017 pounds to 3360 pounds. There would be no effect on the combustion
type system.

9.3 Corrosive Gases

Products of combustion include sulfur dioxide and a small amount of
nitrogen oxides. In combination with moisture condensed from the com-
bustion products, these gases produce corrosive acids which car attack
the system components and the fuel tanks. It is necessary to resolve
the problem of corrosion in order to justify acceptance of a combustion
type inerting system. The inital approach is to rely upon the high
solubility of the acid gases to produce separation from the inert gas by
solution in the condensed moisture which is then removed from the system.

Experience with gas turbine corrosion from combustion products indicates
that the primary problem comes from sulfur dioxide. Nitrogen oxides
have been of negligible quantity in comparison. Test results from the
American Cyanamid program included a sampling of condensate from the
test reactor output. Those samples were strongly acid with pH values of
about 2. It is not known what fraction of the gaseous sulfur dioxide was
dissolved. Corrosive gases are of concern primarily to the aircraft
structure, the fuel tank itself. The inerting system can be designed to
be corrosion resistant to the extent necessary, but the aircraft structure
should not require modification nor be endangered.
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cal references th-it will yield tht, aetIt.I corrosion rafte on the :tircr:ift lui-]
tank structuraI ll atteri:ais. Ii n:11ly, tht. pre.(lict(,t(i corrosion rate mu'st
be compa red with tilth :llowablt. ralt(e il order to conelusi vely decide ol' th(-
ajeceptati lity of nombustion p)ro(iticts with moisture removal :.;s :i Iuem] tink.
inerting gas. Soe effolrt sholu(I i he applied to verify the -prob able un-
:tcceptability of a solid :dsorbent Ibe-d for the removal of SO2 from thit
flowing gas. Such : bed is likely to be very large and heavy beat•ause ,)
the large volum., flow rate of inert gas supplied to the tanks.

148



This Document Contains Page/s

Reproduced From

Best Available Copy

10.0 IECOMMENDATIONS

This study has analytically established the feasibility of a catalytic
combustor type fuel tank inerting system. On the basis of this work
it is recommended that the program be continued through the next
experimental program phase. The experimental program should
generally be directed at the development areas listed in Section 8. It
should cover, as a minimum, the following specific topics:

a. Puel injection, mixing and distribution
b. Bleed air injection and distribution
e. Reactor bed temperature control
(1. System start-up and shut-down
e. Corrosive characteristics of the inerted gas
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APPENDIX I

Design Calculations: Segmented Reactor for Fuel Tank Inerting

The following calculation methods apply to the case in which all of the fuel is added

to Lhe recycle stream, and the bleed air stream is divided among the reactor

segments. Figure 2 shows the flow leaving the final reactor segment. The nom-

enclature used in the calculations is presented in Table A-I.

1. Overall Relationships

A. Stoichiometry

The following stoichiometry is assumed:

Basis: 100 lb-moles air, 100% conversion
1.4C10H20 + 21 02 + 79 N2 14C02 + 14 H20 + 79 N2

At an overall conversion of XT:

1.4XTC1OH20 + 21 02 + 79 N2 14XT C0 2 + 14XT H2 0

+ 21 (l-XT) 02 + 79 N2

Stoichiometric fuel/air ratio (weight basis)

= (1.4) (140) =0. 0679

(21)(32) + 79 (28)

B. Material Balance

Air and Fuel Flow Rates. From Figure 2 and Table A-1,

Fuel + Air = 1-R

Fuel/Air ratio = B

(l-R) lsh
Fuel Rate = B (I+B-- b

(1+B)'lsh
Air Rate = 1-R) bs/hr

(1+B) l

Dry Ballast Gas Rate. From stoichiometry, the ratio of dry ballast
gas out to air in is

(14) (44) (XT) + (21)(32)(l-XT) + (79)(28)
(21)(32) + (79) (28) (1-0.019 4 XT)'
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r .t c it' ratio

X'1" 0%vcrj*tll 'ratction31i c't~vt-t-sol'•tn of| t-Mxy (tl

Xi fractionatl conivCrsi()ll of oxylge(,I il ith reactor segineint

Ai \ir inixit to ith iv:tctor svglatilit, lIs/hr

ai , air flow coct'ficient, Aii:" \i;- !.-"- 1.0

Fi - Total gas flow through ith rcactor segment, lbs/hr

Mi oxygvef converted in ith re:actor segment, lbs/hr

mi , conversion coefficient, M*i!: i; ! mi ý 1. 0

y 1 oxygen concentration entering ith reactor segment, weight fraction

1Y? = oxygen concentration leaving ith reactor segment, weight fraction

B overall fuel/air ratio, lbs/lb

K reaction rate constant, hr-I

SV space velocity, hr- 1 (volume gas flow per hour per volume of

catalyst; gas volume measured at 14.7 psia, 72.50 F)

BG Dry ballast gas demand, lbs/min (actual scale)

W2) : weight of catalyst in ith reactor segment, lbs. (actual scale)

Duct size = size of square duct, ft. (actual scale)

ATi design = temperature rise in ith reactor segment at design flow, 0 F

ATi 100 = temperature rise in ith reactor segment at 100% conversion in that

segment OF

zAPi pressure drop in ith reactor segment, psi.

thickness of ith reactor segment, inches

Dry Ballast Gas Rate

= _(l-R) (1-0. 01 9 4 XT), lbs/hr

(I+B)

152



•'xyv ,ii out III. 2a1) (1 -N.T) II-l{I) "t ,II), lbs hr.

W, lIIt It -;Icttlll ,I I .1 11 wiet balla'st gais Iaving 11th r alltor

kO. -i3 • t - , 1 I. ( - () 0. 33•:)(l- ~ , / l• ),

tit. ~ ~I -Xr (1) ,0 0 -Il)-I
Il 1 ) 0 ill)

\VoI.?un Irt,'itoil 0i., iii dry ballast gas

2 1 1 ,X I ) ____•_
i. 2 1tI -X_ 12 1 (1 -(0.0 21 1-XT) 1 (i- . 07 X,.)

.\vt':age Moh'cu lar Weight of Dry Ballast Gas ,,
-; ( Vol":' 0.2) )'i

- W2 0:2) 28.84 (1-0. 0l94XT) / (1-0. 07XT) -i

1. C;alculations for Individual Reactor Segments

A. General Case:

Specific values are assigned to the following variables:
n, 1, XT, all air flow coefficients (ai), all conversion
coefficients ({ii), B, K, Pave, f min, and BG

I. Calculation of Conversions and Concentrations

a) Calculate all Ai

Ai -- al F- AL = ai (-l-R) / (1+-B)

b) Calculate all F1

1i - R4 -4 (1.-R) + A-1 A, + .... At
(1+13)

c) Calculate all Mi

I (0. 233)(XT)(1-R) / (1+B)

15.
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Ae) Calculate fractional cnesosin each segment

MM

2. Calculation oftemperature rsineach bed.

Heat release i,500 BTU/1Th fuel consumed
Average he at c apac ity of gas =0. 265 B TU/(Ib)( 0 F)

,~r(18,500) I3 (Mi) =(0.265)(Fi) ATi design
(15 0.0233)

and A~ design =20, 300 Mi/Fi

At low flow, Xi approaches 1. 0 and Mi appro~aches 0.233 Ai

100 =(20, 300) (0.233 Ai)/Fi 4730 Ai/Fi

3. Calculation of space velocities in each bed.

1 (iXi)

4. Calculation of weights for each bed.

- *~' 4 F~(359 (52.5 Wipeat =40.6 lbs/ft3

* ~ ~ ~ (MWave) (492) petMWave ~2.

If '



W 1 .(;. •,J:)35,)(l 'i) k*vi1  . 10-:)),

f14r -1b- ba ol I ]l/hr g•:t leaIvin.g nth bttglwit

"• "4'calh-u[) ito actuall Calst',

It tLL 'ho m: gas4 demnand for -t aviutuial case is W;( lbs/minl,
the. i the s•e~tlc-upl factor (S) 1rom the basis of 1 lb/hr gs,1 le;1ving
t(htl ior:tl rvactor 8egnilnt is:

and Wi - (Wi) (S)

6;. Calculation of Duct Size.

Bed Volume = Wi/peat r: Wi/40.6, cu. ft.

Bed Area W, 2) 0. 295 Wi/ f2
(40.6) (d i)

Duct Size = 0.543 (Wi/! i) /2 = side of square duct, ft.

7. Calculation of pressure drop through each bed. *

For each bed:

1P *- 2.3 ( p0.15) ( h (p 0 . 8 5 ) (V0 1"85)144 .Af
Dp 1. 15

where p = 0. 0000268 lbs/ft-sec

Dp = 0.00625 ft

af - walU effect factor, assumed = 1.0
1 =bed thickness, ft.

The above equatiou is for turbulent flow, which will generally
apply at the flow rates encountered here: /-p > 7

References: Technical Report AFAPL-TR-69-68, Generation of Inerting Gases
for Aircraft Fuel Tanks by Catalytic Coi~ibustion Techniques",
American Cyanamid Company, August 1969.

Chemical Engineers Handbook, John It. Perry, Ed., 3rd
Edition, P. 393, McGraw lill, New York (19,,0)
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S\" hr (t'1 ; u lkitid for ga's votldII' at 14. 4 Jtsi:i,
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Note: In c:ilculating j'essurc dtrops , it .IminI is JX'C ( iit.I Itd o
smallest re;a.tor segment, the thickness of the otht'r
beds is proportional to their weights, assuming con-

stant cross-section in all segments.

, Bypass lFaetor

Some of the bailast g:as requirement may he allowed to bypass
reactor to give a final oxygen concentration in the dry ballast

gas, yf, which is higher than that leaving the reactor but still
meets ine-rting requirements. For this case a bypass factor,

z, representing the fraction of the total ballast gas requirement
passing through the reactor mazy be calculated:

(0. 233-yf) (l--0. 0194XT)
Z = 0. 229XT

A very close approximation to z is given by the simpler expression..

S=(0. 2 33 -yf)
0. 233XT'

The weights calculated without bypass can then be multiplied by
z and the duct size by (z) 1/2. Pressure drops, temperature ri,(,

and oxygen concentrations throughout the reactor system remain
the sar1e.
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bcjl' Ici%.s. , C , 11 thla t sk(.a c wt.W, :lid _V l, .ig I vqkul I IoU all I
sv1,,' c tI . IV() r Oti s th a t (.:] t1 , Hhawn it;t.

C 'Onsta ft _.•~

••Mi t M,) (Vil)/ : P1"

. Mi and i ;ir' v:ilcuhlated u1,-i in S'-etion Ai.

" F .... n
nlit " FII)IB lI(13a1 ) ' n-1)a 2  ' (nl-~)I3  '"":n

-lt Mdi c,,n be calculated, and all other quantities as in the
general case.

Note that ATI~esign niay be specified ruther than 11. In this

case, R can be calculated by trial and error from;

A'DIr~;gn : (20,300.) ) Mli/ Fi

S. Special case in which air flow is split so that the air fed to each
reuactor segment i.s proportional to the total flow through that
segnient. For this case, the temperature -rise in each bed at
low flow would approach Ti 1oo as a limit as the conversion in that

bed approached 100%.

For this ease it can be shawn that;
1

A\i constan)t 1 R-(-B 1
Fi 7i +--)

RB n--i

Fi1( A -i- n "
11 +B

N
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At 1 UU' ton\'tMvMI iII taii lI.,

M 0. A: :: i A i

Mi 'ti F .0,2-43 A.,i/,i i

and A ,L' IO 1;, 0o o It 1 - .ft"i " L1  mvv':-:F
Note that eithl"r It or 1 0ot) may he '-jcilied in thli as.i '

3. Sj'I_ case in which its co'nditiols for both sx,'uial ':us 1) 1 in.
apply, i.e.,

Couist1altt, AT1 )esigli tequal foro ;Pl! h.•ds

and _na,_®, equal for all bedsF~i

For this case, only one of the three quanutietici-, ATDesign and
ATI 0 0 need be specified to determine the others, (assuming n,

XT, and B are also specified).

4. Special case in which bed weightE are specified. This case is
useful if it is desired, [or example, to design a system where

all segments are of equal weight and thickness. The relationships
given under the general case apply, but a trial and error approach
is required, once the fractional conversions in each bed have
beea calculated from the bed weights.
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li.x'actor" 1)t•igtn Ca~icu lations: t'o)nputer ( )utttat liatat•

]I theD fk)ilo\wi~ig tablWeB, the' vlhwa given for bted weight and duc.t siz(e ;r-r or tht-
, alv tindicated by the specifled ballast gas demand. Air flow, total flow, and
oxygen converted mi vach bed are scaled to an output of 1 lb/hr of wet gati leaving
the final reactor segment. The latter quantitie8 may be converted to the Harnt,
hatsiN ait the ballast gas demand by multiplying by the scale-up factor given in each
t ab le.
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