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THEME

The continued increase in the quantity of avionics equipment in military aircraft has
already given rise to a ~ritica1 situation in terms of cooling. The environment, particularly
at high speed and low level has made the use of the airframe or the fuel as a heat sink a
less profitable arrangement than in the past. Alternative solutions must be found including:

(a) Reduction in the quantity of avionics

4 (b) More efficient use of primary power (e.g. in some aircraft the increase in demand
of 1 Kw for electronics is equivalent to 50 Kw extra engine power)

(c) More efficient cooling of avionics systems
(d) Increase in the acceptable ambient temperature of components
(e) Reduction in critical components
(f) Reduction in copper conductors and more efficient distribution of generated heat.

• 
• • The airframe industry has already given presentations expressing concern over the

serious situation, which , if uncontrolled could seriously inhibit the proper applications of
valuable avionic technology to the total weapon design .

The purpose of this meeting will be to disseminate information outlin ing the problems
and likely solutions in order to:

(a) Alert system and airframe designers to the problems
(b) Define the problems quantitatively

• (c) Identify areas which require urgent research
(d) Advise those concerned of the present state of knowledge.
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EDITOR’S FOREWORD

The continued increase in the quantity of avionics equipment of which an increasing
amount is digital in operation, has already given rise to a critical situation in terms of cooling
and the provision of electrical power. The environment, particularly at high speed and low

- • 
• levels, has made the use of the airframe as a heat sink a less profitable arrangement than in

• the past. At the same time the introd uction of a new generation of computers has made
possible their use in flight critical systems and new system areas such as Active Control
Technology. The use of these high integrity systems together with the increase in total
avionic equipment makes demands on the electrical supply and utilization which cannot
easily be met with existing equipment.

This specialist meeting has confirmed the need for alternative solutions to these inter-
acting problems.

The sixteen papers presented to an audience of eighty delegates, ranged from a paper
on the technology of heat pipes to papers reviewing the problem as a whole. This report is
a record of these papers and the lively discussions which ensued.

In his closing address the Chairman highlighted the need for in depth avionic cooling
and power supply trade-off-studies, related to the overall role of the aircraft. These studies
he said, would point the way to co-ordinated programmes of research which would bridge
the interface between the equipment suppliers and the aircraft constructors. In financial
terms the possible cost savings quoted in the paper entitled “The effect of Avionics System
characteristics on fighter aircraft size, cooling and electrical power supply Subsystems,”
would justify the need for such a programme.

He then went on to thank all those whose efforts in support of this specialists
meeting were so generous and had contributed to its success.

• P.W.SMITH
Programme Editor 1976
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THE PROBLEMS OF COOLING HIGH PERFORMANC E MILITARY AIRCRAFT

Ian How.11.
Principal Aeromechanical Engineer
British Aircraft Corporation

Warton Aerodrome
Preston, Lancs.

PR~ lAX

SUMMARY

This paper discus,.. the probl .ms imposed on the aircraft designer in disposing or
rejected heat , and examines the penalties on the aircraft of doing so.

The reasons why the problem is so great in today ’s generat ion of aircraft , and the
probability of growth in the next generation of aircraft are discussed.

Sous e.. of heat and their cooling requirement. are identified.

It is shown that the quantity of heat to be rej.ct.d has increased , but the mass of
th. aircraft has decreased.

In particular , the effect of avionic cooling requirement s on total aircraft heat
rejection is illustrated.

1. INTRODUCTION

This paper illustrates some of the problems which present themselves to the aircraft
designer in rejecting heat , and the penalties on the aircraft design and performance in
doing so.

Although the theme of this meeting concerns avionics and electrical equipment , in
order to illustrate the cooling problem , it 1. necessary to initially broaden the subject

L so that the particular problems of cooling avionics equipment are put in the correct
perspective relative to the other aspects of the overal~ weapon. system.

I believe that many of the problems which are encountered in cooling avionics in
today’s high p.rformanc. aircraft have arisen because of long—standing traditional
~~~~~~~~~~~~~~~~~~ of the subjects of avionic and mechanical engineering. This has
been tru. both in Ministerial Departments and in Industry. At last there is evidence
of more ‘across the board ’ awareness of the problems , and I trust that this meeting and
this paper ’s contribution to it will serve to improve the situation further by extending
that awareness.

• The major objectives of the paper are therefore:—

i. to show that heat loads , relative t o the size of the aircraft have
increased over recent years , and future trends show a similar growth rate.

ii. to illustrate the magnitude of the aircraft and equipment penalties
caused by heat rejection.

2. THE COOLING PROBLEM AND PENALTIES

In dealing with the main body of this paper , I will endeavour to provide answers
to the following questions: 3

a) What gives rise to the overall cooling problem?

b) How and why has the problem changed in recent years?

c) How are the heat loads cooled and what are the main factors
compound ing the problem?

d) How big i. today’s penalty of cooling?

— •) What i. the effect of the local environment?

S f) Do we need to take positive steps to improve the situation?

2.1 What iivea rise to the coolini problem?

Thi. question is answered by identifying and quantifying the various heat sources ,
with a few words of explanation of each.

Fig. 2 gives a tabulated su ary of the main heat sources in a modern high
performance military aircraft , their effect and the necessary rejection temperatures.

Only two basic heat sinks are normally available:— fuel and ram air. The

— application el these heat sinks varies considerably from aircraft to aircraft , but the

~ I 
~‘ hsat sink shown in the last column of this slide represents the most frequent ly used in

V — military aircraft .

- .  —
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Kinetic Heatjnx

Kinetic (or aerodynamic) heating contributes a significant quantity to t~ e overall
heat balance of cabin and equipment bays. Aircraft akin temperatures of 100 C or more
can be encountered in “below radar ” low level flight at transonic speeds , and even
higher temperatures are reached in supersonic operation at medium and high altitude .
It should also be noted that in some f l ight  case s , (e.g. subsonic cruise at altitude),
kinetic heat loads can be negative , although very often this does not give the
alleviation to the overall cooling problem which one may at first eight imagine.

Solar Hoatini affects the cabin heat load directly and the equipment bay heat load
indirectly during flight. This is particularly emphasised by the requirements for
large transparent canopies on modern aircraft. During ground standby, solar heating
is a very significant factor , affecting both the cabin and the equipment bays.

Avionics and Radar heat loads are largely self explanatory. The significant
factors hare are the efficiency o. the avionic equipment and the effectiveness in using
the available heat sink. More will be said about these very important topics later.

ECS (Environmental Control System) heat rejection results from tapping air at very —

high temperatures from the engine compressor , and having to cool this air by heat
exchangers and expansion turbines to provide a suitable temperature for cabin and
equipment environmental control.

Heat loads imposed by Hydraulic systems, Generators, Fuel Pumps, Engine and
Gearbox oils are all self explanatory and present significant portions of the ove.~ allaircraft heat balance.

2.2 How has the problem changed in recent years?

Over recent years, the necessity for aircraft to carry more , and more complex
avionic equipment has increased. This is brought about mainly by the rapid development
of new techniques in modern warfare, and the trend towards more electronic and computer—
aided aircraft and engine controls. The other very significant factor is that at the
same time , aircraft mass ha. reduced , and is likely to reduce even further. What
evidence is there for this claim?

Fig. 3 shows the trends of total aircraft heat load and aircraft mass over the
last 20 years or so. This data has been compiled from a fairly broad selection of
American and European combat aircraft.

The divergent situation of smaller aircraft with a larger heat load can clearly be
seen.

Fig. 4 shows a clearer illustration of the trend in cabin and avionic heat loads,
- - which are combined together here because in most aircraft using air for avionics cooling ,

— the two are very much inter—dependent .

It has frequently been claimed that the development of solid state circuitry would
reduce aircraft and equipment heat loads. I have not been able to find any evidence to
support these claims. Although the heat load per component has reduced , th is has been
greatly outweighed by the increase in the number of components. In fact , the situation
has arisen where , with solid state circuitry the heat load per unit volume has actually
increased. Fig. 5 illustrates this point by comparing the heat load and volume of

• equipment having similar functions. Similar claims of future reduction of heat loads are
S being made today. I would very much like to see evidence to support them.

‘1 In most avionic equipment., a very large proportion of heat rejected comes from
a the power supplies , which give the necessary voltage control for the device.

2.3 What are the main factors compounding the problem? 
-~~

2.3.1 Trends in avionics design

• The necessity for improved reliability is very well understood. In fact the
reliability achieved is probably one of the most significant factors which determines
whether a particular weapons system is a good one or not so goodt The relationship
between individual component temperature level and reliability is also understood and
documented.

In many instances the conclusion appears to have been drawn that improved
reliability of a complete piece of equipment can be achieved simply by increasing its
cooling airflow. This may be true in a few cases, but unfortunately in many others
it is not . The effectiveness of the cooling methods employed in black box design does
vary considerably, and in many examples of equipment in u~e today, a large increase in
cooling airflow will give only a small reduction in component temperature , even when
the cooling air temperature is well below the temperature of the components being cooled.
This is because of the low effectiveness of the heat transfer technique, used in the
design of these equipments.

________________ - — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~- - — ~~
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Fig. 6 illustrates the magnitude of the variation in cooling airflow demands
for a range of modern avionic black boxes, all of which have similar components doing
similar types of function. It can be clearly seen that a factor of 3 exists in mass
flow demands for the range of’ equipment designs.

Although the ARINC standards basically apply to commercial aircraft avionics,
there is frequently a read—across from commercial to military avionics.

The early .tandard of cooling to ARINC 404 required 0.5 lb/mm (at 38°C) per
• 100 watts of heat dissipation. Miniaturisation and increased package density has l$d

to more air being required in the ARINC 404A standard - this being 0.8 lb/mm (at ~8 C)
per 100 watts to try to impr ove relii.bility. Recent developments with high density
digital electronics have increased the requirements still further , and much equipment
now demands 1.0 lb/win per 100 watts.

These figures apply for avionic equipment installed in a very moderate ambient
- • temperature.

The current recommendation of ARINC 6oo is 218 kg/hr per kW (i.e. 0.8 lb/mm
per 100 watts).

2.3.2 Trends in engine design

Engine development over t,~e years has resulted in multispool engines giving
higher specitic thrust and lower specific fuel consumption. This has added to the
overall cooling problem in several ways:—

(a) additional bearings and higher turbine entry temperatures have increased
the engine heat rejection.

(b) large capacity reheat pumps require cooling in reheat ‘Off’ conditions.

(c) reduced fuel flow means less available heat sink directly into the
‘ngine f’el supply.

(d) higher engine compressor delivery temperature result. in an even
lower environmental control system Co—efficient of Performance ,
resulting in higher engine thrust loss.

NOTE: Coefficient of Performance

= Effective refrigeration obtained from system
input energy to system

(e) higher compressor bleed flows have a more detrimental effect on
engine handling. (For a high bypas, ratio engine , the bleed is
a higher percentage of the engine core flow.)

(f) Electronic engine control units add to the avionic heat load.

2.3.3 Trends in airframe design

The smaller aircraft has resulted in much tighter packaging of all systems,
- • including avionics. This close packing means that heat losses from black box cases

by radiation and natural convection are virtually non—existent. Where black boxes
rely on these modes of’ cooling , additional airflow must be provided along the sides
of the boxes , to assist this heat loss, and prevent transmission of heat from box to box.

2.4 How big is today’s penalty of cooling?

• The main penalty of cooling on aircraft performance results from the heat
rejected to ram air. The environmental control system , which conditions the cabin
and cools the avionics is by far the largest single power consumer on the aircraft.
The magnitude of the problem can be well illustrated by considering the penalty of a
typical ECS.

Fig. 7 illustrates the energy used by typical ECS designed to cool a heat
load of 30kW.

It can be seen that in order to cool 30kW , approx.300kW of engine power is
S ~ used to supply the ECS airflow , and a further 400kw of engine power is required to

overcome the aerodynamic drag of the ECS (mainly heat exchanger..) Thus for every
lktf increase in avionic heat load , today ’s cooling methods demand that nearly 25kW of
power is drained from the engine. — and this is considered to be a very efficient
system. (NOTE: This represent. an ECS true coefficient of performance of less

than .05)

It is interesting to note also that  in typical modern aircraft , the illustrated
penalty i. approximately equal to —

—~~~~ •— -— — -- - —  - 5~~~~~~~~~~~~~~ •~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~ SSItS ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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( i)  The drag of a 1000 lb bomb carried on the aircraft
or

(ii) 10 miles reduction in the radius of operation of the aircraft

or

(iii) tO miles penet,ration of an enemy intruder before the point of interception.

In addition to the total performance penalty on the aircraft , we must also consider the
mass and bulk of the equipment which has to be installed in the aircraft purely for the
purpose of cooling other equipment.

Today ’s aircraft , although much smaller then their predecessors , require much
more space for cooling equipment . We have much larger pipes , and , because of the
greater number of’ equipments requiring direct cooling , more of them. We have more
valves, cooling turbines and above all, more larger , heavier heat exchangers. ‘Ic are
now seeing heat exchangers weighing more than 30 kg being installed. The total mass
of cooling equipment in a modern aircraft can be as much as 300 kg.

Because of the installation and structural constraints of designing these
large items into the aircraft , it is seldom feasible to achieve anything like the

• theoretically possible thrust recovery from used cooling air , and the use of
regeneration techniques becomes virtually impossible.

2.5 What is the effect of the local environment?

In discussing this question we will consider the effects of’ the environment on
- S 

the aircraft a5 a whole , and look at the potential savings by designing to lower ambient
temperatures.

For the purpose of this exercise , we will examine the effects on a combat
aircraft operating at transonic speeds at sea level. First of all , consider the
effects in flight. Fig. 8 shows the relationship between static (or ambient)
temperature and ram temperature for a constant Mach number of 0.9. Temperature limit.
for various geographical areas are also shown.

Of most interest here is the relationship between ECS airflow and ram
temperature. This is not a straight—forward relationship, because many other aspects,
in particular humidity, have to be considered in computing such a curve. However , the
main point to be illustrated i. that quite drastic limitations on operating temperature
of the aircraft would have to be imposed to achieve any worthwhile saving in ECS flow.

Perhap. of more significance , is that by designing the ECS to operate at lower
ram temperatures , a lower overall pressure ratio together with slightly larger turbine
nozzle area of the cold air unit could be used. This could give up to 10% more flow

• 
- I in engine idle cases with some (although probably very marginal) improvement in

avionics reliability.

When operating on the ground , with cooling for the avionics being ambient air
induced by fans, a reduction of ambient temperature from 50°C to 30°C would result in

• the cooling airflow demand being reduced by approximately 25%. The mass of the cooling
fan. in comparison to the overall ECS may be very low and so very little overall saving
in aircraft weight would be achieved . However , it is generally this ground operating
case which designs cold wall pressure loss. Designing cold walls with effectively
higher pressure loss for the same mass flow (equivalent to the same pressure lees at
lower mass flow), could give rise to more effective heat transfer within some black
boxes (again with marginally improved reliability), or reduced flow requirements.
Because of the vast variation in cooling effectiveness of avionic equipment , it is very

• difficult to be quantitative with any real meaning. However , it i. unlikely that any
dramatic improvements would be made unless the overall effectiveness of the cooling
methods employed in many of the black boxes wa, greatly improved.

In addition to all the immediate technical (and commercial) arguments,
consideration must also be given to future sales potential of the aircraft , in a world• wide context.

2.6 Do we need to take positive steps to improve the situation?

• From the brief evidence presented so far it i. very clear that the answer to
this question is a very positive YES.

Development work both in the avionic and mechanical engineering fields is
necessary to reconcile the increasing demand for cooling with the limited ability to
provide it. Exact definition of thi. development work requires a much deeper
examination of the problems than has been possible in this paper.

• However , I trust that this paper has achieved it. intended purpose of creating
a true awareness of the magnitude and urgency of reducing the cooling problem. 
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DISCUSSION

7 S Stringer:

You have taken the example of a 3~ cV load and stated that the load on the engine is effectively 300kW
and +00kV. (E~0). Are these to be added directly to obtain an effective overall load of 700kW. If the
Avionics load i. reduced (say by 50%), would these be a linear reduction in the engine load penalty?

K Morgan, BAC Warton (who read paper on behalf of author)

The answer to the first part of the question is yea, in that for the example stated , 700kW of engine power
are required to provide cooling for an ~~S of 30kW.

The answer to the second part of the question is that there would not be a linear reduction in the engine
load penalty if the Avionics load only were reduced by say 50%. It was stated in the paper that for the
purpose of this particular study the cabin and Avionic heat loads had been added together to form the ~~S

S - as they were very much inter dependent . For the fli~ it Case considered in the example and bearing in
mind that the cabin load would remain unchanged, a reduction by 50% of the Avionics load would save some
35% of the original 700kW engine penalty.

S It should be noted , that for an engine air derived refrigeration system as discussed , then the equivalent
engine penalty for cooling a fixed Avionic load of 30kW would be reduced by half if the fixed load was

S reduced to 15kW,

G German:

The Radar invariably presents the largest heat loads and because of user requirement and the little
improvements in thermal efficiency of RF components, it i. difficult to see how avionic heat loads can be
reduced by sigaificant extent. Is it not possible to make sose improvements in the effectiveness of the

H Morgan

There is no simple answer to this question. If by your question you m ean can we improve the effectiveness
of the D~S means reducing the amount of energy expended by the engine(s) in cooling the avionic load ,
then the answer is yes. However to gain si~~ificant improvement in the ~~S Coefficient of Performance
would involve a fundamental re—think on system philosophy leading ultimately to an overall aircraft energy
policy involving all systems requiring cooling.

.
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AVIONICS 00OLING ON USA? AIRCRAFT

GEORGE C. LETTON , JR.
Aeronautical Systems Division
Wright—Patterson APR , Ohio

United States

SUMMARY

There is a continual effort by the United States Air Force (USA?) to provide improved avionics• cooling. The purpose of this investigation was to review the methods currently used for cooling avionics
equipment on today ’s USA? aircraft and outline approaches which will improve avionics reliability, reduce
aircraft penalty and lower life cycle cost.

- • This investigation has shovn the need for placing greater emphasis on producing compatible avionics
equipment and cooling systems. A comprehensive trade study of avionics reliability versus environmental• control system (ECS) cooling capability should be conducted at the start of the aircraft development
program. From this trade study , the ECS cooling capability can be optimized to minimize total aircraf t
life cycl, cost .

The avionics contractor should conduct a detailed analytical thermal analysis of internal “black box”• temperatures early in the development program. During qualification testing , a thermal verification test
should be conducted to verify that all component temperatures are within the necessary limits for required
reliability .

This study indicate, that use of narrow limits on inlet coolant temperature, greater use of cold
plates and liquid cooling , and use of ECS approaches similar to the Advanced Environmental Control System
should be seriously considered for new aircraft design .

1. INTRODUCTION

Due of the prime functions of an aircraft environmental control system is to provide that cooling
necessary to maintain internal components of avionics equipment at temperatures which will echieve a long
end predictable servic. life. This can only be achieved by a cooperative effort of both avionics and ECS
engineers to produce compatible avionics equipment and cooling systems. Proper maintenance and operation
of the ECS in service is also required.

The type of cooling has an important affect on avionics design, performance and reliability. Today’s
aircraft have a large amount of expensive avionics and the cost of maintaining this equipment represents
a large expense to the USA?. Since cooling can have a significant effect on this overall avionics cost ,
there is a continuing effort by the USA? to provide improved avionics cooling.

The avionics cooling load on today’s aircraft significantly influences the overall ECS capacity. In
many cases , the avionics load is the major heat load cooled by the ECS. Avionic loads are tending to in-
crease with each new aircraft - Since the ECS imposes penalties on aircraft performance due to the use of
ram air and engine bleed air , it is necessary to pursue ECS approaches , which minimize aircraft penalties,
in order to counteract the continuing increase in avionics cooling loads.

The purpose of this study was to review the avionics cooling methods used on recent USA? aircraft , end
define cooling approache. which improve avionics reliability, reduce aircraft penalty and lower life cycle
cost.

2. AVIONICS COOLING DESIGN REQUIRUMENTS

-
. The current general design requirements for avionics cooling on USA? aircraft are contained in military

specifications )flL—E—38453 and MIL—E—5400 and military standard MIL—STD—454. The environmental control
systems for new aircraft are designed to meet the requirements of MIL—E—38453 . The avionic, equipment for
new aircraft are designed in accordance with the requirements of MIL—E—5400. Thermal design requirements
for avionics equipment are contained in MIL—STD—454 .

The ECS is required by MIL—E—38453 to have the capability to provide avionics cooling in accordance
with the detail specifications for the avionics equipment. The ECS must have sufficient cooling capacity •
to provide cooling for an avionics beat dissipation load 25 percen t greater than the on—board load of the
firs t production aircraft. For compartments containing avionics in accordance with MIL—E—5400 , the ECS• must maintain the compartment ambient temperature within the temperature limits for the particular class —

of equipment a. defined by MIL—E—5400 . Cooling air forced directly over the surface of miniaturized or
• S basic electronic components is required to be totally void of entrained moisture. The range and rate of

fluctuation between minimum and max imum avionics opera t ing temperature shall be minimized . The inl.t
cooling air temperature and flow rate to forced and ambient cooled avionics should be controlled to pre—
vent ov.rcooling and assure no problems due to moisture. In addition , MIL—E—38453 requires filtration of

— air delivered to the interior portions of internally forced convection air cooled avionics.

Graphs are presented in MIL—E—5400 showing the min imum and maximum allowable ambient temperature for
avionics equipment versus altitude for four different classes of equipment. In addition, MIL—E—5400
references MIL—STD—454 for thermal design requirements. The requirements of MIL—STD—454 specify that
adequat. thermal design shall be employed to maintain equipment parts within their permissible operating
temperature limits. The simplest and most efficient thermal design shall be selected . Forced air cooling
shall be used only when natural cooling does not provide sufficient cooling or when a significant reduction
in overal l size and weight can be realized. The thermal requirements of MIL—STD—454 require that aircraft S
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avionics cooled by externally supplied cooling sir be designed using cold plates or heat exchangers so that
none of the cooling air will come into cont act with internal parts , circuitry, or connectors. In addition,
MIL—STD—454 states that other cooling methods such as liquid , evaporative coolants , and use of vapor cycle
refrigerants shall not be used except when natural or forced air cooling methods are unsuitable.

As can be seen from reviewing the above requirements , the main concerns to be met are to maintain
component temperatures within their acceptable minimum and maximum limits and use the moat simple cooling
approach possible . These kind of design requirements have resulted in many of our ECS being designed with
only sufficient cooling capability to maintain avionics components just at or below their maximum allowable
temperature under hot day conditions. Many of the systems allow the coolant temperature to fluctuate
throughout the complete wide temperature range of MIL—E—5400 . The requirements do not force the aircraft
contractor to optimize the avionics/ECS interface . Avionics reliability is strongly influenced by the
operating temperature of the equipment. The reliability is decreased as the temperature of the components
is increased. Military handbook MIL—HDBK—2l7 shows the reliability versus temperature for many different
types of electronic equipment. Avionics reliability can be improved substantially by maintaining the
components at temperatures appreciably below the maximum allowable. Studies (HILBERT , W.F. ,  and KUBE , F.H . ,
1969, and CAWTHON, D.M., and GONZALEZ , J.I . , 1969) indicate that avionics reliability can be imp roved by
holding the components at near Constant temperature. Use of liquid cooling could result in less overall

S aircraf t penalty; however , the specification requirements tend to negate use of liquid cooled avionics.
ECS weight penalty is reduced as coolant supply temperature increases. With liquid coolant , the supply
temperature to avionics can be increased over that used with air cooling without an increase in max imum
avionics temperature due to the higher specific heat of liquid. 

S

The ECS influences a number of avionics environments which affect avionic reliability. Environments
influenced by the ECS and their effects are :

a. Equipment reliability decreases as temperature of the compcnents increases.

b. Temperature cycling reduces equipment reliability.

c. Moisture and dust reduce equipment reliability .

The environments can account for an appreciable number of avionics equipment failures. One study
(DAIITOWITz , A. ,  HIRS CHBERGER , C., and PRAVIDLO , D.) showed that over a two—year period, 52% of all failures
were environmentally related on thirty—one equipments on approximately 175 aircraft. Of these failures ,
21% were caused by temperature, 10% by moisture, and 3% by sand and dust. The substantial number of
avionics failures due to temperature , moisture , and sand and dust Stress the imporantance of adequate de-
sign requirements in these areas in the ECS and avionics specifications.

3. AVIONICS COOLING APPROACHES

A number of  different approaches are employed in today’s aircraft for cooling avionic equipment. The
system cooling approaches and individual equipment cooling approaches most commonly used on USA? aircraft
are described in the following subparagraphs.

3.1 SYSTEN COOLING APPROACHES

a. Ram Air — In this approach , ran air is ducted from an air scoop directly to the avionics
equipment or bay. Exhaust air may, in some cases , be collected and ducted overboard to prevent excessively
high compartment ambient temperatures. Ram air cooling may be used in applications where the maximum ran

S air temperature is sufficiently low to maintain proper avionics temperatures. Due to the wide variations
-• in available ran air temperature and pressure throughout the flight envelope , the amount of cooling pro-

vided will vary from approximately that which is required, to several times the required quantity , for a
typical unmodulated ram air cooling system. Ram air cooled avionics should therefore be designed forS 
adequate cooling using the minimum required quantity of airflow, and should be relatively insensitive to
large variations in the quantity of airflow, pressure and temperature supplied. When a direct ram air
cooling system is used, consideration should be given to the adverse effects caused by entrained moisture
in the cooling air. Moisture separators have not been provided in the ran air cooling ducts of many of
today ’s existing aircraft. Entrained moisture can exist in the ram air during flight through clouds and
rainstorms and during icing conditions. Moisture problems can alao be created during descent from high
altitude to a low level flight condition. For this case, warm moist air may condense on cold equipment,
resulting in an extremely wet operating condition. During a subsequent climb back to high altitude,S 
freezing of any unevaporated condensed moisture will occur.

b. Air Cycle Discharge Air — In this approach, cooling air is ducted directly from the outlet of
the air cycle air conditioning package to the avionics equipment or compartment. Most aircraft have an
air cycle air conditioning system. This type of system cools engine compressor bleed air through tam air
heat exchangers and expansion through a turbine • Wide variations in avionics cooling air quantity and
temperature are possible with an air cycle system , unless constant flow and temperature controls are in—
corporated . Possible adverse effects due to moisture must be considered for avionics cooled directly by
an air cycle system. This is because the moisture separators used in air cycle systems are not 100%
efficient  in removing entrained moisture from the cooling air.

c. Compartment Exhaust Air — In this approach , occupied compartment (cockpit , passenger compartment,
cargo compartment) sir is exhausted overboard through the avionics equipment or avionics bay. With this ap—

S proach , a fairly stable inlet sir temperature to the avionics is achieved since the occupied compartment
S temperature is maintained at a relatively conatan t level. Adverse effects due to moisture should not result

from this approach but possible problems due to dust in the air are created. Dust , which infiltrates the
aircraf t while doors are open on the ground , can be present in the compartmen t exhaust or recirculated sir.
Therefore , filtration is usually necessary for applications where this sir is ducted directly to the interior
portions of the avionic. equipment . 
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d. Liquid Coolant Loop — In this approach , a liquid coolant is pumped to the avionics equipment S

and the heat absorbed from the avionics is dissipated into a heat sink such as ran air , air cycle package
air , or fuel. Possible adverse effects due to moisture and dust are eliminated with this cooling approach .
In addition , constant avionics coolant flow rate and inlet temperature can be more easily provided with
this approach.

e. Recirculated Air — In this approach , avionics compartment air is continuously recirculated - 
-

from the avionics equipment to a heat exchanger where the heat load is dissipated and then back to the
avionics equipment. With this approach , a stable inlet air temperature to the avionics can be maintained.

S 
Adverse effects due to moisture and dust should not result from this approach . S

3.2 INDIVIDUAL EQUIPMENT COOLING APPROACHES

a. Natural cooling which uses the ambient surrounding the equipment as the heat sink . The heat
is transferred to the ambient by conduction , free convection and rad iation .

b. Forced air cooling by fan mounted in or on equipment case circulating ambient air over internal
components.

c. Forced air cooling with aircraft ECS supplying air which is circulated directly over the corn—
poneats within the equipment case.

d. Forced air cooling with aircraft ECS supplying air to an air—to-air heat exchanger in the
equipment case , and a blower in the sealed case providing airflow over the components and recirculating
through the opposite side of the heat exchanger.

e. Forced cooling with aircraft ECS supplying air to a cold plate upon which the heat producing
components are mounted. Heat from the components is conducted to the cold plate.

f _ S Liquid—to—air heat exchanger in the equipment case, with aircraft ECS supplying air to the
air—side and a pump in the case circulating fluid through the liquid—side and over the components to be
cooled.

g. Central aircraft mounted liquid—to—air heat exchanger with aircraft ECS supplying air to
the sir—aide and an aircraft mounted pump circulating fluid through the liquid—side and distributed to 

Sthe liquid cooled avionics equipment.

S h. Liquid—to—air heat exchanger in the equipment case , with a fan mounted in the case circulating
ambient air through the air—aide and a pump in the case circulating fluid through the liquid—side and over
the liquid cooled components.

4. AVIONICS LOADS AND COOLANI CHARACTERISTICS

The heat dissipated by avionics/electrical equipment constitutes a major portion of the total ECS heat
load on modern USA? fighter and bomber aircraft. It is also a significant portion of the load on cargo
aircraft. Table I shows typical avionics/electrical equipment cooling loads on current USA? aircraft. S

Also shown is the avionics/electrical load as a percentage of the total ECS load .

- 
S TABLE I

TYPICAL COOLING LOADS

Avionics/Electrical Avionics/Electrical Load
Aircraft Type Load — KM Total ECS Load

Fighter 20—35 75—80%

Bomber 25—125 60—70%

-
‘ 

Cargo 10—22 20—30%

HS The coolant inlet temperature to avionics equipment varies depending on the particular aircraft and the
system cooling approach used. Table 2 show. typical coolant inlet and outlet temperatures for the various
avionics system cooling approach es .

As can be seen f rom Table 2 , there is a wide variation in the avionics coolant inlet temperatures used
on today ’s USA? aircraft. Many of the current air cycle systems maintain a high inlet temperature at low

S altitudes in order to be above the dewpoint and prevent moisture problems .

-
S

5S ~~~ - 55
5.5 5 5  S~~~~~~ S S S ~ S ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



“~~~
5.5- 55_.5~

_5.__
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘.5 ~~~~~~~~~~~~~~ ~~~

— 
— — -

S - S S S  
_

2.4

TABLE II

TYPICAL COOLANT TENPERATURE
S 

System Cooling Approach Inlet Temperature Outlet Temperature

Ran Air —65 °F to 120°F (—54° C to 49°C) 160°F (71°C) max

Air Cycle Air
P—4 Below 25,000 ft. 85°F (29°C)

Above 25,000 ft. 40°F (4°C) 145°F (63°C)

P—l5 Below 35,000 ft. 83°F (28°C)
Above 35,000 ft. 53°F (12°C) 140°F (60°C)

F—16 Above 31,000 ft. & M—l.2 0°F (—18°C)
All other conditions 35°F (2°C) 140°F (60°C)

F—Ill —65°! to 80°? (—! 4°C to 27° C) 160° F (71°C) max

Cabin Exhaust Air 70°? to 100°F (21°C to 38°C) 160°F (71°C) max

Liquid Coolant Loop
F—lS 115°? (46°C) 145°F (63°C)

8—1 90°F (32°C) 160°F (71°C) max

Recirculated Air
8—1 90°F (32°C) 140° F (60°C)

5. AVIONICS COOLING CRITERIA
S The following criteria should be considered when selecting the method of cooling to be used for a piece

of avionics equipment.
S 

a. Quantity of heat to be dissipated.

b. Watt density of the avionic equipment package .

c. Equipment tolerance to variations in coolant flow rate and inlet pressure and temperature.

d. Equipment tolerance to ambient temperature variations ,

e. Equipment tolerance to moisture and dust in the cooling air.

f .  Ground and flight conditions during which equipment will be operated . S

S g. Length of operating t ine.

h. Explosion proofin g requirements.

1. Need for a pressurized ambient for the avionics equipment.

- 1 j .  Effect of the avionics heat rejection on cabin or equipment compartment ambient temperature.

k. Location of equipment in aircraft.

1. Required coolant flow rate versus inlet temperature .

- 
.~ a. Coolant flow path pressure drop versus flow rate.

6. AVIONICS/ECS CONPATIBILIT !

S The lessons learned from past and presen t USA? aircraft programs have shown the need for placing
greater emphasis on producing compatible avionics equipment and cooling systems. Avionic equipment

S reliability is strongly influenced by the operating temperature of the equipment. As a result , it is
highly important that proper consideration be given to cooling requirements early in the avionics design

S period . Such consideration will eliminate the need for many future modifications which are caused by
S failure to consider all aspects of the available aircraft cooling air supply. A cooperative effort of

both avionic, and ECS engineers is required in order to assure compatibility between the ECS and avionic
S equipment. In order to enhance compatibility, the following actions need to be taken :

S 
-
~ & At the start of the aircraft development program , the airframe contractor should conduct a compre—

heneive trade study of avionics reliability versuS ECS cooling capability. The trade study should consider
all factors affecting life cycle cost and aircraft penalties. The study would consist of determining the
overall avionics reliability for various levels of avionics cooling , The levels to be considered would be
a wid, range of coolant inlet temperatures such as 0°! to 90’! (—18 C to 32°C). For each of the inlet
temp eratures studied , a range of exit temperatures such as 100°F to 160°? (38°C to 71°C) should also be

— - - - 
— —
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considered. For each of the inlet/exit temperature combinations studied , the effect on ECS weight , volume
and development cost , and effect on aircraft penalties should be determined . The overall effect on life
cycle cost should then be determined for each of the combinations and the ECS/Avionics Cooling approach ,
resulting in minimum life cycle cost should be selected. In order to conduct a meaningful trade study
early in an aircraft development program , it is necessary to have a fairly adequate definition of the
avionics package and it is necessary to be able to predict the reliability of the avionics as a function
of temperature. Reports (CAMPBELL , S.A., and TAYLOR, K.J. ,  1971) are available which give information on
conducting the trade study of avionics reliability versus ECS cooling capacity.

b. Each avionics contractor should conduct a detailed analytical thermal analysis on each “black box”
early in the design phase. The analysis should predict internal component temperatures for various oper—
ational conditions. This is necessary for justif ying that the amount of coolant flow stated as necessary
will maintain internal component temperatures at or below the level necessary to achieve the required
reliability. Transient thermal analyzer computer programs (KOCYBA, T .E. ,  1974) are available for
conducting the thermal analysis.

S c. The avionics contractor should conduct a thermal verification teat on each piece of avionics . The
S test should be conducted on prototype or pre—production equipment , representative of the design to be re-

leased for production . The avionics equipment should be operated at conditions of maximum heat dissipation
in the worst case specified environment with cooling equivalent to that provided on the aircraft. The
equipment should be instrumented so that temperatures are monitored (1) for all critical parts , (2) for any
part whose individual dissipation is 1% or more of the total equipment dissipation , and (3) such that the
sum of the dissipation of the monitored parts is 90Z or more of the total unit heat dissipation . The
purpose of this teat is to verify that the cooling provided and the internal arrangement of components
within the “black box ” will result in component temperatures which are at or below the levels necessary
to achieve the required reliability.

d. Provisions should be incorporated into the aircraft which prevent operation of the avionics
equipment on the ground unless adequate cooling is provided. Experience has shown that many times avionics
are operated on the ground during maintenance without providing any cooling to the equipment. This leads
to reduced avionics reliability. One approach for preventing this occurrence on future aircraft is to
incorporate an interlock which prevents providing electrical power to the avionics equipment unless
adequate coolant is being delivered to the avioncs.

- 5 
7. ADVANC~~ ENVIRONMENTAL CONTROL SYSTEM

The Air Force Flight Dynamics Laboratory at Wright—Patterson AFB is currently sponsoring development
of an Advanced Environmental Control System (ARCS). One of the main objectives of this program is to
develop an ECS which will provide a stabilized environment for the avionics. The ARCS is designed toprovide a constant supply of clean , dry 40°? (4° C) air to the air cooled avionics. The cool inlet air ,
which is free of entrained moisture, and the constant inlet temperature , should result in improvedS 
avionics reliability.

The ARCS is being developed under a three year contract , which began in May 1974 , with McDonnell
Aircraft Company (MCAIR) as the prime contractor and Hamilton Standard as a major subcontractor. The
system is being designed for flight test on an F—l5 test aircraft. MCAIR will complete breadboard and
brassboard laboratory testing of the ARCS by the end of 1976. Flight testing of the system is scheduled
to start in May 1977.

Figure 1 is a schematic of the ARCS system. It is designed to operate on minimum engine idle bleed
pressure of 35 psia. The system is designed to deliver 40°! (4°C) cooling air having no more than 25
grains of water per pound of dry air when operating in an ambient condition of 105°F (4 7°C) dry bulb ,

4 200 grains of water per pound of dry air • The following innovations are in the ARCS:

S a. Fuel Heat Sink & Wing Tank Fuel Heat Rejection — A portion of the secondary heat exchanger heat
load is rejected to fuel via a Coolanol 25 heat transport loop. Fuel i~ sprayed into the wing fuel tanks
when fuel flow for cooling exceeds that required by the engines. Heat absorbed by the fuel which is
sprayed into the wing tanks is then rejected to ambient through the wing skin.

- - b. Rotating High Pressure Water Separator — Water is condensed on the high pressure side of a
rotating crossf low heat exchanger. Centrifugal forces separate the water and it is removed from the

S delivery air. Cold turbine discharge air flov~ through the low pressure aide and serves as heat sink forS 
condensation on the high pressure aide.

- - c. Variable Geometry Air Cycle Machine — The turb ine nozzle area varies as a function of bleed air
S - pressure and cooling load flow requirements. The compressor exit diffuser vane angle also varies as a

function of turbine nozzle position to maintain compressor efficiency and extend its surge margin.

d. Water Depressed Regeneration — Water collected from the water separator ii sprayed into the cabin
and avionics discharge air to lower its temperature . The cabin and avionics discharge air then flow.

S through a regenerative heat exchanger , absorbs a part of the secondary heat exchanger heat load and isS then exhausted overboard.

The major constituents of the Advanced Environmental Control System are the bleed air system mad the
- 

- .5 air cycle air conditioning system (ACACS) . The bleed air system preco nditions the engi a. bleed air to a
lower temperature and s regulated pres sure . The ACACS further conditions the bleed air to achieve the
desired delivery temperature , remove the moisture f rom the air and regulate the ARCS sir flow rate to
that required for crew station and avionic. • The- ACACS controls the avionics delivery t~~~er.tv~e by
controlling the secondary heat sink. The ACACS controls the ARCS air flow rate by .odulettng tt. air

S cycle machine nozzle area. The bleed air system and ACACS are described in detail as follow.:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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a. Bleed Air System — Bleed air is extracted from each engine at the 13th compressor stage, ducted
through the primary pressure regulator and shutoff valve set at 75 ± 15 psig and then to the backup bleed
air pressure regulator and shutoff valve set at 120 ± 20 psig. The air is then routed to the primary heat
exchanger and to the primary heat exchanger bypass valve. At ram air temperatures above 80 ± 5°? , all
bleed air is routed through the primary heat exchanger allowing the bleed air to be cooled to 150°? or the
maximum capacity of the primary heat exchanger whichever is higher. At total temperatures below 80°F, the
bleed air temperature sensor will control the air flow through the heat exchanger by modulating the bypass
valve to maintain a preconditioned bleed air temperature of 325 ± 20°?. This temperature level control
provides the means to achieve cabin and anti—fog heating and maintain the ACACS compressor component

S operating conditions out of surge . This control will also provide 325°? when the anti—ice system is
S - selected. Protection from excessive temperature consistent with auto—ignition temperature requirements is

provided by the bleed air over—temperature sensor which pneumatically modulates the backup bleed air pres-
sure regulator/shutoff valve to the closed position during over temperature conditions. The primary heat
exchanger utilizes ran air as a heat eink to provide initial conditioning bleed air. At air speeds above
0.80 Mach , ran air is extracted from the engine air inlet ducts. At air speeds below 0.80 Mach , an
auxiliary ran air door extends into the airatream , to provide the required ran airflow for bleed air cooling .

- S Check valves , located in the primary heat exchanger ram air inlet duct downstream of the engine plenuma ,
prevent reverse flow into the engine inlet ducts. On the ground and at air speeds below 180 knots, the
primary heat exchanger ejector valve opens on a signal from the Air Data Computer to allow engine bleed air
to be ejected in the primary heat exchanger ram air exhaust duct. The induced airflow through the primary
heat exchanger is sufficient to provide bleed air cooling during ground operation . Check valves , located
downstream of each primary heat exchanger , prevent bleed air crosaflow and permits independent operation
of each engine bleed air system. Air leaving both primaries is ducted together and then flows through a
dust separator where 752 of the dust is removed.

b. Air Cycle Air Conditioning System — Preconditioned engine bleed air enters the air cycle air
conditioning system through the turbine/compressor inlet duct. The airflow is ducted to the turbine/
compressor regulator and shutoff valve which controls at 60 ± 6 psig and to an auxiliary air duct which
provides preconditioned bleed air for fuel system pressurization , windshield anti—ice , canopy seal pres—

S 
surization and avionics waveguide pressurization. Preconditioned bleed air is compressed by the comp ressor

S component of the variable geometry turbine compressor. This comp ressed air is then routed to the secondary
heat exchanger where the heat of compression is transferred to the fuel cooled Coolanol loop . The airflow
is then routed through a regenerative high pressure water separator (HPWS) heat exchanger which is designed

S to cool the air below the saturation temperature equivalent to 25 grains of water per pound of dry air by
means of the turbine discharge air. The air is then routed to the turbine/compressor where it is expanded
by the turbine component. Upon discharge from the turbine the air is rou%~d through the cooling side of
the HPWS. The Cold Side discharge air from the HPWS is controlled to 40 _6°F by controlling the quantity
of heat removed in the secondary heat exchanger. The Coolanol loop heat load is ultimately transmitted to
the fuel and the avionics and cabin discharge air. Downstream of the HPVS the airflow is divided , with one
branch to the cabin conditioning system and one branch to the avionics cooling air distribution system.

~ Sensing the avionics flow and extracting the cold air for the crew station upstream of the avionics flow
sensor allows the ACACS to achieve the minimum required flow rate. The basic ARCS flow control is achieved

- S by modulating the turbine nozzle area in response to the avionic flow sensor. The avionics flow rate is
set at 39.3 lb/min for weight on wheels (ground operation) and 51.8 lb/mm for flight operation.

The AECS is designed to provide improved cockpit and avionics cooling and at the same time, reduce
aircraft penalties. The variable geometry air cycle machine and the lower supply air temperature to the
avionics results in less bleed air consumption . The use of fuel and cabin/avionics exhaust air as a heat
sink results in less ran air drag because a rain air cooled secondary heat exchanger is not required. The
elimination of the ram air cooled secondary heat exchanger also results in reduced system volume .

:1 8. CONCLUSION

4 The importance and complexity of avionics cooling cannot be overemphasized. As a result of this
- j  investigation, the following should be done in order to improve avionics reliability on future USAF aircraft :

-
. 

a. The avionics contractor should conduct a detailed analytical thermal analysis of internal component
temperatures early in the development program. 

S

- J b. During qualification testing, a thermal verification test should be conducted to verify that all
component temperatures are within the necessary limits for required reliability. S

• 
S 

c. Coolant inlet temperature and flow rate to avionics equipment should be maintained within narrow
limits.

d. All new avionics equipment should be designed for “cold plate” cooling.

e. Provisions should be incorporated into the aircraft design to prevent operation of the avionics on
the ground unless adequate cooling is provided .

In order to reduce the resulting aircraft penalty due to avionics cooling on future USAF aircraft , the
S -~ following should be done:

a. ECS approaches similar to the Advanced Environmental Control System should be seriously considered.
Approaches should be stressed which maximize use of fuel as a heat sink and minimize use of ran air and
engine bleed air.

S 

b . Wider use should be made of liquid cooled avionics equipment.

rn 
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2.7

In order to reduce aircraft life cycle cost, a comprehensive trade study of avionics reliability versus
ECS cooling capability should be conducted at the start of the aircraft development program. This will
then allow selection of the ECS/Avionice Cooling approach resulting in minimum life cycle cost.

S This investigation has also shown that current U • S. military specifications for avionics equipment andenvironmental control systems need to be revised to have compatible and adequate requirements for temperature,pressure, moisture and dust control. The avionics specifications need to include a firm requirement for a
- thermal analysis and thermal verification test.
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DISCUSSION

J Wheeler:

My question is in two parts. Firstly, is 25 grames of water per pound of air a dew point of 40°??

Secondly1 would the Author think that this was low enough for an 1~(T electrical problem in a radar
equipment?

0 C Letton Junior:

The answer to the first part of your question is no, 25°? (approximately).

As for the second part , I have little knowledge of radar as a subject; however , this level is not
thought to be low enough for the particular problem. Radar is normally cooled by a separate cooling system
which employs a desaicator to ensure that the air is dry enough.

GROj ies :

Are there any quantitative values for the reduction in aircraft penalty for the 1-15 AWCS compared with
the conventional 1—15 AWCS?

0 C Letton Junior:

There are no figures available at present , they will be available when the Report is issued by Macdonald
Aircraft as an Airforce Flight Dynamics Technical Report.

0 W Underwood :

(i) Is the exercise intended as an improvement to an existing 1—15 system or is it a research exercise
on optimising an IX~ system?

(ii) Is fuel used as the main cooler in the A~~S and if not can you tell me more about the system?

0 C Letton Junior :

(i) The Advanced Environmental Control System (A~~S) is not intended as an exercise to improve the current
1—15 system. The current 1—15 system in considered to be completely adequate. The purpose of the A~~~ isto demonstrate an advanced system approach and to look at components which will improve Avionics Cooling

- - 
and reduce aircraft penalties.

(ii) No , fuel is not used as the main heat sink for A1X~S. Ram-air , and cabin and avionics exhaust air
are used as heat minks. These are accompanied by water removal. Cabin and avionics exhaust air axe animportant coolant and have to be made to meet the ground hot day operational design condition.

D Bomman :

S Presently, aircraft subsystems (Avionics, Hydraulics, Electrics etc) are designed am closed sub—systems.
The aircraft designers task is then to make such independent entities cooperate on a federative basis
under some management scheme (firmware, sof tware, human factors, and etc).

- • Does your study also show that shifting away from the federative concept towards integration could markedly5 
improve cooling efficiency?

0 C Letton Junior:

- 

S 

My Study only addresses the integration of Avionic Cooling requirements with environmental control system
cooling capacity. This integration will improve cooling efficiency. However, there would also be a pay-
of f in further integration such as the integration of secondary power and ~~S and Integrated ThermalManagement .
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ADVANCED THERMAL COMPONENTS FOR EFFICIENT
COOLING OF AVIONIC SYSTEMS

W.J. Schwarzott
DORNIER SYSTEM GMBH

0—7990 Friedrichshafen
S W.—Germany

Contributors: H. Koch, H. PreiS, R. Strittmatter

SUMMARY

A brief description of avionics cooling requirements is given and the overall design features of Spacelab avionics cooling system are
presentad.The analytical tools for comprehensive calculations in the area of cooling systems are discribed. Different types of heat
pipes and phase change components are presented showing the possible kinds of applications. These heat transport and storage

• components mainly were developed for space application. The successful results encourage us to utilize these components also in
similar fields as avionics cooling.

Introduction

One outstanding feature in the development of military aircraft is the continued increase in the quantity of avionics equipment
installed aboard. A further remarkable feature in the aircraft development is the high speed at low altitude which makes the usual
cooling concepts (airframe, fuel) less effect ive.

55 For advanced military aircrafts both features are serious constraints at present and there is the urgent need for more efficient cooling
S of avionics.

55 . . . . .  . . -This paper shall contribute to the selection and innovation of more suitable cooling for avionics equipment by presenting dev,ces and
S systems applied and developed in space flight.

Avionics Cooling Requirements

The main purpose of the cooling is to keep the avionics temperature within a certain range, which is dependant on the operational
behavior of the equipment. Normally, equipment likes it cool resulting in a long Mean Time Between Failure (MTBF). On the other
hand equipment shell be kept above a certain temperature to allow turn-on without any warm-up time. Average operation tempera-
ture Is In the order of 330°K t 20°K.

But ther, era extremes, requiring cryogenic temperatures, liquid nitrogen (78 °K) or even less. Beyond the primary requirement to
keep the temperature, the cooling system and the coolant itself have to meet much more secondary requirements

S 
To iummerlze only some of them, these are

— compst~ illty with avionics parts
S 

— non—toxicity
— allowanc, of Line Replaceable Unit concept
— non disturbing noise source
— cost-effect iveness over life of craft
— flexibility due to design changes on avionics side
— ovurloed capacity and growth ca~ablllty.
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Typical Cooling Concepts

The heat, generated by avionics parts may either be transferred to the ambient directly or via the case. In both cases the fundamental
heat transfer modes apply:

— radiation
— conduction
— free convection
— forced convection
— evaporation
— phase change

From the variety of cooling systems only the most typical shall be mentioned. The open (air) loop simplest system is to blow over or
draw through the equipment air from the cabin. It is an available and reliable system, but it is yielding increased equipment
temperature on ground or in low level flight.

The closed air circuit compared to the open loop offers only small advantages in terms of better air quality on the expense of higher
S 

mass, power consumption and cost. The heat sink for the air may be a h~.at exchanger with air on the cold side. A better temperature
control is achieved by using the evaporator of a refrigerator cycle instead of the air heat exchanger. But this additional unit increases

S the penaltys on mass, cost and reliability.

S 
Instead of cooling the equipment with air, it can be placed on mounting plates which are internally cooled by a liquid (coldplates).
The liquid then rejects the absorbed heat via a heat exchanger.

Another modification of this concept is to use the mounting plates as evaporators in a refrigerator cycle. This gives an efficient and
compact cooling but it is pretty disadvantageous with regard to mass, safety, complexity and cost.

Avionics Cooling Aboard Spacelab

Spacelab is the first step of Europe into manned spaceflight. As a working platform in a near-earth orbit, it provides standardized
racks housing electronic equipment (Fig. 1). This equipment will be cooled by air as shown in Fig. 2. Cool air is blown into the rack
at the bottom.

Surface cooled equipment will be cooled by air flowing across the surface. The heat transfer is dependent on the actual size of the
equipment and the local air velocity. In some specific cases it is necessary to provide some air guide panels around this equipment and

S suck the air from this area.

High heat dissipat ing equipment will be cooled applying the suck-thru concept. This means, the box is connected to the rack air
return duct, thus air will be sucked from the rack Interior through the box, picking up the heat.

Two types of racks will be used. The single experiment rack has only one return duct and one inlet. The double experiment rack,• which is twice as broad as the single rack has two inlets and two outlets. The dimensions are roughly 2.77 m height, 0.5/1 m width 
- 

S

and o.8mdepth. 
-a

The racks are designed for a total load of 1600 W and 3130 W respectively. The air flow is derived from the ARINC flow equivalent
of 0.218 kg/Wh. (ARINC — required airflow to cool a certain amount of electronic). Across the total rack roughly a pressure drop of - 

-5 mbar is required to maintain the design flow. Included in this number are 2.5 mbar for the equipment itself. The air inlet
temperature is about 22—24°C nominally. According AR INC flow, the exit temperature is about 40°C. Each rack inlet and outlet is
equipped with a manual shut-off valve providing time sharing between various racks during on-orbit. The flow per box or stub Is S

controlled by an orifice.
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We perform. comprehensive design calculations for general thermal problem. and also for th. special case of fluid loop cooling using
the DORNIER Temperature Field Analyzer (TEFA). This Is a numerical differencing anslyzer which l designed as a general thermal
an.Iyz.r accepting resistor-capacitor network representations of thermal systems. Th, analyzers as par example SINDA. MITAS,
LOHARP which have been developed in the USA work on the same b.sis of lumped parameter representation. This means finite
isothermal volumes the so called “nodes” are interconnected to each other by radiation, conduction and convection heat exchange.
Various peculiarities may be added e.g. subroutines for pressure drop In tub. flow or state changes of gases or vapor Including effects
of latent heat.

Due to the fact of high flexibility and adaptibility to practically all kinds of thermal design problems these thermal analyzers are a
powerful tool also for fluid cooling loops.

Advanced Coolrng Components S

Hiss Pipes

The best pipe is an efficient thermal energy transfer device. Heat which is imposed on the heat pipe evaporator, vaporizes the
working fluid. The vapor moves to any cooler point of the beat pipe and condenses. By this condensation the heat is given to the
condenser wall. The fluid Then returns to the evaporator section by means of the capillary or gravity forces. Due to this evaporation
and condensation cycle the temperature gradient is very low (2— 5°C dependant on working fluid) (Fig. 3). The operating tempera.
ture of the heat pipes depending on the working fluid tilled in is for nominal avionics application between —100 and +100°C. Higher
and lower temperatures are possible. Typical applications of heat pipes are:

— fixed conductance heat pipes for heat flux transformation
— fixed conductance heat pipe for isothermalizing effects S

— heat pipediode

S 
— gascontrolled heat pipes for stabilizing component temperature level (active controlled ± 0.5°C stability).

Fixed Conductance Heat Pipes

Fixed conductance heat pipes constructed with axial grooved heal pipe profiles (Fig. 4) have been developed for several applications
at Dornier System. This heat pipes have the following advantages:

— reproducible capillary structure S

— reproducible performance
S — low radial and axial temperature gradient,

— low cost (material and construction)
— high reliability - 

-
~~

• 
— bendable without problems

* 4

FIg. 5 and 6 shows some bended fixed conductance heat pipes. The appl ication of these heat pipes to a cold plate is shown in Fig. 7. - 
~- - -

Heat Pipes imbedded In a honeycomb structure are connected to a fluid cooling channel. The dissipation heat of the electronic ~ ~• ~
components Is transferred to the heat pipes and then transported by the heat pipe to the cooling channel and transferred to the •~-

cooling fluid.

Heat Pipe Dicd.

Due to gravity effects of the working fluid a diode operation of the heat pipe l~ possible. Heat can be transported through the heat
pope only In that direction, whIch leads to a gravity assisted ref lux of the working fluid.
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Gas controlled Variable, Conductance Nest Pipes 
S

Constant temperature or variable conductance heat pIpes are designed to provide very efficient temperature control under varying
environmental parameters as variable heat load and sink temperatures.

The thermal conductance Is automatically varied by changing the active condenser length of the heat pipe. This blocking Is done by a
non condensible gas which Is positioned In a reservoir and parts of the condenser. Temperature control result, in the change of vapor
pressure In the heat pipe. The non condenslbl. gas controUes the vapor pressure and so automatically th. temperature.

At Dornier such beat pipes with integrated radiator have been developed for satellite application. FIg. 8 shows a radiator wIth 6
integrated gas controlled heat pipes. The control temperature range for this radiator is 30 to 40°C for a heat load change from

S 
40-190 W.

Phase Change Thermal Capacitors

Phase Change Thermal Capacitors are suitable avionics cooling components, able to store the dissipation heat of avionic equipment at
constant temperature. They work with a solid/liquid phase change of substances having fusion enthalpies of more than 200 JIg and
Pt melting points between -100 and +100°C.

Because of the reversibility of the phase change a capacitor, loaded with high power during a short time, could be discharged within a
much longer period with low power.

During melting, the local temperatures would remain constant, thereby minimizing the amount of any high temperature excursion. A
low temperature fusion material, normally liquid, could also be used to minimize low temperature excursion by release of its best of
fusion when freezing. A ty~ cat temperature course of a phase change capacitor is shown by Fig. 9.

Normally a certain heat conduction matrix designed par example as honeycomb material guarantees the beat distribution within the
interior of the unit. S

Usual phase change heat storage materials are paraffin, arid their derivates The substances are compatible with structure materials,
non-toxic and suitable for long duration duty. The storage capacity is optional, capacitors up to 400 Wh have been developed.
Storage periods of several hours are attainable. For simple joint conductance arrangements heat fluxes of 2000 W/m2 has been
measured. This value can be essentially increased applying forced convective heat exchange. The specific storage capacities are
50—70 Wh/kg for the storage material and approximately 30—50 Wh/kg for the total capacitor.

One type of greeter capacitor platforms equipped with various heat dissipating components represents Fig. 10.

The thermal capacitors have been designed according to the following main criteria:

- light weight and compact design
— vacuum tightness of the storage cell S

— standardisation of types
— high reliability for long time functioning

Standard capacitor housings are shown in FIg. 13

Possible and typical applIcations are:

— survival of temperature sensitive equipment during temperature extreme
— thermel stabilization of components (i.e. sensors) within a small allowed range of temperature (j 2°C)
— temperature control of electronic equipment with variable best dissipation
— constant temperature heat sinks
- temperature peak dumping within cooling fluid loops at variable power profiles
- temperature control during short-term transition conditions of either in..r..sed equipment power dlsslpstlon or decreased aircraft

cooling
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As an example, the application of phase change thermal capacitors within the cooling loops of the Specs Laboratory should be
mentioned here. There Is a need of thermal dumping elements twIce, first in the weter cooling loop, second in the experiment cooling
loop, where thermal capacitors are combined with cold plates This therma l concept has been initiated by Dornler System.

FIg. 11 represents a scheme of the Spacelab Module Cooling Loop. The dissipated peak heat load of 12.4 kW, exceeding the normal
heat toed of 7,4kW, has to be stored temporarily by the capacitors.

In the experiment loop, dissipation heat peaks coming from the experiments are absorbed by the capacitors. This results in an
equalized temperature course within the cold plates, increasing so the efficiency of the loop.

Being engaged in the field of thermal capacitors for several years, Dornier System has developed and qualified a series of different
PC-capacitor types including flight units, represented by Fig. 12. These capacitors have been destined to be integrated as cooling
devices into the equipment either by means of conductive heat contact or convective heat transfer within fluid loops.

The first integration type Is represented by Fig. 14. The shown thermal capacitor mounting panel is able to absorb peak load coming
from the electronic components, so dumping temperature excursions. A PC-heat capacitor combined with a fluid loop is shown by
Fig. 15. Here, periodical temperature peaks or sinks can be levelled resulting ins equalized mean fluid temperature.

Fig. 16 shows a Phase Change Constant Temperature Heat Sink. The capacitor is combined with a fluid loop for charging or
discharging of the heat sink.

Another application is represented in Fig. 17. Here, the PC-thermal capacitor plate is combined with high heat dissipating electronic
equipment. i.e. shunts and transistors.
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i~ PROVIDES ADEQUATE AIR FLOW FOR AVIONICS OPEN AVIONt~S~
/

~~~~~~~

~ SUCTION CONCEPT (CoLD FREE AIR STREAM. ( FLOW CONTROL
HOT DUCTEDAIR) ORIFICE

o SUCK—THRIJ COOLING NORMALLY, BUT SURFACE
COOLING POSSIBLE

o MASS FLOW PER PORT ADJUSTABLE BY ORIFICES 
I

~~~ “~~ FLEXIBLE
o IN—FLIGHT SHUT—ON/OFF CAPABILITY OF AIR r CONNECTOR

FLOW TO RACKS I
‘C ENCLOSED

o FOUR DIFFERENT RACK TYPES: AVIONICS

— WORKBENCH RACK (WB R, COLDPL.ATED HEAT fLOADS) I l i i i
— CONTROL CENTER RACK (CCR, AIR COOLING 

DISTRIBUTION1066 W) 
/ DUCT

— SINGLE EXPERIMENT RACK (SEA, 1600 W) A f -i”— DOUBLE EXPERIMENT RACK (DER, 3130 W) MANUAL
SHUT—OFF
VALVESo OPEN POSITION OF SHUT—OFF VALVES

VARIED FOR INTER—RACK FLOW BALANCE FLEXIBLE
SUPPLY CONNECTOR
DUCT RETURN

DUCT —

Fig.2 Rack cooling assemblies
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Fig.3 Schematic heat pipe function
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Fig.4 Axial grooved heat pipe profiles
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IFig.5 Fixed conductance heat pipes 
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Fig.6 Fixed conductance heat pipes
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Fig.8 Gas controlled heat pipe radiator
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Fig.9 Tempera ture course of a phase change thermal capacitor
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avionics loop

7°C
S experiment

I~f/X thermal capacitor

externa l H20 - Joop

(orbiter ) H/X normal load 7.4 kW H/x freon—loop
peak load 12.4 kW

_ _  

capacitor

40°C
fluid loop thermal capacitor
with cold plate

Fig.l 1 Thermal capacitors in S/L—cooling loops

Storage Capacity Operation Dimensions Matrix Number of State of Development or
- S (Wh) Temperature (cm x cm x cm) Produced Units Application

(°C)

30 28 15 x 15 x 3.5 honeycomb 1 eng. model
30 28 15 x 15 x 3.5 h.c + fins 1 eng. model
25 28 15 x 15 x 3.5 integrated 1 eng. model
30 28 15 x 15 x 3.5 honeycomb 9 qualification

life test
150 28 35 x 18 x 5.9 honeycomb 1 HLS-specification
380 28 50 x 50 x 3.3 honeycomb 1 ATC-specif icatlon
24 36 • 8 x 8 x 12 integrated 2 flight units
20 58 6 ~ x 12 fins 1 eng. model

S 25 28 15 x 15 x 3.5 honeycomb 2 volume compensation
120 28 65 x 35 x 2.5 honeycomb + 1 eng. model

heat pipes
30 28 15 x 15 x 3.5 honeycomb 15 qualification series
11 36 7 ~ x 12 integrated 5 flight units
10 — 90 8~~x20 integrated 2 fllght units

42

Fig. 12 Phase change thermal capacitors, developed by Dornier System
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Fig. 13 30 Wh Thermal storage element
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Fig.14 380 Wh phase change mounting panel
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Fig. 16/ I? Phase change heat sink with fluid discharge and thermal capacitor for high dissipation electronics 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-~~~ -5--—SS~~~-.- -5- S — - - --5--5~~~~~ -—-.-5--



5 -S~~~~~~ -• —---~~~ -5---,---- 5-~ - -5  =~~~~~~~~~~~~~~~~ —— S. 5 - -- - - - - - S

1
3-16

D1S~USSJON

R H I.e Claire:

I would like to ask if heat pipes can be designed to carry higher heat 1Oa6B (say 3 to ~ 1o~) for aircraf tapplications and what the effects el 0 are on the performance of the heat pipe?
W Schwarzott:

Heat pipes can be designed to carry highQr heat loads, for example if we apply water as the working fluidwith a heat transfer rate of 10,000 W—cm’, we need only ~ can2 for the evaporative zone of the heat pipe.Depending on the length of the heat pipe the diameter has to be big enough not to restrict the flow ofvapour and 
- liquid .

The effect of gravity when applied against the direction of flow is to prevent the operation of heatpipes , for example against the gravity forces of one g the liquid rises only a few centimetres (this refersto grooved heat pipes and wicked pipes). Under reflux operation (the liquid is returned by gravity forces) ,Heat pipes work without any problem. If the vector of acceleration fluctuates , then two heat pipes wouldbe required .

F S STRINGER :

What is the cost of a heat pipe?

W Schwarzott:

Heat pipes can be very cheap. The cost of materials, fabrication, fitting and checking out can be in theregi on of $200. Naturally the price is strongly dependant on special application characteristics requiredfor a particular task.

0 F Stevenson :

I was part icularly interested in the thermal storage elements , but they could be rather heavy. Could yougive me any details of the weight of a typical thirty Wh unit?

U Schwarzott:

A 30 Wh capacity could be met with a weight of as little as 0.86 kga.

.4
‘(1
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O’.et.I-dir. qu. pour r4diirs Is rassi des emtdri.1. d]actriqu. . on ~leotxoniqueaadroportds, on pent Eta amané 1 faire die eacrificeg ear 1. rei~iement. On augaente olor.3. dair~s d’desrg j . I 1. ~O~?Oi, it par emits l.a eaeae di osile-ot, Pour eavoir d, in
gain a dt~ obtiem, U feat calculir Is rance global. di l’enaemb] tsource plus dquipeesnt. C.tts eases sat appeldi eases gdndrslj .4.. C’i.t I.e oritbi. q~dperu*t 4. fixer lea h aiti. ultlaes di is dnist.rl.ation.

Pour dos dldisnta diseipetif., 1. rdduetion 4.. diasnsiona, mdi. cans diaimitionoorr*S]atj .ve di rendesant intiata. use dl1vation di ha teap4ra*u. di fonetionnonont. Iipout en r4.iltar dsa airvi tudsa di refloidisenent qui as tisduiront par une macs sip..pL~nentaix. 4. l’dquipausnt proprennt dit o~ die or~~noe anmaise dent Li feat tadiCompti dana l’ixproedon ds 1. asaso gdndieliads.

Par d~~inition $

1* eases gdn4rs1i.~i sat is di is mien props’s di i’ dquipe.ont oonsid~r~di clues di La souros 4’dsergls it dss diapositifs di r.froidia..sent ndossaairea pouren asearer le fonctionnenont. C’..t l’dquipeiisnt ds eases gdn~zu1ia4e rinimale qui donneI l’avion ou I l’ingin l.a obargo l.a plus i~gbrs.

& rzi*zzs’I is

2.1 ~~~rs.aion di is sessi gfrd ~~limd,
S 

Ooidd~frose in dquips..st di emaee Pj qui aem~. as ssrt.ise fonotiomit absorbs ~~~ ~~~ gls disotriqu. V1 I i’.strdi it foarait I 3. sorti. en
doergti di.o~ iqu.V1~~ 1 (fIg. i).

1* was Pj di ost dqdp ent 44p1-’ 4a em io*asptiivg, sela amid di
•t -ds ~~~ 

~~
. Poir isxq~ir oitts r.]atios.n is sit $ Pj (ç.  1~ + t )

1. puisenos 4i.aipdi dan. 1’ ~t.ga V~ — V~ + ~ 
esastitus Ia. parts. den

oat ~tiga.

~~ gdsèsl e’set Ia raisir Yj  + ~ qmi ..t fizfr. Dies suivant ii eoes.ption 
Sdi l’dt.gs I isa p.rtea vent $tr. p1*. 0* isLes important.. it I.. gramd.ar Vi indois varier as eosedqu-ee.. 
S

Oitt. variation so rdagir air Is i’ouroi qui foun t ostt. Essi~~a, done r.w
1*sea.s P

Di sEsi i’disrgL. diidpds dais l’dtajs I~ so s.tab ir ins dldvation 4. 
5tempfrsturs, feistion Igal.—’t di Is emnoiption 4. i’dt.gs it di i’I~~irt..ei di.- 

S pertse it rdagLr ~~ is was 4* diqositif di rifro4~ 4 =:at qui varien aidvantli. psrte., it qus i’on -.ot.re Pf ( U 1_ V ~~~ 1)

3]. .‘aglt diii di rindi. ~ 4~~~~~1• l.a seen gdi~rali.4e r.pr~~e.1t~. figars IS S t d~~inio par

r (1) — ~ (ir ~, V1 + ~
) + p (V1) + I

~ 
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1+~~~~~~~1+ i_

Ipf (Vi_ V i+,l
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- - ~~~~~~~~~~~~~~~~~~~ S~~~~~~SS~ - — -S 55~_~~~ S~ S ~~~~~~~~~~~~~~~~~~~~~~ — s——-- s a L  ~~~~ -~ - -- ~~~~~~~~~~~~~~~~~~~~~~~ —— -



—~~ 
- ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ S~~~~~S_ _ _ y_SS~~~ - S~~S _ S 5  ~55

4-3

~noi ç4 oono.mas 1s forme du rsLatioesP (V )it P (w -
pout adsettrs in prsdIre apps’oziemtion quo dane is A~~1 4  i i

sUse .ont 1in~~”s. it do Is form. (figuri 2) —

(5) P ( v1) — A +~~~~

(6) P~, (u 1 .~. V1 + i) — + a’ (V1 — V1 + 
,
) 

S

G sat is oosffioiint d’dquiwl.nos ixpriad en gr..r Qvstt. psur Is foursitari
d’Essrgl. 4]aetrigo..

P sat ii Oe.ff iciest d’~goin1inoe exprimd is psii.sWv.tt. pour I.. fouzaitas
4. frigaries,

~en ~~•i. R~~~~•~i4•d~ ~ di”It *

— £ + iWj .4.1+ P1 (V~, V~ + i~ 
+ i + P  (v~ — u1,1)

ou enoreontmant  esept. qua. - G(V1 -V 1~~ 1)+ ~~~~~~~

~cs. — ~~~~~~~~~~~~~~ + P 1(u15 v1~~~1) CT)

+ (a+ p) (
~1

—
~~1+ i~

C’sst i’~~~ ssdoa d. P qu’ll feat isadr e — 4 4 ~~~i.f 2.3 ~~preaeion di Is easei

- - Is puieus.nc. 4. ortis d. V ~tsgs V~ sat Is peieaaeoi util.. Done 10. taste.
— A + P + 

~~~ + sent ooaat.nt* et Us n’int$nIiEmdant Eons pea dana Is i,.bsr~~s di
4n1~~~~ 4~ P~~. On appeilara amid emesi gáidrsliedi qus l’on istais P Is sen.
dset.rm..s

(a) P
4 

P1 (V1. V~ + ~ 
+ (a + a’) (u1 — v141)

litrement dit $ Is was adndral.isda do i’dtaas I eat dali 1 ii seas. u5O~~~~~~

4. i’douinm.ent at 1 ii sesas deuiyelants ~~~ osrtss dana i’dten

On voit sinai quo i’smploi di rsfroidis.ea.nt for.4, aye. 10. 17p.UiIo..
revient 1 eajorer 1. ooefficient 4’ dqui,a1.noi S 4. founsiturs 4’ dnsrgla.

r 3. ~ALCUL D’VN ~ 1.~ I~ I& Dt XL~~~
S 

3.1 Ddtjnitlon

Osspts ten d. os quli prdoId. on volt quo dan. is plupert 4.. ems
3 iii dquip nt. pzvsnt  Eta tt..ocido as use o’-neads 4’~tagoa (fig~ 3).

Cs. dtapea rsprdoestsai.a t per .z.spis, ii gdodrstsur d1ss~ iqiaa,
isa oo~~&oteara, l.a tran~~.ent.ur., 1.. ridria.ai5rs, ii. tiltn.. .to

1.3 ( P0 i... V

Clique dtags i (1-1 , 2,3, a) t e n  seen P~ it rsqiit l l’eatrds ii.

S 

graud.u, V1 it foursit 1 is sorts en grsM.ur V1 +

On ii propoas di ddt.ruinsr Is alts dss V1 it di. P1 4. till, sorts qms 2*

*
P + E P .slt 4M 1•0 1~~~~i I

S On aippeas qui ls graad.urdo.ortu. V~~, 1 .V i.t ooens .iid -qus is
fonstien P (v )  qul rsprOamt. pa~ i~~~~1a is was di is aouzss (dlsetrIqms
it frigar1?1qu~) sa fomoti,n ds Is psr dsuar Vst n’sat f.aoti.n qua. diV1.

lii was gdoéaliadi P~~ sat 3* m s  d . was. rdsl]a. (fig. 1)

— P5 + P1 + •~~~• + Pa (1)
5
. 

- 

~,ida~~~ae is oiro 4.. 2 prsdirs ~tagai $

On a s

(~~) ~GI — a, + P1 — ,  (V,) + Pt (V 1 , V2)
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~~sLis qua, unit la pandsir V ooasI.db~s cosas u* paxa.ltrs, on pout d4~~~~~~~5 touts. is. van_she.  papas. I l’dtii1p2l do tills sorts qias P sil t ~~~~~~~~~~~ Osttse.~~~tiss ~~~~~~ P it V • Deao I touts valiur V2 ~~~~~~~~~~~ d.. niemra P~ itquai aatief.nt 1 1*
(10) P (V2). ~~~ [a Cu1) + P1 (V1.V2)]

S Par rdcurnsaos, is a Is relation $

(11)P(V ~~~~xin EP(V
~~~

+ PE..I (Vn I . V ? J
qui pes t 4. ddtirminsr 15 sub  d~ 11 it P~ en .dpsrsat i.e isnisbi.. propr~s Ioliquo dt.g..

‘
~ 4. ~~~1FLE D•APPLICiTION~ — CAfl DES COEDUCTEURS

Le pninoip. di aalcul di Is sease gdndrsli.de pout e’appliqusi. sun coadmo—tinr., et en partioulien nun oablagss qui relisnt intro sun plusiours appansila.
Le probibme I rduoudre set alone le euivant on Tint rdalis.r encablage dont In TB33e g~nére.j .je4. suit ninisele, enchant quo lea 000duoteuxs doiventlaiseo~. pa~sez- des courants donnée.

L’applicatj on dee iaéthod.e gdnéralea pernet $
— de c]a~eer lee aitériaux oonducteun. dane i’ordn, d’intdy t
— lorequ’im natêniau a dtd ohoiei, do l’utilieer au mini,.

— 11 4.1 Caloul de is masse gé~4ra1jsd. dii conduotsuiS 

Sal t un oonduotsur homogIns, di rayon r, rdalieé en un aiténiau dint isvane  in fonction di Is tempé.atur, auivsnt I~ relation,,
(~ ) t o —  e~ ( 1 +,~~T)

f 4ta~t In i4siatjvj~4 1 0 5C; it is aOiffini.~t di temperature dii eaténiau0

I. aonduotsun a une doneitd $ ,j
- 

- 

Coneiddmona is longusux. unitaire di cc coiduotair. Is eases rdsUe eat $
a

a dtant in section utile a — ~~
La r deiothnoo di l’unitd 4. longueur dii oonduotsur set $

it i.e portia dana is oonduotsur $

- SI on aippo.. quo le Oo~~~atour eat rofaidj enturollement, et quo le cOefficient d’équivalenci di is pui~oanoi fourni. en gramnne par watt eat C, in ens.. dquivaient. auxS pints. dens is sunduotour set $

C~~~’
2

aS 

it 1* menei gdodoaij.4s do i’unitd di iongueuz sat i
Pg — d 0a +

~~~~~
_

~~~~~~~ (ii)
ot scat fo~~~tj o~ Si eatdniau obol si. 0. chat, dtant fel t in variable eat a.

Ia —i ~t. 4* 3* eases gdodrslj sds sat obtita pour *
—

in .2 .~~~j . ~
2 (14)S 

- 

~0

faisant spi*maft.n, is din.ité 4. courent $
3 

P — i /.

-~~~~~ ____ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~ S~~S~~~~~ S -S~~~ - -~
__________ - —

I
I 

Ii sixdiaun do la ens.. gdnérsliads sat obtiai pour is dscasiU 4. ocurant eptisal.

P0 _ 1 [
~~~ (‘5)

On voit que In deaaitd di courunt optiinie sat fonction :

— d o in donaitC dii matdniau
— do in résietivitd dii s.tdriau et de la tsapératuns r~s1le I laqueue fonctionne

le matfriau.

j - — dii coefficient d’équivalenc. C.

- Loraque Is densité 4. oourant a in valeur optimal., in masse géndreiisde
eat donn4. par s ____

Pg — 2 d~a — 2  d
~

_
~
_ — 2 1  Il G4d (16)
Do V °

Conclusion.

La cablage qui a is ensas gdndralisés Is plum faible pour den valairs
do I ot G doirn~es, eat ccliii pour iequei le produit ~ d0 eat ie pius faible.

~~~ression do is eases néndraliaéa.

Lorsap’on prend pour denaitd di oourant In valour optineie, In tiaras
géndralisée est donna par $

Pg — 2  4c ....f... (17)
0

L 

Cue o~a In denatté di oourant sat diff4rente di -

Si on proud use deneité de counent different. di ia denaité di ~~uxunt optheole,
la mz~sse g6n~rmlio~Se eat donnée par $

Pg — 4~ •f— 
~
_____ 

+ D
) (18)

Iii courbe 4. Ia figure 4 represent. in variation do in eases
gén~ralia4o d’un conduoteur en fonotion do In dinaitC do courant (rapport D / D

0).

Ia n~4M~~i~ eat psi nccuaC, et pratiqusiant U eat done possible
do prendre des velours de D iégèreuent diffdrentea di in valour optisele,5 5

, it oompatibieu aveo lea intensitde utilisdes it lee dianbtnea di fil. esietanta,
- - - sans pendre do manilre sensible stir in masse gén4ralisés.

4.2 — Claseesant dee matdniaux par erdre d’intdnlt.

La nsiation (16) psr.Stds dresser un tableau dee vaisure di (° et 4
-~ di divers matdniaux, 1 divirees tsmpératures 4. fonotionneipent, cc qui permet de0

S - 
classer 003 matdniaux par ondre d’intdrdt d4czoi~eant , per example.

S 

Pour dee maténiaux qul out eenaiblenent 1. a~~~ coefficient 4. tern..
S pérature, ii stiff it do 1.. comparer I use ~~~ taspdrsbirs. Pour den ieotfriaux qui

- ont dec coefficients 4, temperature ditfdn.nta, ii air s ndossssire di faire in corn..
parsieon nux tempdzuturs. ré.llea d’espioi, qui psuvsnt no pea $tne isa m~aee pour
do~~ matd riaux uraployCs dana lea admee condition ., lee conditions 4. refroidisasnent

~
. j 

- étsnt fonction do In surfacs ]atdral. di coahuctour, done 4. eon diamabtns.

Le tableautdifln . ies v a lsu r , 4 . p ,4 , it 7i pour
- divers eatdniaux. ~ 0 0

- 

5 

0. tabisam moutrs quo 3.. setàisui as oissesnt par or.fr. d’iutdi4t
S 

ddenoicatnt oorre unit a

aluntnium — miagnéai~a — eizivrs — argast.
S 

- Dee ooneiddratica. autnie pa. osile. di enes gdidrali.ds punysrat intsrveniz
- dens I.e ohoix dii conduotsur. Cepe~~a.t, ostti motion di eases dtsnt oon.iddrde ooltimo impoi~..• 

S tante en a&onsutique, lee rdaaitats prdcdduuata pistittsnt 4. oonenftrs 1. facteur di
quali té i (~d0.Iseat4nlau 1s p1us intdre.aant am pojnt di vai was iat cslui qui tis produit d~ i. plus fulbis.
4.3 - Calcul die chutes 4. tamales.

S -~ La chute di tension par unitd 4 losgusur set donnée par $

- \  ~ -R I  -r+ - (~~ )

-
S Im chute do tesejen par uMt~ di 1o~~~ ur i.t 1~~~~~~~ t - —  ~~~~~~~~~~~~~~~-‘-‘— ~~~~~~~ -I ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
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4.4 — Roistios donsit~ de ooursnt—tsapersturs

On applique in ndthod. gdadrsli indiquCs prdo~dsamsut in tenant oompts di.
oornditions 4.11.. 4. refroid.i..emsnt.

5. — ~~~~LU3IOI8

I. .dthedi a ~t4 appliqu4. ear tranafernatsura, inductano. ., filtre. it
ttapoaltti. I .ff.t P.lti.r ot 

~
4

flais cc qui eat pout ~tre ie plus itirnortant eat que la method.S perot d’établir ian langugs oosrnun entrq i’.,’o~~~~ qui a is reaponsabilité- 
- giobele do In conception et di hon fo~~tionne;~ nt de 1’ a4ronef et le construe—

tiur d’4quipeuent I qui l’ayionzi,ur impose des coatraintea ot en reçoit enasi.

La solution optienie ma pout $tre qu ’un oonprosis, asia Ia
meifleur compromia eat oelui qui e’appuus stir des doandsa diair ee, accepta ble.H por -tous.
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monte pour is masse gdndraIie4s minisali, dventiellement pour lea diveraea series
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3. 3. ~~RrRAI3 Oaloul dea didoents opti~~aa pour lee se.e.bi.a dleotriquea
d’a-viation C.R. Load. Soi, Paris, p. 2695, 2698, Zi Mel 1957.
I~tz~~ma d’uns icase on d’m produit do fouctioma. C.R.
Aced. Sei, Paris p. 2115 — 2117, 21 Mere 1960.

4. 3. ~~RTRAIS Optiai.ation die diepocitifa di r.fsvidis.ament I iff.-t Peitier —
Doos.ro n° 76 — Sipt. 62.

InRTS~~~ U I ~ ~~~ fioIant do .drit. 4. dAvis. eonduotiura disetriquss. Imu leisure 1.. plusfaibloa sent isa .silliur. e.

d / g  r (2O~~ ) Il\ .P —es V ‘~

ALUi-~~~UN 2,7 2,83 2,76 10—3
I4A~~E3IUM 1,74 4,6 2,83 •

1XJBALU!~~N (A040) 2,8 4,5 3,55
CUIVRE 8,9 1,724 3,94
ARC~ W~ 10,5 1,64 4, 15
OR 19,3 2,44 6,87
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DISCUSSION

0 Borgonovo:

What is the relationship between the optimisation of cooling watts and the optilnisation of price?

J Bertram :

This relationship has not been investigated. However it seems likely that the minimum of equipment
cooling capacity will coincide with the minimum cost , as long as simple equipment is dealt with.

L
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THE POSSiBLE IMPACT OF DC AIRCRAFT POWER SUPP LIES ON THE
DESIGN OF AVIONIC AND OTHER EQUIPMENT

by

N.L.Sigournay
Smiths Industries Ltd

Aviation Division
Bishops Cleeve

Cheltenham GL52 4SF
Glos., UK

I .  DISTRIBUT ION CONTROL

Power consuming equipment in aircraft generally falls into two types — that which uses power directly (e.g.
de-icing, galley equipment , fu:1 pumps, etc.), and that which processes the power before use (e.g. instrumentation,
flight control).

Whatever the load re quirements are however , isolating devices must be installed in the feeds to all loads. These
devices m~~t he able ~

- ~
-
~& ~te loads whatever the load fault may be. Such devices are well defined and understood

so far as Alternating Current supplies are concerned. In the case of DC however, one problem in isolating a load is
over-riding. This is the so-called uncontrollable arc. Indeed , if it were not for this phenomenon , DC could well have
been used universally for power distribution. Consideration therefore of means to isolate DC circuits is paramount.

Method s available are mechanical contactors, thyristor switches and transistor switches. The range of loads to
be switched in a typical fighter aeroplane are from about 20 watts to 3.5 Kw with more than 70% below 250 watts.
In transport aircraft , the proportion is not very different.

A NASA specification for a 120 volt DC Power Controller up to a 30 A load has been shown to be feasible.
This switch will handle up to a 200 volt overload with a 90 Ampere fault protection. Furthermore , the switch is
easily controlled remotely by a 15 volt DC control signal. In normal use, the voltage drop across the switch will not
exceed I volt. This represents 30 watts maximum dissipation , although it can be expected that switches can be
fabricated to give 0.5 volts saturation of the transistor which reduces the power loss to 15 watts. For loads therefore
up to say 30 A volts, remotely controlled power switches are feasible. It can therefore be conr ‘~~~ ~ that it is
worthwhile to examine the effect that DC power supplies can have on equipment design.

Many equipments use DC of varying voltages. At the present time , these DC voltages are derived from 400 lIz
AC via transformer — rectifier circuits. In modern equipment , DC supplies often need to be stabilised , and , in the
case of much digital equipment , the output impedance of the supply needs to be low over a wide frequency band.
The most efficient means of producing such supplies is by the so-called ‘chopper-stabilised’ system. These systems
are essentially variable mark-space switches basically handling power. Because of this they are intrinsically of high
efficiency, providing that: —

(a) The transient response of the switching device is much faster than the chopping frequency .
(b) The input voltage to the switch is high.

With modern semiconductor devices, both of these criteria can be met. The resulting arrangement can be •

described as a DC-DC transformer. -
. 

•

~

••

This system does have another attribute which is that the input voltage can vary over a very wide range, because
it is a power switch. Thus a system normally using 120 volt input can be switched to 28 volts without change in
components or chopper frequency and incurring the penalty of only a small loss of efficiency. Such an attribute
makes it easy to switch vital equipment to any available DC supply.

~~~ SS -

It is also very easy to parallel DC supplies before stabilisation.

The frequency at which these supplies operate can produce Radio Frequency Interference. This, by careful
design , can be reduced to negligible proportions outside the equipment box because it is high , typically above 20
Kilo Hertz. Generally this has to be properly suppressed to avoid spurious switching voltages inside the equipment.
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The use of high DC input voltages helps to reduce the problem because the line currents are smaller due, once again ,
to the fact that power switches are being used. In conditions where an input supply has to be changed from 120 to
28 volts, for example , any RFI may marg inally increase , but such a situation will usually mean that much other
equipment will not be in use, and hence the problem is unlikely to be significant. It may be mentioned that the
minimum frequency of 20 Kilo Hertz is very unlikely to interfere with voice communication.

2. WEIGHT AND HEAT EFFECTS

2.1 Equipment

Many avionic equipment units carry their own stabilised supplies. A census of these produced in one company
shows that between 27% and 38% of the weight of the units is directly due to the power supply. Of this, about
33% is due to transformers. Hence , about 10% of the weight of the uni ts is solely due to the transformers.

Overall efficiencies of power supplies are around 70%. Thus, 30% of heat is contributed by the power supply,
and of this 30%, some 25% is contributed by transformers. A 7Y2% saving in heat is therefore possible by eliminating
the transformers. A further reduction in heat can be obtained by eliminating the rectifiers on the transformer
secondaries. ‘

~ -at savings Irom this cause are very dependent upon the initial DC voltage. The higher the voltage ,
the lower the dissipations — due to the constant voltage drop of about 0.5 volt across rectifiers. Savings of the order
of 10% of power supply dissipation or 3% of the total heat in the units is about the maximum that can be expected
from this source. The total heat saving therefore by eliminating transformers and rectifiers will be about 10%.

There is an argument for eliminating transformers on incoming AC supplies as is done in an ever increasing
number of commercial equipments. However, this has two major shortcomings. The first is the danger of generating
DC on the AC bus in the event of rectifier failure , the second, the generation of radio frequency interference by the
diode switching action, which is difficult to suppress when directly on line.

2.2 Motors

Motors used in instrumentation and Fligh t Cont rol are generally AC motors of the induction or hysteresis type.
These motors are very suitable for analogue systems but the advent of digital techniques has increased the use and
attractiveness of the stepping motor in control systems. In many cases, the use of stepping motors reduces the
power consumption because of the torque available from them at zero current. As is well known , AC motors of
conventional types require continuous power input to produce torque.

A further advan tage of the stepping motor is the fact that its position and speed can be tightly controlled by
the input pulses. There is no fundamental requirement for any feedback device. This saves both power and weight.
Recent advances in the design of the variable-reluctance and hybrid motors with steps as small as 1.60 make them
even more attrac tive. Strictly speaking, the use of stepper motors is in no way dependent on DC power distribution
systems, since they are already in use on AC distributed systems, but in themselves they need no AC energisation.

- 
- 

I 

Gyro motors are almost universally of the hysteresis type. While mechanical gyros remain in use, there seems
no alternative to hysteresis motors, and hence DC-AC invertors will be necessary for producing AC power. There is
an advanta ge in this procedure , particularly where digital systems are in use since very accurate frequencies can be

- - S - generated giving corresponding improvements in gyro output accuracy. No major difficulties from the use of non-
sinusoidal waveforms have been experienced.

- Development of other types of gyros (e.g. Laser Gyro) is not affected by whether prima ry power is AC or DC.

-. It is not the purpose of this paper to consider high power continuous loads such as fuel pumps and air condi-
tioning equipment , but it should be said that the AC induction motor has really no rival in these applications. AC
supplies for these motors can be generated by modern technology without undue difficulty providing the motors do S - 

-

not suffer from loss of power or unacceptable heating when powered by square rather than sine wave AC.

As development proceeds the brushless DC motor will become more reliable and will show a better power
weight ratio than AC motors because of the use of rare-earth and/or ceramic magnets. It can therefore be expected
that eventually DC motors will be available for all aircraft tasks. In small aircraft and for some less important jobs,
the permanent magnet DC commutator motor will still be used. -

- - -
-
.

2.3 WirIng

Because only two wires are required for distribution , there is a self-evident saving which again will depend on 5-

~~ —

the ins tallation . Various estimates have been given for military aircraft. Figure 1 shows the comparison between
various methods of power generation and distribution for a fighter aircraft . Similar comparisons for a transport
aircraft should show substantial savings.
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Weight Comparisons 2 Channel 60 KW System

IDG VSCF CFG HVDC IDG Constant speed drive
and AC generator (integrated)

Power Source 2 13 299 257 147
Power Feeders 34 50 34 27 VSCF Variable speed generator
Power Conditioners 32 32 32 45 and power convertor for
Distribution Wiring 700 700 700 350 constant frequency AC

CFG Variable speed DC
S - TOTAL 979 108 1 1023 569 generator for constant

frequency AC
400 lb Weight Saving

Fig. I High voltage DC power

3. CONSIDERATION OF THE IMPACT OF DC POWER DISTRIBUTION ON
HIGH INTEGRITY SYSTEMS

High integrity systems require high integrity power supplies. The use of DC allows simple switching methods
where power fail ure s may occur. The generator , be it a rotating machine , transform er-rectifier , or battery , is only
critical in respect of polarity. Frequency and phase requirements do not exist. Where a number of units comprise
parts of a high integrity system, the DC power to drive one or more units is often generated and switched from
another unit. This practice, while essential to the system operation , puts the supp ly for t wo or more units at risk,
if any unit causes an overload on the supply. A DC power system will ensure that circuit breakers of high reliability
will be available to prevent damage to the unit supplying power if the failure is elsewhere. At present fuses are
sometimes fitted to prevent undue damage , but they are often difficult to get at , of wider tolerance than desired

- 
- and untestable. For example, a fuse can have been stressed to a point where it will blow for a maximum normal

operating load. Such a phenomenon alters the risk level of the system. A self-resetting circuit breaker is easy to
test and after testing the risk of failure in the system is unaltered.

- - A further advantage of DC power in high integrity equipment , and particularly in vital equipment , is the ease
with which almost any voltage can be accommodated. As mentioned earlier , equipment could be designed to operate
off any input from 120 volts (or higher) down to 28 volts (or even lower) with little loss in efficiency.

4. GROUND POWER SUPPLIES

Ground Power Supplies for AC have generally been rather less well controlled than Aircraft supplies , and this
sometimes causes problems on ground test — particularl y where a multi-channel system normally using separate

S aircraft generators is being tested.

If the demand is for DC power only, then a high quality supply is comparatively easy to produce because of
• ba tte ry stabi lisation.

4~1

-: 5. SAFETY
S 

There are two major aspects to safety in the use of DC. They are : -—

- - (a) The possibility of long period arcs causing fi re.
(b) Electrocution because of the ‘freezing ’ effect on human muscles by DC shock.

It is clear that both of these must be taken into consideration when a high voltage DC system is being
contemplated.

6. CONCLUSIONS
-S~~~~ S

In most cases, the use of DC for primary power in equipment wi l l :—

(a) Reduce weight by the order of I0’~ - overall benefits in weight saving including distribution wiring might
well be much highe r. ~.0

_
~~~~~~~~~~ (b) Reduce dissipation by the order of 10%. 
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(c) Give more flexibility in switching power supplies.
(d) Possibly reduce electro-magnetic radiation by the elimination of power rectifiers and by removing restric-

tions on some filter components necessitated by 400 Hertz supplies.

To achieve the maximum benefits in the aircraft , the following are necessary: —
(a) A range of DC circuit breakers , the specifications of which are already written and flexibility demonstrated.
(b) Further development of invertors for AC gyro and similar motors to give high efficiency overall.
(c) Development of invertors for Induction motors or brushless DC motors to drive continuously running

pumps and fans.
(d) Development of reliable low dissipation DC-DC converters, particularly using Large Scale Integrated circuits

to reduce size and cost.
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There is a vast ran ge of literature on stepping motors , brushless DC motors , AC induction motors, etc, which
‘I can be consulted for further information.

- I In addition , considerable work has been published under NASA auspices on the design of DC circuit breakers
to MIL SPEC requirements MIL-P-8 1653.
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DISCUSSION

K P G.rrity:

I would Uk. to make the following observations on your paper.

Firstly, you base such of your case for a high voltage dc supply on the use of solid state switches
which as yet cannot compete with electro mechanical switchgear. In particular these electronic switches
have much higher dissipations , you quote a 30A device with a 

~CE of 1 volt giving 3CJd dissipation,
compared with a contactor of 10Oi~~ contact resistance giving 3W (drive power say 10C~aA at 28V dc or
2.&I). Also they have large component counts with consequent high coat and low reliability.

Secondly, with referenc e to your comment on driving dc back into the supply, and the question on
tolerance of this by national power supply authorities. I would like to emphas ise that such practice
can cause problems and the UK Central Blectricity Generating aoard have introduced fairly tight controls
over the generation of such current distortion by consumer equipments.

Thirdly, in answer to your query ‘Why are high voltage dc generators lighter (per kVA) than equivalent
ac generators? ’ I would point out that the dc generator is a frequency wild ac generator plus rectifica-
tion and this does not require a CSD, so saving its weight (th e ability to generate over say a 2:1

— frequency range does impose a mass increase on the generator but this is much less than the mass of a
CSI)).

Fourthly ,you say that ‘fuaes are a pest ’ and suggest- the use of electronic switchgear instead. Ni ght I
point out that many development electronic switches have to include fuses for safe fault clearancet

N L Sigournay:

Some main circuit breakers may well remain electro—mechanical in initial stages of development of BY DC
supply systems. I think the real gains will come from breakers on the many low power loads of 250 watts
and less.

Thank you for your comments on the back-driving of DC into AC supplies. Rules for limiting this need to
be drawn up.

The fact that some development electronic switches use fuses for safety doesn ’t make fuses ‘less of a
pest ’. Ways for circumventing their use must be developed .

A Templeton :

High current , high voltage devices have a current failure mode that is basically a hot spot problem. This
is made worse when switching on as there is a current spreading problem. It is not true to say that the
failure mode is predominantly a voltage mode.

N L Sigournay:

The remark was intended to apply to chopper transistors, not high current , high voltage devices. It is
agreed tha t the high current , high voltage devices used in solid—state circuit breakers are not suitable
for ‘chopp er-stabilised ’ power supplies where high switching speeds are required.

Newton :
5- 

Will the author please define what size of system he is considering. There is little, if any , prospect
of a high voltag e DC pri mary generating system because of the problem of switching hundreds of am ps and
of obtaining real isolation. Th. level of switches discussed are really associated with specific loads

-
~~~ not total power. The heat dissipation involved with this type of switching element is markedly higher -~

than with existing types and will probably involve the airframe designer providing heat sinks to cool
the switches.

The data on comparative system weights , Fig 1.is somewhat out of context. The information I believe
refers to a very large system where most of the feeders were proposed at S.OOV DC , henc e the low cable
weight . For similar power and voltage levels there is not a lot of weight saving between the 3 phase and

• dc confi guration s.

N L Sigournay:
S The system was of a light—weig ht fighter using two systems of 270V DC at 60kw per system.

It is not suggested that DC power is ready and &vailable now, but that there are many advantages in its
future use when technolo~~ has improved sufficiently to provide the necessary control devices.

N Y J A l l u m :
The use of 1S.7 V DC is shown in your graph . I suggest that the overall savings shown overlook the losses

* either due to use of 150 V DC battery or to conversion equipment from convention al supplies. Hence these
benefits are very illusory.

i

_

S NL Sigournay:
The 1S.7 is the weight in lbs of the BVDC gener ator . The suggested DC voltage for practical purpo ses is
around 150 V. 70% of aircraft loads are less than 250.i which only require a 3 amp devic. for the circuit

5
-

brisker, of which many are available from differ ent manufacturers. The benefits of chopper—st abilised
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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AIRCRAFT POWER SUPPLIES - THEIR PERFORMANCE AND LIMITATIONS

by

K. P. Gerrity and R. F. Bertolini

British Aircraft Corporation Limited ,
Military Aircraft Division ,

Warton Aerodrome ,
Preston PR4 lAX ,

Lancashire ,
England.

I
A considerable proportion of the heat dissipated by avionic equipments ari ses in their power supply
conditioning stages. Such conditioning is necessary because of incompatibilities between the requirement.
of avionic equipments and the quality of the aircraft power supplies.

The ideal solution is to generate a supply of the required quality but practical limitations on equipment
prevent this; instead we must live with the beat performance currently achievable.

Thi, paper examines the causes and r ates of occur rence of such effects as abnormal or emergency limits ,
S transients and interruptions which raise the need for power supply conditioning. In the course of this

examination , the contributions to the overall supply quality of each of the major generation system
components and their mode of interconnection are highlighted.

Pro. this breakdown it is hoped that avionic equ ipmen t and system designers will gain a better working
knowledge of the performance and limitations of aircraft electrical power supplies , thereby avoiding
excessive dissipation by overd esign .

1. INTRODUCT ION

This paper deals with the basic problems of incompatibility between avionic equipments and electrical
generation systems on .odern military aircraft. Before continuing it should be stressed that in general
there are not •any incompatibilities which cause a direct malfunction of equipment , in fact man y do not
even come to light because the avionic equip ment manufacturer takes the necessary steps to overcome
possible proble. areas. However , these ‘unseen ’ incompati bilities can be just as bad as , or worse than ,
the ones in open evidence in that they cause penalties in cost , mass and perhaps most important heat
dissipation .

Let us now define what constitutes an incomp stibil t ty. Basically , avionic equipments prefer an
interruption and transien t free a . c.  supply of constan t frequency and pure waveshape or ripple free d . c .
Similarly , the generation system prefers loads which draw constant undistorted currents. Any deviation
fro. these ideals represents a potential incompatibility. The most obvious deviations are as follows :-

a) the generation system provides a voltage which has trans ients , in terruptions , a fa i r ly  large spread
in voltage and on a . c . ,  a large spread in the base frequency plus a f a i r l y  s ignif icant  harmonic
content.

b) many avionic equipments draw their power in current pulses which , due to generator and feeder
impedances , induc e harmonics into the bus bar voltage waveform . Also normal load switching and
fault clearance cause transients on the voltage waveform , unbalanced loading causes individual phase
voltages to deviate from the controlled average.

This , then , is the problem and in essence it is not a new one rather it has come to the fore with
the rise in proportion of avionic equipments , which are inherently more sensitive to voltage and frequency
variations than basic electrical loads such as heaters .

Unfortunately, the proble m is likely to get worse as the quantity of avionics rises and since the
~i outcome of the incompatibilities is usuall y a high level of dissipation a fresh look at the problem is

called for.

It is the ai. of this paper to examine the operation of typical generation systems and explain why
and when deviations fro. the ideal supply occur and , where possible , how we can overcome them . I t  is not
the purpose of this paper to offer solutions from the avionic equipment aide of the problem , therefore
references to such equipment are on ly made where they add to the coherence of the paper .

2 . THE PROBLEM AREAS

Before proceeding to describe the component parts of a typical generation system we must f i r s t
outline the known main problem areas. B.~sica1ly. supply p roblems can be split into two categories
viz , voltage and frequency.

2.1 Voltage Problems

2.1.1 The s.c. system voltage Ideally , this is a pure 400 Hz sine wave of constant R.M.S. voltage ;
in fact it suffsr s from the following deviations:
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a) nor mal , abnormal ~nd possibly emergency steady state limits

b) modulation

S c) transients and interruptions

d) phase mutual displacements other than 120~ on 3-phase systems

e) the presence of harmonics

f) unbalance between phases.

- 
- 2.1.2 The d.c. system voltage Ideally , this is a pure constant voltage but in practice suffers

f rom the following :

a) normal , abnormal and usually emergency steady state limits

b) ripple

c) transients and interruptions .

2.2 Frequency Problems

The following effec ts are characteristic of the a.c. system base frequency:

a) normal , abnormal and occassionally emergency steady state limits

-
- 

- b) transients and possibly beating or absence of phase locking on aultichannel systems

C) modulation.

2.3 The Effects of these Deviations

Electronic equipment requires a constant or fairly constant voltage supply , so equipment designers
generally include a voltage regulator to cut of f all voltage excursions above the bottom lisi t  of the
widest band over which they are required to operate. Thus , whenever the system provides a voltage higher
than the minimum , which is most of the time it is operating, the equipmen t regulator will be functioning
and dissipating heat . Chopper—type regulators dissipate less heat than series—type regulators but a very
large proportion of equipments draw relatively low power and from their individual point of view the
series type regulator is more appealing with the result that system dissipations are high . This is not
to say that the generation system designer would prefer the use of chopper regulators for they produce
r ather a lot of electrical noise.

We should note that avionic equipment is no~ the only source of heat due to voltage excursions;
relays and solenoids designed to work on emergency voltage levels must also work at normal voltages , or
even the top limits of abnormal voltages , and in doing so dissipate considerable quantities of heat .

Table 1 shows the typical ranges of a.c . and d.c. voltages the sources of which will be explained
later; of particular note is the possible range of 16 to 30,5 V on the d .c. system for Category B
equipment.

Upward voltage transients are catered for by equipment regulators but downward transients require
power storage. It is a rather sobering though t that certain modern avionic equipments , whose designers
found power storage components too large , are designed with voltage regulators operating at the lowest
(norm al syste. operation) transient levels ! Interruptions of supply or more severe transients which
c*nnot be easily catered for by power storage are usually overcome by allowing the equipment to draw its
power from an uncorrupted bus bar , often the battery bus bar , during the disturbance. However , such
measures involve extra circuitry with its inherent decrease in system reliability and increase in
dissipation .

The less obvious deviations f rom the ideal supply such as voltage modulation , voltage unbalance
between phases and uneven phase displacement tend to cause problems with high voltage equipments , usually
transmitters , requiring sore stabilising components.

Variations in frequency do not seem to excite the same concern with designers though designing
for the lowest frequency increases the sixes of transformers , fans and pump motors; perhaps more
important fans and pumps may dissipate more energy than necessary when running above or below nominal
design speed .

Harmonic distortion is certainly a problem and can cause havoc in rectifier systems where excessive
ripple is produced on certain waveshapes which in turn demands more regulation with inherent dissipation .

Having discussed the various problems , albei t briefly and from a consumer viewpoint , which arise
due to deviations from the ideal supply let us now review the components of a simple generation system
to •stsblish th. sources of the deviations.

3. ThE COSSPOHENTS OP A SIMPLE MODERN GENERATION SYSTEM

3.1 The s.c. System

The basic compon•nts of a simple s.c. generation system are as follows:-
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a) the generator ’s constant speed drive (C.S.D.)

b) the generator

c) Ut. generator ’s control and protection unit (C.P.U.)

d) the generator line contactor (G.C.)

•) bus bar protection devices such as fuses or thermal circuit breakers
I) cabl es I rca bus bar to consumer equip ment.

Let us consider these items in order:

a) The C.S.D. — to generate at constant frequency the generator must revolve at constant speed but
usually the engine driving the generator has a speed range oX about 2:1 so a constant output speed
device must be interposed between the engine and generator .

Several techniques are used to produce C.S.D .s, typical examples being:

Fig . 1 - The engine shaft feeds the input of a differential gearbox whose Output drives the
generator . A hydraulic reversible pump/motor arrangement of variable stroke is interposed
betwee n the input and the control leg of the differential gearbox and seves to add or
subtrac t speed under the control of a governor driven from the output (generator) shaft ‘

thus mai ntaining the output speed reasonably constant.

Pig. 2 — This unit utilises a differential gearbox as Fig. 1 but speed control is achieved with an
Eddy Current Brake on the contro l leg .

Other units use air turbines or various types of friction drives (using variable contac t paths).

- t Common to all of these units is an output speed governor , which ideally should eliminate all output
- 1 speed, and therefore frequency, variations . Inevitably , howe ver , the governor control loop

including the variable speed unit suffers from setting tolerances , temperature drift , friction , worn
components , non— ideal control laws etc., which together produce the normal steady state frequency
range of 380-420 Hz of Table 2 and the transient response curves shown on Fig. 3.

It is unlikely that such mechanical control systems will improve dramatically and the only solution
is to use elec tronic frequency control . These so called variable speed constant frequency (V.S.C.F.)
systems generate variable frequency power and from this source electronkelly wynthesise the required
frequency. Though producing much tighter frequency control , electronic V .S .C .F .  systems suffer from ;
a large volume for the control unit (which also requires large coolan t flow rates due to high
dissipatio n) ;  a larger generator than required with the mechanical C.8.D. and various other
limitations. V .S.C.F. systems have not yet gained much favour and only experimental systems are
currently flying.

Apart from steady state limits and transients in frequency, specifications of power supply quality
usually quote values for; ¶ -

I
(I) frequency modulation — this is the cyclic or random variation of frequency due to imperfect

damping of the C . S .D .  control loop and the effects of minor input speed variations; typically
less than ± 4 Hz from the nominal .

(ii) frequency drift - this is gradual change of output frequency due to component wear (long term)
-: or temperature changes (short term) the latter occurring at rates less than 15 Hz/mm .

Not all C .S.D. s  produce the full range of variations quoted in supply specifications but as equipment
usually has to be capable of working on a variety of systems on different aircraft these advantages
cannot be utilised .

,~ 
b) The gene rator — when driven by the C.S.D . this must produce a waveform as near as possible to a sine

wave. The typical machine is configured as shown in Fig. 4. Stage 1, called the pilot excitor ,
employs a permanent magnet rotor and generates a 1600 Hz 3-phase supply which powers the generator - -

control and protection unit ( C . P . U .  — see ( c ) ) .  From this supply the C.P . U.  produces d .c .  which is
fed via a voltage regulator to the etator of stage 2 of the generator. Stage 2, the main excitor ,
generates 3—phase 1000 Hz on the rotor which it feeds to a full-wave rectifier bridge on the rotor. ~~~

- -

The d.c. output of this rectifier ia fed along the rotor to stage 3 the main generator which is a 400 Hz ,
3—phase , salient pole machine. S

Various factors , such as ripple content of the d .c. output of the regulator and rotor rectifier bridge , 
—iron circuit shape and winding configuration e t c . ,  affect the generated output waveform . Present

equipment specifications quote the harm onic content as 8% of the fundamental with no single harmo nic ~~
exceeding 5% with further limitations dictating maximum point deviation from the fund amental . In ~~~- ~~~~~
practice generator specifications quote 5% and 3% respectively to allow a margin for corruption of
the supply by equipments drawing non sinusoidal currents.

4 In practice these limits allow the generation of waveshapes which to the eye and certain equipments ,
notably rectifier bridges , do not appear anything like a sinewave and generators with such bid wave-
shap es have been produced. Theoretical examination shows that actual quantities of harmonics are not
as important as their phase relative to each other and the fundamental , and specifications for generators
ought to b modified to reflec t this. Oem.rally speaking , generator waveshap. refinements result in
larger mach ines so a sensible compromise Sust b reached.
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Having generated a good waveform we must ensur , tha t it remains so. Rectifier and regulating circuits
within consumer equipments cause considerabl. distortion of the current waveform drawn from the
generator which in turn acts on the generator impedance to produc, corruption of the voltage waveform.
One solution is a lower impedance and consequently larger generator but this brings penalties of mass
and large fault currents in the event of short circuit. Another solution is better design of consumer
power supply circuits. Again a compromise must be reached but the authors believe that there is
considerable scope for better design of avionic equipment in respect of current distortion .

voltage transients are a function of both the generator and its voltage regulator within the C.P.U.
As loads or faults are switched onto the generator its voltage falls or rises according to the

S magnitude of the curren t , the effect of the regulator and th. magnitude of the generator impedance.
One way of reducing transien t excursions is to reduce the generator impedance but this means a larger
machine with the penalties mentioned above . Regulator performance is discussed below in par e. c.

Pha se unbalance is due to assynmetric generator phase i.pedances and current loading and neither of
these can be much improved with Conventional generators/reg ulators though their is scope with V .S.C.F.
machines where each phase is separately regulated .

-j c) The generator control and protection unit (C.P.U . )  — the C.P . U.  carries out two main functions , viz :—

Ci ) it controls generator voltage by regulating field current

(ii) it embodies various protection circuits to prevent generator overload , and equipment damage/
malf unction due to incorrect voltage or frequency .

N . S . S .L .  - Consider Table 1, which shows that the normal steady st a te limits (N.8.S.L.) of voltage
for the average of the three phases (which is what the regulator controls) , lie wi thin a 3V
symmetrical band about the nominal phase voltage of 11SV . This tolerance is a combination of
set t ing tolerance , temperature dr i f t  and to some extent field current drive limitations and when
expressed as a percen tage is typical of a.c. or d.c. generators irrespective of their voltage . It

— is unlikely that this tolerance could be reasonably improved.

A .S.S.L. - Apart from transient effects during load switching or fault clearance , excursions
beyond N.S.S.L. are due to faults in the regulator (whether voltage or frequency). The C.P.U.
contains circuits to detect non-transient abnormal conditions and initiate action to remove its
faul ty generator channel from the bus bars. However , such circuits require a tolerance band ,
symmet rical or otherwise and it is these tolerances which give rise to the conditions known as
abnormal steady stete limits — A .S. S .L.

When a speed governor on a C.S.D. or a voltage regulator within a C.P.U. tails it may do so
catastrophically or otherwise. If the failure is catastrophic then frequency or voltage will
rapidly exceed the outer limit of the protection circuit tolerance band and the generator will be
switched of f the bus bar , the latter experiencing the fault  conditions only transiently - depending
on system type , a healthy generator may then be switched in. However , if the failure is of a minor
nature , taking th e form of excessive drift on setting, and the voltage or frequency dr i f ts  up to ,
but does not exceed , the act ual protection circuit setting then no action is taken . In theory this
condition can exist indefinitely at the extreme end of the upper or lower tolerance band thus we
have abnormal , steady state , limits .

Thus as shown on Table 2 the A . S . S . L .  of frequency are 370 and 430 Hz , that is the tolerance band
S extenda by 10 Mi beyond the N .S.S.L.

Examining Table 1 shows the A . S . S . L .  of the average of the 3—phase voltages to be 107,5 and 122 ,5
(typicel values), that is the protection circuit tolerance bands can be 6V wide . Since the
regulator control circuit tolerance is only 3V one could reasonably expect the protection circuit
tolerances to be as good or better than 3V. In fact , they usually are , and they are set at the

- -J extremes of the allowable band; thus a typical system could have N . S . S . L .  of 115 ± 1 , 5 V and
‘
~~~ protection circuits set at 109 ± 1,5 V and 121 ± 1,5 V giving A . S . S . L .  of 107 , 5 and 122 , 5.

It  would appear that there is an unnecessary 3V gap between N .S.S.L. and the protection circuit
limits ; th , authors have discussed this fact with C.P.U. designers who , though admitting it is
unnecessary , ar e reluctant to remove it !

I - ’,
Furthermore , recent editions of power supply specifications viz.  BS-30-lOO and (yet to be issued) S

MI L—STD-7O4B are extending the A . S . S . L .  to about lOOV and 130V , respectively for under and over
voltage , despite the fact th at current C P U s  are not having problem s in meeting the earlier
issues of these specifications !

Another point worth noting is that few specifications give any indication of the probability of
A S.8.L. occurring with the result that many equipments are unnecessarily designed to meet what
sust be exceedingly rare conditions and consequently dissipate excess heat .

The autho rs would like to see a study made into A . S . S . L .  and their probability of occurrence and
would welcome comments on this subject.

- 
.‘~ Voltage Transients and Modulation

On an unregulated generator the terminal voltage would vary as the load was varied due to the
- S effect of the generator and feeder impedances. The regulator within the C . P . U .  attempts to correct

these changes as they occur by varying the generator field excitation and as a result controls the
voltage within N.8.8.L.

-1
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The regulator and generator field circuits form a control system which cannot act instantaneously
and so produces an error whilst it is settling towards the N.S .S .L . ; this short term error produces
voltage t ransients within the curves shown on Fig. 5.

Many equipment designers seen confused as to the exact form and reason for the shape of transients
so we will attempt to clarify the subject briefly .

Consider the application of an extra load to the generator , removal of load has the inverse effect
and will not be described. As the load is applied the generator voltage falls and the C.P.U. sensing
this fal l , at the point of regula t ion , increases the generator field drive voltage . The field current ,
however , limited by the field inductance takes time to rise so the system voltage is transiently
depressed. A critically or overdamped control System would result in excessively long transients

-j and so , as wi th the majority of control system s , the designer chooses components to give underdamping.
The result is tha t although the system returns quickly to within N .S.S .L. the regulator will overawing

S 
at first producing an upward voltage swing; in fact  there will be a series of damped upward and
downward oscillations before the system returns within N.S.S .L.

There is a limi t to the extent of improvement by increasing field drive because although the extent
of a transient can be limited there will be a longer settling tine . Many current systems have
considerably better performance than indicated by the limits of Fig . 5 but , again , the constraints
of equipment having to work on other supplies (in particular ground power supplies) of lower quality
preclude our taking advantage of this performance . Perhaps we should improve all other supplies on
which equipment may work rather than waste the higher quality aircraft supp lies?

Finally , “-lt age modulati on is caused by the cyclic drifting of the regulator at it tries to achieve
an absolute steady state value and fa i ls  due to insuff icient  damp ing , and mi nor variations in speed
and load ; the result i’~ snail variations between the peak values of successive half cycles of the
waveform which form a m .idulation envelope.

d) The system contactors - these devices give the ability to isolate generators from the bus bars and
the latter from each other.  At present the majority of these devices are electromechanical i.e. they
use solenoids operating sets of contacts . As such these devices have relatively long operate
times when compared to electronic switches ; at the very best a 40 kVA generator contactor could
have pick up and drop out times of 30 as and 10 ma respectively, allowing for a full  range of
t~mper..~ure.

Thus, whenever changeover from one supply to another occurs , whether in normal or abnormal conditions ,
there will be an interruption of supply for some tens of milliseconds . A typical normal case might

- - 
- be changeover from ground to aircraft power and an abnormal case the switching in of a healthy

generator after switching out a faulty one.

Electronic switches offer much faster operate times but suffer from high series voltage drop and
high dissipation , not to mention complication of drive circuitry and limited isolation in the ‘OFF’
state. Although improvements have been made in the series voltage drop overall device dissipations
remain high and vast improvements are unlikely.

4 One way of improving matters is to make a hybrid device where the electronic unit makes connection
- 

S 
during the pick-up time of the contactor , however , drop-ou t time is not improved .

F Such devices , (the authors have experience with the d .c . variety) while providing high speed and low
dissipation , are quite complicated especi ily in the 3-phase unit .  It will be interesting to see
whether industry will produce reasonably reliable and cheap hybrid contactors or whether system

- - 
designers will allow sensitive equipments to incorporate electronic switches to maintain rapid

4 switching for limited loads.

~ -1 a) Bus bar protection devices - i.e. fuse links or thermal circuit breakers are inatalled between
the bus bars and consumer equipment feeders to prevent cable fires and reduce bus bar disturbances.

~ Protection devices limit voltage transient extent and duration , on the bus bar in the event of
consumer circuit faults , so the faster the device Operates the better. Without examining fuse and
circui t breaker characteristics in depth it is sufficient to say that both give adequate performance.
Fuses give sligh tly faster operation and better current limiting than circuit breakers but the latter
can be more easily matched to cables and have advantages on 3—phase circuits and circuits with high$ inrush currents . It is usual to find both devices in a modern power system with circuit breakers
sore predominant .

f) The consumer equipment feeder cable - the power system regulates voltage at the bus bars so any
impedance between that point and equipment terminals causes further voltage drop aggravating the

-~~~~ already large tolerances on N .S.S.L. or A.S .S .L.

[ Cables very in length according to equipment position so feeder impedance is specified as a maximum
voltage drop based on the normal R . M . S .  equipment current . Because this value is expressed as a
•axiaus equipments are designed to regulate at the lowest voltage , consequently, even if the volt
drop turns out less the system dissipation does not reduce ;it is aerely redistributed . The actual

- 
- values are specified on Table 1 where it will be seen that there are three categories ; category B

is •ost co only specified , category A is rarely allowed and is for equipment with special voltage
- - 

I 
difficulties , category C is for equipments drawing pulsed currents .

The problem with tightening up these limits to reduce dissipation is the extra weight and volume
associated with lower impedance cables ; this would affect smaller aircraft less than larger since
the latter will probably have more cables on the limit of voltage drop . (Although growth laws will
obviously be more severe on saall aircraft)
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However , with system dieaipations rising and affecting aircraft performance perhaps now is the time
to review the situation and establish whether the present values are still optimum .

3.2 The d .c.  System

Most of the tolerances of the d .c. system arise for the same reasons as those on the a.c. system
described above and so will be covered in a little less detail ; indeed the effects of contactors , fuses ,
ci rcuit breakers and feeder cables are the same and will not be covered again.

There are two methods of obtaining our d.c. supplies ; they can be generated in a dedicated d.c.
generator controlled by its own C.P.U. or the supply can be obtained from a transformer rectifier unit
(T.R.U.) fed from the a .c. supply.

The choice depends on the quanti ty of d. c. required , (assuming we have got an s.c. supply) length
of feeder cables and the philosophy of redundancy particular to the aircraft in question . T.R.U. supolies
are generally 28V so we will compare the performance of T.R .U.s and generators at this voltage for
convenience.

A T.R.U. basically transforms all the voltage variations , both transient and steady state ,
presented to it by the a.c. supply. Thus on a percentage basis a T.R.U. d .c. supply can be no better
than its s.c. source , in fac t due to transformer winding and diode voltage drops it is much worse.

A dedicated d.c. generator on the other hand regulates its supply at the bus bar and so has
voltage limits equivalent to an a .c. machine (it is of course an s.c. machine plus rectifier) . 

S

Again the need for equipments to work on more than one aircraft and hence possibly more than one
supply type dictate that the widest limits be specified , as evidenced in Table 1 which covers both T.R.U.
and generator N .S.S.L. and A .S.S.L .

It is worth noting that if A.S .S.L. could be ignored on the grounds of exceedingly low probability
(as considered in the section on s.c. A .S.S.L.) then for some equipments the bus bar voltage tolerance
cou~.d be specified as close as 28 ± 0,5 V when fed from a d .c . generator.

3.3 The Emergency Supply

Emergency supplies are not always available and even when they are they are of limited capacity
and usually limited duration. Emergency generators , s.c. or d.c., whether fed from monofuel motors or
ai r turbines can generally have similar tolerances to the normal supply and as such do not concern us.
The alternative source of d .c .  is a battery possibly driving an invertor to provide s.c.; this type of
emer gency source has much wider tolerances than the normal supply and does concern us.

As Table I shows the emergency d .c .  bus bar voltage varies from 18V to 29V; this range in fact
S - covers all types of emergency supplies but the lower voltages are typical of battery supplies. These

low voltage battery supplies concern us because equipment designed to work on such supplies generally
has high dissipation when fed with the normal supply.

The lower limit is a function of the battery ’s state of charge and could be raised by increasing
ba ttery capacity, for fixed e.ergency load and duration . However , evefl to raise the limit to the lower
A .S.S.L. would involve using huge batteries.

Invertor supplies are kept to a minimum because invertors have low efficiency . Moat invertor ted
equipments, such as gyros, can perform quite adequately on a square wave supply yet most invertors go to
great lengths , with low efficiency, to produce a reasonable sine wave .

- - The authors would be p leased to hear the readers ’ opinions of using square wave invertors and
indeed we believe that the whole field of emergency power sources should be reviewed , not in isolation
but as a total aircraft system concept.

-‘ ‘1
• 1 4 . GENERATION SYSTEM DESIGNS - THEIR EFFECTS ON CONSUMER EQUIPMENT

The above paragraphs have described the individual components of a simple a.c. and d .c. generation
system and how their performance affects consumer equip ment.

-

- 
In this section we present so.e of the factors affecting the way in which we interconnect these

-
- 

- components to form single or multichannel systeas.

4.1 s.c., d.c. or both? — this is the first question and many designers would answer ‘both’ from
experience , nevertheless , we will examine the choice as follows:—

4.1. 1 s.c. advantages

(i) ac. is more Suitable for •otor loads *5 it obviates brush gear or bulky high dissipation
- S electronic commutation ,

(it) different voltage levels can easily be produced by transformers

(iii) it is relatively easy to switch at high voltage

(iv) synchro references are available.
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4.1.2 s.c. disadvantages

(i) difficulty-  in obtaining a good waveform , and maintaining it

(it) complicated high dissipation constant speed drives or electronics required to generate constant
frequency from varying input speed

(iii) relays , solenoids , magnetic indicators , etc . , are larger when designed for s.c. rather than d.c.

(iv) essential s.c. equipments require invertor drives in emergencies though the use of square wave
: ~ invertors would make this less of a penalty.

4.1.3 d.c. advantages

(i) generation as frequency wild s.c. followed by rectification obviates C.S.D. techniques.
Waveshape problems only appear as ripp le and are not a serious problem

~ (ii) emergency supplies can be available direct from batteries.

4.1.4 d.c. disadvantages

(i) the absence of current zeros , typical of an a.c. waveform , makes the switching (OFF) of d .c .
difficult. Low voltages (28V) are therefore commonly used though ll2V d.c. system have been used .

(ii) if high voltage d .c. were used modern avionic equipment power supply stages would be more
complicated and/or less efficient

(iii) generator feeder magnetic fields can only be balanced by running a ded ica ted negative feed wi th
S the positive producing roughly twice the feeder dissipation as a balanced 3—phase supply using

airframe as neutral and twisted phase feeders to reduce magnetic fields.

4.1 .5  Thus to some extent the choice is dependent on the type of load being supplied but it is also
- - largely affected by the characteristics of existing equipment chosen on cost grounds.

4.2 s.c and d .c. Voltage Levels?

Whether we have chosen s.c., d .c. or both there remains the question of the supnly voltage.

4.2.1 The s.c. system voltage? - Higher voltages lead to lower currents , for a given power , and hence
smaller cable dissipations or smaller cables ; however , higher voltages bring switching and insulation

- - 
problems. The present 1l5/200V systems seem adequate for power loads , perhaps avionic equipment designers
would like to comment on them?

4.2.2  The d .c.  system voltage? — two voltage levels are in use , ll2V and 28V . The former , though
seldo, used now , is more suitable for heavy power loads though it brings problems with switchgear. The
28V level is more suitable for relay coils , solenoids , magnet ic ind ica tors , etc., and eases switchgear —

S problems , moreover , it is much nearer the requirements of transistor equipment . 
.

4.2.3 The choice? — generally speaking high power loads suit high voltages and low power loads suit
low vol tages . The system choice is influenced by the proportion of high and low power loads but as these

- ‘ are often reasonably equally split it is common to f i n d  bot h high and low voltages available. An s.c.

4 system is usually chosen for the high voltage supply , to obviate switchgear problems and motor brushgear ,
and the low power loads are fed from 28V d .c.

— 3 However , there has recently been a good deal of discussion centred on the possibility of providing
close tolerance regula ted supp lies , dedicated to avionic equipment , of say ± l5V and 5V. Because of their
bearing on total system integrity and dissipation these supplies are discussed in section 6.

- -
~ 4.3 A Single or Multichannel System? -

~ 
- -

H 1~i
• A simple system could have a ll5/200V s.c. channel and a 28V d.c. channel with perhaps a battery or ~ -~

- - 
S 

some other emergency back up. However , the loss of either channel would mean that the aircraft would be
on emergency power and the mission would be aborted.

I t is common , there fore , to have at least two channels of each voltage level in order that single
failures do not result in mission abort.

4 Let us consider the various configurations of multichannel s.c. and d .c. systems to see how they
affec t supply quality; for clarity only twin channel systems are covered , more cha nnels only extend the

- 
basic arguments .

- 4.4 Configuration of a Twin Channel s.c.  Systee
- Consider a basic twin chan nel llS/200V s .c .  system as shown in Fig. 6. The system consists of two

generators 01 and G2 , a ground power source G.P. • the generator contactors GC1 and GC2 , the bus ti e
contactors 8TC1 and BTC2 and the bus bars 881 and BB2.

- - 
;- These two channels can be operated in a number of basic modes which are described in the

- 
- - following paragraphs :
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4 .4.1 System A

Perhaps the simplest system one can envisage is with GC1 and GC2 closed and the BTCs open
(reversed for ground power operation) . In these conditions each channel operates in complete isolation
and in the event of generator failure there is no closing of the BTCs.

4.4.1.1 System A , advantages:—

Ci) Complete isolation between channels is maintained , the probability of both BTC5 closing
accidentally , due to signal faults etc., when either bus bar is faulted is negligible.

4.4.1.2 System A , disadv~.ntages:—

(i) Loss of either channel means loss of all equipment on the associated bus bar which can nean
5 loss of essential equipment , unless there is duplication of the latter.

(i i)  There is no frequency or phase locking of the channels. System design can obviate the need
for phase locking and careful looming can reduce beat frequency problems due to the lack of
frequency locking. Frequency locking can be provided but defeats the object of complete
isolation .

(iii) The full capacity of the system (i.e. both generators) is not utilised to minimise transient
levels and durations.

— 4 .4.2 System B

This system has only one bus bar , i .e.  the BTC5 on Fig. 8 are replaced by a permanent link and
a separate ground power contactor. Only one generator is connected to the bus bar , the other remains on
standby to be switched in if the first generator fails and is switched of f.

4.4.2.1 System B , advantages:—

( i )  Loss of one generator does not result in loss of any equipment .

( i i )  Supply fro , one generator therefore no problems due to phase and frequency locking.

(i i i)  Simple bus bar system .

4.4.2.2 System B , disadvantages:-

(i) In the event , albei t unlikely, of bus bar short circuit all equipment supplies are lost .

(i i)  In the event of generator failure there is a complete interruption of power to equipment as
one GC opens and the other closes .

(iii)  The ful l  system capacity cannot be used to minimise transient levels and durations .

4.4.3 System C

This is similar to systea A but in the event of a generator failure the BTCs close allowing
the remaining generator to feed both bus bars.

4.4.3.1 System C, advantages:—

(i) Loss of one generator does not cause loss of any equipment and only one bus bar sees an
interruption of power.

4.4.3.2 System C , disadvantages:—

(i) Overcurrent protection system required on bus bar link to prevent cascade faults .

(ii’ No phase or frequency locking though the latter can be catered for with C .S .D.  governor
control circuitry .

• 

- 
(iii) The full capacity of the system is not utilised to limit transient levels and durations .

(iv) In the event of generator failure one bus bar sees an interruption of supply .

4.4.4 System D

This is a parallel system i.e. the BTC5 and GC5 of Fig. 6 are all closed in normal operation
(a separate GP contactor will be fitted and only one BTC is essential).

4.4.4.1 System D , advantages:—

(i)  Parall eling the generators gives inherent phase and frequency locking .

(ii) The combined capacity of two generators minimises transient levels.
‘II-

(iii) Generator failures need only cause a transient , though this advantage is not realised by many
parallel systems which open the BTC to decide which generator is at fault causing a subsequen t
interruption of supply.
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(iv) The load sharing circuitry effectively limit, the extent of A . 8 . 8 . L .  when the system is
paralleled.

4.4.4.2 System D, disadvan tages :-

(i) A single failure of the BTC or its control circuit results in a non—paralleled system —

considerable duplication is necessary to avoid this and this increases the probability of the
BTC not opening in the event of a bus bar short circuit , with consequent loss of both channels.

(ii) Advantage (i i)  causes problems of switchgear rupture capacity.

( i i i )  Control and protection circuitry is much more complicated , which raises the probability of
incorrect action causing cascade failures .

4.4.5 System A, B, C or D?

Consider first the non-paralleled systems: system A rarely gives sufficient redundancy ;
• sys tems B and C are much better than A in this respect and when considering bus bar faults , which tends

to be necessary on modern fly—by—wire aircraft , system C scores over B . Of these three none utilise the
fu l l  system capacity to minimise transient levels and durations and only B provides freedom fro, phase
and frequency locking problems , furthermore , all are subject to an interruption of supply on one or all
bus bars in the event of a single generator fai lure .

System D , the para lleled system , gives adequat... —‘dundancy of supply and bus bars , can el iminate
in flight interruptions of supply on all bus bars (thoug)’ the; still occur during changeover to and from
ground power) , has inherent phase and frequency locking and minimises transient limits and durations.
Howe ver , unless the bus bar link circuit incorporates reasonable redundancy with its increased riak of
cascade failures , the phase and frequency locking cannot be guaranteed. Also , in the event of one
generator failure all equipments will see transient levels typical of a single generator capacity bus bar.

Thus , inevitably the choice is dependent on many factors peculiar to each individual aircraft
system philosophy .

However , the authors would like to hear readers ’ views on the necessity of providing either
phase or frequency locked supplies .

4.5 Configuration of a Twin Channel d .c. Systea

Whether fed from d .c . generators or transformer rectifier units , at high or low voltage , the d.c.
system can be arranged with similar combinations to its s.c. counterpart .

The arguments for and against the systems are similar though phase and frequency locking are not
relevant. Paralleling supplies can be simpler and overcurrent protectfon on bus bar links can be as
staple as fuse links .

One point worth noting is that if a battery is fitted to the essential bus bar , directly or via a
high speed hybrid d .c. contactor , then its capacity can be used to minimise transient limits and durations
on that bua bar and effectively eliminate interruptions (thus a type B system can be made more attractive
than its s.c. equivalen t ) .

- 
S Again , the choice of systes depends on the individual aircraft  requirements for quality and
r redundancy .

5. THE OVERALL COOLING PROBLEM

So far , this paper has been analysing the sources of power supply tolerance that eventually lead to
equipment dissipation with the aim of minimising the latter. For comp leteness this section looks briefly
at several areas where the generation equipment dissipation could perhaps be reduced .

~
I1

• Ci) Power for heavy loads such as intake heaters , E .C.M. pods and fuel pumps , which are predominantly
in the centre of the aircraft , often comes from bus bars located in the front of the a i rcraf t  with
consequent excessive cable dissipation and mass . The effects , on total cable d issipat ion , of siting
bus bars more centrally on the aircraft should be reviewed and consideration given to feeding some
of the heavy loads upstream (i.e. nearer the generators) of the main bus bar point of voltage

ration.

(ii) ~n.rator and T.R .U. efficiencies are as high as one could reasonably expect for the size of unit
• currently used but C.8.D.s or their electronic equivalents have quite high dissipations . It could

be useful , therefore , to critically examine the need for generating at constant frequency, the
overall system dissipation may be less with variable frequency .

(iii) More effort should be directed towards using waste heat to replace electrical heaters which
indirectly only generate more waste heat . The need for electrically driven fuel pumps should be

- - critically examined , many aircraft •ansge using direct engine power to drive the pumps via mechanical
or fueldrsulic links .

The point being made is that heat dissipation is not an equipment problem it is a system pr oblea.

- -- 
~~~~~~~~~~~~~~~~~~~ 

- -—
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6. NEW CONCEPTS - THE CENTRALISED POWER U)!IT

The term Centralised Power Unit means different things to various people but generally covers the
concept of a T . R . U .  with one or more closely regulated outputs at voltage levels sore suited to the
requirements of present da ,j electronics (e.g. +5V , ±15V etc.). This concept aims to reduce system losses
by centralising the production and regulation of electronic voltage levels enabling larger sore efficient
units to b. used .

We now examine the feasibility of the concept :

S The basic concept of several voltage levels is reasonable , though their number would have to be very
limited so considerable standardisation would be required within electronic units . Moreover , regulators
of some form would still be required in electronic equipments to remove the effect of indeterminate line
volt drops. Very low voltage levels e.g. 5V for T.T.L. would not really be feasible since line losses
(voltage and dissipation) would be too great using reasonable cable sizes.

Thus , so far , we have established that we can only go part way towards the ideal , now let us examine
the problem of tightening up on tolerances.

Earlier in this paper we considered the sources of voltage tolerance and it was shown that the basic
T.R.U. can achieve 28-29V in N.S.S .L. due to N.S.S .L . s.c. inputs plus its own -npedance or 24 ,5—30 ,5V
with A.S . S .L .  inputs.

A regulator in the T.R.U. could be set at 24 ± O ,5V and allowing 2V line drop would give a range of
21 ,5-24,5 at the equipment terminals for an input range of 24 ,5-3O ,5V .

However , such a regulator could fai l  therefore an overvoltage protection unit would be required to
remove the faulty T .R .U. This inevitably leads to the possibility of an upper A.S.S .L. of say 26V if the
protection were set at 25 ,5 ± O ,5V . Thus equipment would be required to work over a terminal voltage
range of 21, 5—26V compared with the previous 22 ,5—30 ,5 (we have ignored emergency conditions).

- At this stage the imp rovement does not look as though it will  be very worth while , especially since
the degradation of T.R.U. reliability will demand extra T.R .U .s whose consequent lighter loading will give
lower overall efficiency .

However , if we can ignore the probability of A . S . S . L .  occurring at input or output a 3V spread at
equipment terminals becomes feasible i.e. lV for regulator tolerance and 2V line drop . This is of course
what a good d .c. generator can give already within N .S.S.L.!

Without labouring the point further we have tried to show the limitations of the Centralised Power
Unit concept though a detailed study is required to see just how useful this concept could be.

- 
- 7. CONCLUSIONS

This paper has examined generation system components and their deployment to form systems with a
view to examining the sources of the various voltage and frequency deviations which bear on equipment
performance and dissipation .

S 
It is perhaps not surprising that no obvious sources of improvement were highlighted in the generation

equipment i tself.
&

The authors feel that several areas , such as the use of Centralieed Power Units , reduction of
• electrical heaters and fuel pumps , use of wild frequency s.c . etc . , warrant further study but that the

greatest savings would possibly result from philosophy changes such as

a) Design all equipment to give full performance on N.S.S.L. only and possibly even discount A.S.S .L.
altogether — a study is required to determine the prob ability of A .S.S.L. S

b) Do not rely on batteries for emergency d.c. supplies - in conjunction with (a) above this means
equipment need only work over N .S.S.L. plus line voltage drops. A study on the penalties of
emergency d.c. generators driven by airturbines or monofuel motors is required .

Overriding all other factors today is probably total system cost , so whatever we do to improve
matte rs it must be amenable to stsndardisation over a range of aircraft . 

S

Finally, the authors would like to thank the Directors of the British Aircraft Corporation Limited
for their permission to publish this paper. Any opinions are those of the authors and do not necessarily
reflec t the views of B .A.C.
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s.c. System r.m .s . Voltage at d .c. System
System Point of Regulation (Volts) voltage at Point

Conditions of Regulation
Average of 3-Phases Individual Phase (Volts) —

Normal Steady State 113,5 - 116 ,5 112 - 118 26 — 29

Abnormal Steady 
107,5 — 122 ,5 106 - 124 24 ,5 — 30 ,5- - State Limits (A.S.S.L.)

- Emergency Limits 110 - 120 108 - 122 18 - 29

Equipment r.m .s. Volt Drop From Point of Volt Drop From
Category Regulation to Equipment Terminals Point of Regulation

to Equipment Terminals

A 2 1

I B 4 2

C 8 3

TABLE 1 - TYPICAL POWE R SUPPLY VOLTAGE RANGE S

I
I

- System System
Conditions Frequency (Hz)

Normal Steady 
380 420State Limits (N.S.S.L.)

Abnormal Steady 
370 - 430S State Limits (A.S.S.L.)

Emergency Limits 360 - 440

TABLE 2 - TYPICAL POWER SUPPLY FREQUENCY RANGES

t - - 
~5...

I
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DISCUSSION -

0 Brogonovo*

Zn your Paper you have mentioned a low density of batteries as a power source. Could they be used as
an emergency power supply for a light aircraft, (under 10,000 lbs weight)?

K P Gerrity and R F Bertolini:

The choice of emergency supplies must be approached as a total system problem, and depends on a particular -

aircraft in question. I do not feel qualified to suggest any alternative on an aircraft in this mass -

class though possibly the higher energy density of primary rather than secondary batteries could be a
reasonable solution.

A Templeton:

While I a~~ee that there are many wave forms which are worse than a pure sine wave, there could be
some wave forms which are better. Before a choice limit is placed on harmonic content , would it be
better to investigate the effects of non sinusoidal wave forms on equipment and generator and what gains
could be achieved? -

K P Gerrity and R F Bertoitni:

- I While we accept that sinusoidal wave forms are not necessarily optimum , indeed in the Paper we propose -

questions on the use of square waves output inverters, we are limited by the considerable investment of -
capital over the last few decades in support of equipment based on sine wave supplies. -

I
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GENERATIONS ELECTRIQUES ET RESEAUX UE BORD
DAMS LES AVIONS MODERNES

par
An toine BEAU

Avions Marcel DASSAULT—BRE GUET Aviation
78 , quai Carnot

92214 Saint—Cloud
France

RESUME

Cet exposé presen ts le point de vue d’un constructeur d’avions pour faire face aux problems, poses , a
bord des avions rCcents , par la compa tibilitC entre les système, d’alimen tation et les Cquipements consom—
mateurs. Il est arrivé qu ’on sit f avorisC lea uns au detriment des autres , alors qu ’une étude plus appro—
fondie des donndes aurai t permis une meilleure adaptation de la puissance , de la p lace et du poids .

AprCs un bref rappel des diffCrents types de rCseaux rencontrés C bord des aéronef a , l’auteur ind ique ,
pour las diffCrentes  sources d’energie electrique , les limitations de caractdris tiques qui intCressent di—
rectement lea equipements uti l isateurs.  On examine ensuite lee diffCrentes “Zones de fonctionnenient ” (nor—
males , rares , excep tionnelles) et types de “regimes” (permanents ou transitoires) applicables aux almmenta—
tions et utilisateurs , de facon plus appropriee que les exigences des non es nationales actuelles. En consé—
quence, une meilleure approche des definitions de chaque cas perinettrait des gains appréciables.

— I .  GENERALITES SUR L’ALIMENTATION ELECTRIQUE.

- 
- Le fonctionnement des avions modernes repose essentiellement sur leurs installations électriques qui

fom ent des aystème s p lus ou mom s complexes . Chacun de ceux—ci constitue un réseau comportant tous les gene—
ra teurs, lignes , appareillages et equipemen ts connectés entre eux . Un aéronef peut disposer de plusieurs
rCseaux , chacun pouvant avoir p lusieurs sources de puissance.

La defini tion de ces réseaux eat établie depuis longtemps . Nous distinguerons

Les rCseaux C courant CONT INU, dont Ia tension nominale est de 28 volts.

Ils fonctionnent dans une assez large plage de tension , puisqu ’ils doivent assurer Ia recharge Ia plus
complete possible des batteries et rester utilisables jusqu ’C la f in  de la decharge de celles—ci. En outre ,
les sys tCmes de regulation ou de redressement qui lea almmentent y introduisent fatalement des ondulations
dont le spec tre de frCquence est trés large (jusque vers 100 kliertz) .

Malgré cet inconvenient at l’importance des cSbles qui distribuent la puissance “continue” , ces réseaux
sont et resteront trCs utilisés. En effet , la tension basse nCcessite peu de precautions (mis I part certai—
nes conmaltations selfiquea) ; lea batteries qui les alinentent en secours repondent I des standards d’ enco,n—
brement et de sCcuri tC ; lea basses tensions continues sont énormément utilisCes en electroniécanique et en
diectronique Les appareillages de coupure grossiront obligatoirement quand on augmentera cette tension,

S 
sans remplacer totalement le besoin d’une basse tension Continue .

Les rCseaux I courant ALTERNATIF.

-_ A l’origine , leur frCquence variait dans une plage relat ivement peu € tendue autour de la valeur de
400 Hz , qui avait etC choisie comae le meilleur compromis entre volume , poids , pnix et possibi lité de
rCaliser des tBles magndtiques convenablea.

— Lea besoins des Cquipements et l’Cvolution des techniques ont conduit 1 ”fixer ” ce tte fre~uence avec
une faible tolerance , d’oil la gCnCralisation des rCseaux “al ternatif” I : —— — —

400 Hz — 1 1 5 V (tension simple) — 200 V (entre phases).

Beaucoup de peti t, consomsateurs restent monophasCs, alors que les gros (méme en triphasC) posent des
probléme s d’Cquilibrage des phases. La distribution de cette Cnergie est trCs deniandCe : abaissement ou
ClCva tion facile de Ia tension , utilisation de moteurs asynchrones C vitesse asses prCcis., frequence de
rCfCrence f ixe pour calculs divers , etc...

L Ce type d’ aiimentation est tellement gCnCralisC qu ’on l’utilise sPa. pour des fonc tions oil elle devient
trCs co.’teu se. En e f f e t , is regulation de la vitesse des alternateurs abaisse Cnormément leur rendement (40 1
pour Ids petite , puissancea , 60 2 pour les plus grosses) . Or , ii ea t mom s dif f ic ile  aujourd ’hui de rCduire
les messes at enco’ibrements de ces gCnera teurs qua de remonter leurs rend ements , cc qui pose un problCme pour
lee avions 1 hautes performances.

-J I I.e asuvais rendement de la gCnCration 1 400 Hz eat dO principalemen t C ls plus ou som e large p1mg. de
vi tesses d’entratnesent des gCnCrateurs qu ’il faut transformer en vitesse fixe regulCe .

— Pour rCdu ire Ia quantitC de chaleur C Cvacuer , plus encore que pour aliCger lea transmissions de
puissance , certain. avions possCdent des alimentations de puissance ~~~~~~~~~~~~~~~~~~~~~ Ce type d’aiimen—
tation, normalist jusqu ’I present de 350 C 600 Hz, est utilisC par des Iquipements de servitude (cx : Avion
RRECUET—DASSAULT “ATLANTIQUE”).

__________ - - _~~~~~~~_ .  - -S-—--~S—--SS~~~~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- -~-~-—~~~- ---~~~~ - -—~~---------.----—- —~--~~—-- --—— —----- -- ---—---~~~~~—- -~~~~ - 
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: Des étude. sont en cour. en vu. Is porter , ci possible , Ia piage de frCquence j usqu ’au—delC de 1000 Hz.
Cette puissance aurait use utiliestion cr1. gCnCrale, example : tous les consomaateurs qui redressent le
courant alternatif. Certain. soteurs sermient alourdia , exemple : Clectropospes I 2 régime. de vitesses ou
doubiC.s en noubre aux basses frCqu.nces ; d’autres moteurs de faible puissance verralent ieur rendement
di.inu.r , •xsmpI. : venti lateurs , 

S

Par coatre , i.e Cqumpemsnts 3. pr4cision exigeront toujours une alimentation C frCquence fixe , exeniples
gyroscopes, machines synchro. Quoi qu’il en soit , les gains de poids sur lea genCrateurs et cur lee dispo—
sitU. de refroidissement seront important..

Des aliseneationis special.. existent cur certain, avions pour résoudre des problCmea particuliers :

— RCaeaux alternatif . C tension CIevCe (cx : 230/ 400 volts), limitCe par les seuils d’isolement des
composants, pour gagner cur Ic poids du cSblage .

— Circuits localisCs C courant alternatif redressC ou C forme d’onde non sinusoidale pour des petite
utilisateurs dont Ia fiab ilitC est liCe C l’indCpendance ou I la redondance.

— Chargeurs I tension programaabie pour batterie s spCcialisées .
— Circuits aiternatifs 26 volts/400 Hz mono ou biphasCs, utilisCs dana les systèmes de caicul .
— Circuits bass. tension d’Cclairage on de signalisation (5 volts en general) .
— Transmission de signaux digitaux par lignea spCciales.
— L’ augaentatiom de la tension des rCseaux “continug” ferait gagner sun le poids de cuivre I installer,
mail augmenterait vite I. poids cC le volume de i’appareillage (isolement , coupure , consiutation),
sans supprimer 1. “continu” basse tension indispensable.

2. GENERATEURS DE PUISSANCE.
H

Lea ameliorations const~~~~nt apporeCes aux sources de puissance électrique ne peuvent faire l’objet
de cet exposC , mais certamme s differences et 1.. tendances de leur evolution permettent de lea caractCni—
sen ici.

2.i. as batteries d’acc~~u1ateurs.
Mal gré 1.. implratif . d’entretien des batteries et le loin 1 apporter I leurs condition. de recharge,

ceiles—ci restent la seule reserve d’Cnergie Clectrique imsCdiatement disponibie dana lea cas critiques.
I.e type is plus gCnCralisC eat Ia batte n . alcaline mu Nickel—Cadmium , directement ou non raccordC. au
rCseau 28 volts.

— Laur ca acitC dCterminCe par 1.. becom e prCvus (désarrage autonose des moteure de l’avion ou durCe
de vol en “a tre.se ) pout all.r de qu.lqu.s ampéres—heure 1 45 Ah. Cette capacitC eat dCfin ie par le cou—
rant constant qu’ell. peut dCbit .r pendant 1 heure dans des conditions narmales de temperature (20 C 25°C)
avant de tosber 1 20 volta 1 ses bormes. Ii faut se mCfier des capacitCs donnCes pour des durCes de decharge

— plus iongues.
— Lee courants de recharge variant avec Ia tension appliqué. aux bornes, avec I’€tat initial et la

dunCe de Ia recharge, avec 1. sombre d’Cieaents at avec la temperature di ceux—ci. On voit apparaltre des
di.positifs de protection ou des chargeurs plus ou oins complexes, destine. 1 intervenir en cas de danger
par surcharge ou 1 empCcher ces cas. En principe , chaque batterie est seu le en parailCle avec Ia (ou les)
autres sources de son rCsemu continu, pendant tout. Ia durCe du vol, cc qui la rend imaédiatement disponible
(pas de coupures) et Iui perset de jou.r un rSIe de filer. grice C em bass. impedanc e (compensation des
transitoires dans lea 2 sens).

Avec lea performances augmentCes des avions (durCe de vol, temperatures des soutes) la tendance est de
sCparer les batteries des rCseaux d’utilisation af in d’adapter las tensions de recharge sans influencer 1cc
autres consomsateurs. On rencontre ainsi, b i t des batteries couple.. 1 un chargeur et C un petit sombre

- - d’Cquip.aents devant Ctre utilisC. en “dCtress.”, soit des batteries qui seront isolCee du rCseau quand leur
charge eat terminCe.

Xl en rCsulte , cur 1. rCseau, des d i f f i cultCs dues aux “ronflettes” (Ripple) et aux différents  transi—
- I toires. Un coupromis ou 1. choix entre lee 3 formul.. de recharge re.te C Ctablir , suivant lee types d’aCro—

nsf. ou suivan t les moyens de maintenance.
“ I
• — Les limit.. de tension d’ali.entation des Cquipements dependent donc du schema retenu

Paibles Ccarts de tension stabilisCe et phCnomCnes transitoires plus inaportants at systematiques
i s . quand Ia batterie n’e.t pa. en “tampon”.

Tension. stabilisC.s pouvant s’approcher de 30 volt. et peu de transitoires (Surges) de toutes façons
l imitCs , si la batten , rests en parallCle avec les consonm,ateurs.

2.2. GCnératnic., a courant continu.
- I Li. avions, me Justif Lane pas I. b.soin d’un gCnCrateur de courant alternatif , oct toujouns une machine

tounnante I coliecteur fournissant du courant continu, comae source pnimaire d’energie pouvant all.r jusqu ’1
- . 12 kM . Quand Iss motsurs de ccc avions n’ont pas besoin d’un système de demarrage indirect (cx. turbine), une

S CC nér atr ice—dC. arneu r est adapeCe aux caractCniseique s de dé.arrage et de vitesse du moteur.
Un £4I~M!2Lr Clectronique maintient cheque fois Ia tension founnie au rCseau dans une tolerance favo-

rable 1 is recharge di la batterie qui a ssrvi mu dCmarrage . Mslheureusement, la regulation par transistors
- I gCndne uns ondulation rCsiduelle 1 frCquence variable Cl.vee plus ou mom s bien filtrCe. La presence de con—

s o a teurs non liaCairss (Convertisseurs statiques) cur le réseau augment. cc phCnomCn. et peut 1. r.ndre
aussi $$nant qu’av.c uni alimentation par Transformsteur—R.drssseur,

En cas de GCnd—DCmarreur , Ia puis.ancs miss en j.u pendant 1. lancement du moteur provoque une sous—
tension important. que doivent encais.er lee équipeaenta déjl branches sun Is rCseau (au .01 comae en vol).

- - -
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C’ est pourquo~ il n’y a james. de protection de soua tension sur ces rCseaux Par contre tl est plus facile
d’y adapter une protection de eurtension de gCnCration , tarCe asses baa en régime stabilisé (I partir de
30,5 volts).

Lea genera tnices 1 courant continu sont genCralement couplCes par 2 en paralléle quand il y en a plu—
sieura. Leur regulateur est alors prCvu pour assurer un bon eguilibne de laura charges. Dana la pratique,
lea système. de regulation cc peuvent qu ’Cquilibrer la tension ou le counant moyen , mais non en valeur de 

S

crite, d’oil une augmentation sensible des ondulationa rCsiduellea qui peuvent presenter elles—mémes une on—
5 dulation importante. C’est le cas s’il y a une troiaiCme gCnCratnice ou des consoninateurs non linCaires sur

le réseau.

Bien qua la battenie en tampon attCnue ces phénoménes, ccc derniers equipements devront étre convena—
blement filtrCa C l’entrCe sous peine de perturber 1€ rCseau en y introduisant leur propre rCsonnance .

2.3. GCnérateurs de courant Alternatif C frequence conatante .

S ~ Ils Bout presque toujours constituCs d’un alternateur triphasd tournan t C vitesse constante , generale—
ment auto—amorçable et indCpendant du réseau continu de bond.

. ~ 
Leur entratnement eat assure par divers systCmes indCpendants ou integrés avec l’altennateur ; on dis—

tingue :

— Les systCmes fl!~EE2~~~~!~!~~! 
decomposant le domains des vitesaes en plusieurs plages, Oil un accou—

plement 1 courant de Foucault regule la vitesse par l’intenmédiaire d’un diffCrentiel. Ce systems eat utili—
sable pour de petites at moyennes puissances (jusqu ’l 25 ou 30 kVA), il a malheureusement un trés mauvais
rendement en fin de chaque plage . I.e rCgulateur est conunun pour Ia tension at la frCquence , qui sont soumises
ensemble 1 certains transitoires de fonotionnement normal.

— Lea système. 
~~ E2 !~E~~AS!!! dana lequels un ensemble pompe—moteur hydraulique agit sur le différen—

tiel qui entraine l’alternateur . Ils son t utilisables pour lea grosses puissances (40 C 120 kVA) mais dans
des domaines de vitesse qui ne peuvent guCre dCpasser le rapport 2. Leur rendement est d’autant meilleur que ~ 

-

la gamse de vi tesses eat rCduite .

— Des systemes uniquement h~drauliq~e! ou UIé~~~ni5UeS pour des petites puissances, mais dont la plage de
vi teasea , le rendemen t ou la fiabilité insuffisants limitent lea app lica tions.

— II faut inentionner lea systeme s C vitease variable et frequence constants (V.S.C.F.) comportant un al—
ternateun polyphasé C frequences variables élevCeg et un convertisseun de frequence statique. Lea thynistors
de comautation de cc dernier necons tituent une source triphasCe 1 400 Hz.

Cett e solution electronique nécessite de grandes precautions d’an tiparasitage et de filtrage qui l’alour—
dissent et cc peuvent empécher des modulations genantes pour Ic rCseau. L’absence d’élément amortisseur, S

comae dans lea systémes dCcnits plus haut, peut faire apparaitre des nésonnances prohibitives dana la chaine
(depuis la pnise de mouvement jusqu’aux divers consonmiateurs).

~~~~~~~~~~~~ 
insuffisanta pouvant tomber 1 40 2 en régime croisidne, encore acceptables sur des avions

1 performances limitCes (puissance installée et vitesse de vol),deviennent critiques sur lea avions d’armes
modernes. En effet, le refroidissement des generateurs ne peut se faire avec de l’air ~haud C grande vitesse,
ni par l’intermëdiaire du pCtrole consoimiié (plus froid) aux basses vitesses, d’oü la nécessité d’installa—
tions complexes.

Lee sources d’energie pnimaires exigeron t dans certainea configurations d’évacuer au mom s 50 kW, sans
compter le refroidissement des sources secondaires et des équipenents consommnateurs.

4
~~~~~~~~~~~~~ des générateurs, assunCe par des circuits electroniques groupés ou non pour des raisons

— pratiques ou dtenvironnement, maintient tensions et frequence dana lea tolerances contractuelles, en principe
meilleurea qua celles des nones génerales des réseaux de bond (voir pius loin). La protection des réseaux

- - contre lea dCfaillancea des génCrateurs eat assurée par des circuits différenciés intCgrés ou non avec las
rCgulateurs.

— L’ obligation de ne pas dCclencher intempestivement , lor aque lea paramètres atteignent les valeurs
limites prCvues, a conduit 1 dCcaler ou temporiser lee seuils des protections. L’Cventualité de depassement -~ 

—

momentanC des limites actuelles en régime stabiliad res te cependan t breve et faible.
-1

- 1  4 C’ eat ainai que la tension simp le ne doit j amais dCpassen 124 volts stabiliaCs et qu ’ii a fallu fixer
1.. seuils de protections 1 132 volts (phase la plus haute). L’expdrience a confine le realisne de cette

- A mange de sC:uritC. Inversemnent pour lea fréquences, les tolerances des protections peuvent étre plus reese—
nCes que ceiles des nones, pour certainea applications.

— Dc mime , pour Cviter des transitoines de tension inutiles en can de sous—frCquence, il eat bon que
ces 2 paramltres cc soient pea lies ; ii peut donc arriver , en can d’ anrCt rap ide des parties tounnantea
(anomalie), une baisse bru tale de la frC quence avan t que le déclenchement par la protection cc aoit obtenu .
Pendant cc tempa (mom s de 100 milli—secondes) les Cquipensents peuvent se trouver entne 350 et 300 Hz avec

-
- 

une tension presque normale.

2.4.  Alte rnateuns 1 frequence variable .

Comae il a etC indiquC au debut de cet expose, founnir une puissance Clectnique I frequence f ixe C
rous lee Cquipementa act trIa coOteux en puissance inataliCe .  L’ existence de nCaeaux C fnequence variable

7 (piages largea ou Ctroites) et l~analyse du fonctionnement des Cqui pements montrent qu ’une grands majori té
S d’entne eux seraient aptee ou adaptables I une frCquence variant dana le rapport de I 1 2,8 ou 3 (soit

environ 360 1 1080 Hz). I.e gain de poids (20 C 35 2) obtenu pan la suppression des entraInementa et la né—
duction des systCmes de refroidissement, peut itre reperdu sun l’augmentation de certaine Cquipements
(Pospes, Radar , etc...). Par con tre , coap te—tenu de l’augmenta tion d’Cchauffement de certains consoemmateurs ,
on peut compter aur une diminution de chal eun C Cvacuer de l’ondre de 50 2.

~~~~~~~~~~~~~ 
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La fiabilitC du système de generation aera largement augmentCe, son encombrement et son entre tien aeront
diiiinuks. Des etudes sont C entreprendre pour connaitre les repercussions de cette frCquenc e, diCe “Sauvage”, ~ -

sur l’adaptation de certains moteure et des gros Cquipemnenta Clectroniques. Pour plus de details, voir
tableau n° I.

2.5. Transformateurs — Redreaseurs . - -

Ce sont des sources secondaires de courant redressC et filtré , alimentCea pan lee rCseaux 1 courant
alternatif rCgulCa en tension. Leur caractCristique de tension en charge U (1) eat une droite descendante
due au tranaformateur. I.e point de fonctionnement sur cette droite eat dCterminC par la charge du nCseau
alimentC. 5

Quand on ne peut connattre I l’avance la zone soyenne de charge, le pninamne du transformateur est - 
S

CquipC de prices de rCglagea s’Cchelonnant sun I ou 2 volts (C la sortie) pour permettre de choisir le
meilleur compromis cur lea tensions C faible et 1 forte charge. En outre, aux faiblea chargee, ii y a mine

- ~ remontCe de la tension bien mu deasus de la droite mentionnCe plus haut, due I la moindre chute de tension
dana les diodes et au fil trage mom s efficacea . Si on doit envisager le fonctionnement aux trés faibles char—
ges , on peu t avoir jusqu ’I 4 volts d’Ccart entne tensions I vide et C plaice charge.

La forms d ’onde de la tension fournie eat liCe I la qualitC du filtrage , lequel ea t plus facile avec
mm schema de redressement dodCcaphasC. Cette formule est C rechercher systCmatiquement chaque fois qua la
puissance I redresser eat une fraction appreciable de la puissance alternative installCe. Mime I l’intCnieur
d’equipements (cx. Radar) le supplement de poids, par rapport I mm redressement plus simple, est vite rat— S

trape. En elEct , lea ondulationa rCsiduelles et lee rCinjectione cBtC alternatif sont plus reduiteq,ce qui
eat d’ autant p lus avantageux quand il fau t isoler la battenie.

On realise actuellenent des Transfo—Redresseurs qui , bien qua non negulCs , éliminent presque complete—ment Ia surtension aux I aibles charges at rCduisent de moiti C l’ondulation rCsiduelle. Celle—ci reste cepen—
dant liCe C l’importance des consomnateura de courant non linCaire aur le rCaeau.

S 

- 2.6. Convertisseurs “Continu—Alternatif”.

Ce sont des sources secondaires de courant alternatif utilisées soit sun des aCronefs n’ayant paa de
source prirnaire d’alternatif, soit pour des rCseaux privilCgies (paa de perturbations) ou de secouns
(dCtnesse sur batterie). Seuls las conventisseurs statiques nous intéressent dens cat exposé.

II eat plus facile de construire des convertisseurs statiques monophases que triphasCs surtout quand
is puissance dépasse quelques centa-ines de Volt—Amperes. Ccci pose C l’avionneur quelques probllmes du fait
que sur lea néseaux alternatifs ii y a inten t C avoin le mom s possible de puissance non Cquilibrée. On fait
appel I des compromis divers en multipliant ce type d’alimentation (convertisseurs proprement dit ou alimen—
tation intégrCe I certains Cquipements), cc qui multiplie en mime tempa leurs interferences sun le rCseau
qui lee alimente.

Lea rendements des convertisseura ne sont jamais trés Clevés (50 I 65 2), pour cette raison Cgalement
leur nombre est I réduire. Ce faisant, on facili tera en outre leurs systCme s de protection : en amont, mom s
de distribution, en aval , plus de puissance disponible. En effet, Is puissance de surcharge des convertis—
aeurs atatiquea eat toujouns faible, cc qui pose des problémes de aClectivitC (calibrage des protections aval).

— Lea u nites d’utiliaation des conventisseurs dependent des beaoins qu’ils doivent couvnir. La frCquence
eat toujours trés stable (oscillateur), la tension ne présente que peu de transitoires, toujoura plug rCduita
qu’avec lea machines tounnantes ; la mice en route eat extnimement rapids.

5
5 Pour des rCseaus de “Secours”, le meilleur rendement devra se placer aux faibles tensions d’alimenta—

— tion afin de prolonger l’autonomie sun batterie. A cc moment , on poumra tolCrer de moindres performances de
regulation (voin cornea).

j  Dane tous les cas, le filtnage est trèa important af in de ne pas rCinjecter dana le r€aeau continu dee S

• compoaantea alternatives dont lea frCquences de base legérement diffénentes provoquent des modulations d’on—
dulation résiduelle rapidement

~1• 3. CARACTERISTIQUT S ET EXIGENCES DES SYSTEME S ELECTRIQUES.

3.1. RCseaux de bord.

5 Nonme s exietantes.
Les u nites des diffCrents paramCtres de l’alimentation Clectnique et de son utiliaation sont dCfinies

par des nonmnes nationaies, asses voisines les unea den autrea
AIR — 202 1 — D (rCviaion en cours)
B.S.I.—3 C 100 : Part 3 ( et I.S.O. : 1540—2)
MIL—STD—704 A (Edition B en discussion).

sont lea plus connues.

Leur conception nemonte C une dizaine d’annCes, Cpoque I laquelle on n ’avait pas encore l’expCrience des
calculateun a ernbarquCe et oil lea divers Cmetteurs n’Ctaient pan auesi nombreux et puiseanta. Elles restent
cependant des bases trés valables. Bien dee difficultCs seraient CvitCes si rCseaux et €quipenents leun

-J Ctaient conformea, sinai qu ’aux com es d’antiparasmtage ClectromagnCtique (dont nous ne parlerons pas ici).

ExceptC Ia plus rCcente dea normea citCea (B.S.I.), aucune ne donne de mnCthodes de verification de corn—
patibilité. Toutes sont insuffisantes en cc qui concerne remission et is susceptibilitC aux phCnomCnes sui—
vents, dana lea aviona militaires ; sh ea eont :

— incomplCtes pour lea pointea de tension eubtranaitoires (spikes)
— trop thCoriques pour lea transitoinee de generation (surges)
— pCrinaCes pour lee modulations et ondulations.
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Li seul document existant qui Emit une bean. approche de Ia conpatibilitC sit Ia “110.160” diffuse par
Is R.T.C.A. (Radio Technical Comaiasian for Aeronautics) en collaboration avec 1’EUROCAE (European Organi—
sation for Civil Aviation Electronics). Ce document fixe ou recoemande Les procedures d’eesais cC donna les
lisites de fonctionnemant normal et anorma l des rCseaux .

Pour lea avions militaires, l’optmnaiaation qua nous necherchons nCceseite plua de prCcigiona, mime -

quend certaines mnCthodes relévent plus des “rCglea de l’art” que d’easais normalisCs (cx : mmprCciaion des
impedances pour lee phCnomInes cites p lus haut).

Zones d. foztctionnement. S

Tous lea ClCments des eystCmea Clectniques reateront pendant Ia presque totalitC de leur vie au void —
cage dee conditions de lonctionnement “Nominal” , c’eat— 1—di~e dams un domaine oil les variations des pars—
metres aont connues quantitativement en amplitude at en pCniodici tC , parce que s~st~mati~uea pour l’accom—
plissement dcc vols ou des emissions.

Dc part et d’autre de cc domaine , 11 reste encore des zones oil le materiel doit conaerver toutes sea
performances maLe Oil ii se trouvera rarenent, 1 la suite mis dCfaut aineur ou d’utiliaation margiaale. Cea
conditions peuvent durer pendant tout un vol maIs cc se repCteront pas souvent. Ce sont des conditiona 

S

±!!2~~ !!fl 
dans he donmaine “Norma!” ; on peut chiffrer leura l imites mais non pas leur durCe. Cependant , S

d ies affecteront peu Ic potential de vie des compoasnts, cc dont on tiendra compte dens leur choix at lea
calculs de fiabilitC. Examples : tenue I des temperatures extrimea, apparition at elimination d’un défaut
sur un au tre Cquipement , dC tCrioration momentanCe du fiitnage , etc. . .

La troisiéme zone de fonctionnement, dite “Anormale”, se situe au—dell de Ia precedence mais me dolt
jamsais dCpasser des limnites garanties par lea protections génCrales. La sélectivité des protections doi.t
itre tell. qu’ehlea n’agiaaent ni prématurCmsent ci Crop tend. Ii en rCaulte qua, suivant is gravité du
dCfaut , le fonctionnement Anonmal puisse se maintenir exce2tj onnellement jusqu’C intervention, c’est—C—dire
au pire la f in  du vol.

— On peut en conclure que les 3 niveaux de u nites de fonctionnement, données par leg nommes citCes
pius haut , me sont ~55 liCe aux pourcentages de Ia puissance ut ihisCe ou coupée nab C cc qui est dit ci—
dessus. En outre , af in de nieux cerner lee conditions de travail  des Cquipements Clectroniques pour mieux
les définir, il conviendrait de gCnéraliser cette notion des 3 niveaux aux regimes atabilisés ou amine sub—
transi toires , am lieu de me considérer qua le normal et l’anormsal.

— En régime stabilisé, l’slimentation electnique eat dCfinie par les paramétres Tension, FrCquence at
Formic d’Onde. L’exp€rience a montné qu ’il Ct ai t  p lus facile de parer aux affaiblis sements de is tension
qu ’I ses augmentations . Compte tenu de l’exttCrne nareté des tensions u nites anormales, lea nam es lee plus
rCcentea citCes plus haut (U.K., I.S.O., at D0.160) en ont nemontC légérement les valeurs ; ccci facil l  V

ha sClectiv itC des protections. Las valeurs correspondantes, donnCes dana he tableau n ° 2 , aont cehles des
specifications des avions fnanqais at dotment satisfaction.

La frCquence at 18 fomnie d’ondc dCpendnont des rCseaux (pniviligiCs mm non). Toutes lee comes citCes
sont imprCcises au aujet du domna ine den frC~uences en régime stabihisi. Pour les gCnCrateurs primairea C
frCquence fixe , on peut exiger de me pas sortir de is plage 390/410 Hz, se dCcomposarm t en

4 Hz pour is modulation, I Hz pour is precision du rCgiage et 5 Hz pour le glissemmment on d€nive. Pour
des réseaux diffCrents, d’autres plages peuvent itre dCfinies contractuellement .

Lea canactCnietiques de modulation en al ternat i f  et d’ondulation en continu sont imposCes pan lea semi—
conducteura (de regulation , redressement ou conversion) qui peuvent ou non interferer entre eux. Elles n’oat
plus pour onigine lea regulations non Cieccroniquea qui Oct servi de bases aux limitations toujoums imposEcs
par lea comes. L.a amplitudes et spectres de frCquence de ces phénoménes sont C revoir en fonctian de cc

- . I qu ’ils sont rCellament et des besoins des Cquipamenta. La bande Is mnoins precise se trouve entre 100 et
1000 Hz. I.e domain. de fnCquence de cas perturbations rejoint donc langement celui des interferences €lectrci—

-
‘ 

magnCtiquee, tnanamiaes pan conduction.

— Lea oou2ures d’aiimen tat ion ou manquea de tension peuvent itre décomnposées en
—cas anormsaux, mom s de 7 aecondes (cornea) que l ’on sait nCduire de moit ié , si nCceasaire
—can normaux , mom s de 200 mihlisacondes qua l’on pout rCduire 1 50 mae sun des rCseaux de faible puissance ,
—cas epCcisux pnivildgids (examples systénes calculateurs intCgrCs) que l’on pent garantin sans coupure C
partir du rCseau continu ou C mom s de 50 ma C partir de l’altemnatif , main pour des puiasances rCduites.

• 
S — Lea regimes transitoires.

5 - 
— 

Ce 90cC des variations eutne 2 regimes stabihisCs d’un paranmétre ; leun dunCe peut s’Ctendre de quel—
ques millisecondas C quelques sacondea . C’ea t pourquoi on lea appall. transitoines de longue dunCe (“Surges”)

— on de regulation ; u s  proviennent du comportement de ha gCnCration at de see T€actions via C yin des besoins
du rCsesu. La puissance qu ’ile mettent en jeu vient da is reserve on de l’insuffisance d’Cnengie des gCnCra—
teura.

— Les himttes des 
~~~~~~~~_4~~!~~~

p eont dCftntes par lea cornea de3C citCes suivant lea differents
niveaux de fonctionnement. Lee courbes donnCea n’y sonc pan les enveloppes des transitoirea, mais celles des
crCneaux d’Cnergie Cquivalentc (“Step functions”) qui nisquent de surcharger lea Cquipements utiliaateure.

Lea valeurs d.e tensions maximnales imposCee cant rCahiates , compte tenu de cc qua lea rCseaux continua
peuvent itt. alimentCs pan des gCnCratrices am des alimentations de terrain et qua leur batterie pout Ctre
coupé.. Par contre, si i’on eat certain que cette alinmentation se fera toujours soit avec las batteries de

- 
- l’avion coupiCes, soit pan 1cc transfo—redresseurs de l’avion , lea maxima exigCs peuvent itre abaissCs cbs—

cun de IS volts (soit mmxi en anormal 1 65 volts) pour he continu .
-

- — Las u nites qua donnent lea names aux tra~si~9i~es_de fréSuence sont des valeura extnimnes rarement
nencontrCea cur lee avione d’armnes, en particulier la dunCe des valeure anonmamles.

- 
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D’autre part, pour des durCes infCrieures I 2,5 ma (1 pCriode du 400 Hz) cc n’eat plus une variation de
fr Cquence maia une deformation de La forme d’onde, due C is reaction d’induit dams unemmnchine tournante
ou C l’amorcage des circuits dana un système statique.

— Las phCnomCne a ~~~~~~~~~~~~~~~
Cea impulsionc ou pointes de tension (“Spikes”) de polaritC quelconque se auperposent localernent aux

tensions de chaque nCseau. flies sont dues C des phCnomenes trés brefs (haute frCquence) rCpCtitifa ou non,
venant des Cquipements ou de leur cibl age, par conduction ou par induction. En raison des impedances variCea
de laura sources, des lignes et. des rCcepteurs pour lea frCquencea correspondantes, il n’existe pea encore
de negies d’intervention applicables I tous lea cas rencontrCs.

Nous donnons ci—apnis un classement experimental qui parmet de fixer certaines limites at d’indiquen
lea protections reco~~andCes. On distinguera

— Lea ~~~~~~~~~~~~~~~~~~~~~~~~~ (on normaux) qui font l’objet de limitations dams lea normes nationales ,
pour lee rCaeaux continus seulement. u s  sont constituCs d’une impulaion pseudoainusoidale plus ou moLe

S ; rapidement amortie (frCquence autour de 100 kRz) qui met en jeu beaucoup mom s d’Cnergie qua lea transi—
toires décnits plus haut (de l’ordre de 500 fobs mains). Ils sont dangereux en raison de la valeur de is

5 aurtenaion atteinte (claquage) .t de laur faible tampa de montCe (rayonnement) . En aiternatif, u s  peuvent
- ~ atteindre 1000 volts, oct mm tampa de montCe de 2,5 1 5 micro—secondes et sont rCsonbCs an m o m s  de 10

nicro—secondes. En continu, u s  me dCpassent pan 600 volta mais 15 dunCe de l’impulsion eat 2 1 5 fobs plus
4 longue. Nous avons reproduit I gauche de is planche jointe (en trait continu) lea enveloppea de ccc sub—

tranaitoines. La pantie droite de cettc figure donne lea limites des transitoirea de generation, an régime
anormal .
— Las 

~~~~~~~~~~~~~~~~~~~ 
rCpCtitives on peu amortics , dont l’onde initiale est semblable aux précC—

dentes mail pouvant atteindre respectivement 1200 V et 800 V ou se répCter par suite de résonnances ou d’un
— smortiaa.ment lent. La coupure brusque d’un circuit selfique en eat un example courant. La fréquence de ces

perturbations peut slier de 100 1 500 kHz. Leur enveloppe peut atteindre lea limites en trait discontinu du
centre de is planche citCe.
— Lea eig~~u x C  front trés raide, mime s’ils n’atteignent pea lea amplitudes indiquéaa plus haut pauvent
paraeiter lea Cquipementa utilisant des composants. modernes (genre bascule Clectronique) ou des informa—
tiona digitales. Des mesures ont montrC qua lm rayonnement d’une iigne, siege d’une variation de tension de
500 I 700 V en 100 nanosecondes, nous mettait dana cc can.

— D’~~~~~ f_f !~~~ non maitnisés peuvent se propager dans les rCseaux de bond en atteignant localement des
valeurs prohibitives. u s  peuvent avoir diffCrentes causes (faiscesu Radar, impulsions Laser, dCcharges
Clactroatatiques, emissions Ciectromnagnetiques, etc...) L’expCnience montre qua sur lea aviona actuels, u s
na dCpassent qu’exceptionnellernent lea enveloppes “normales” dCcnites plus haut. Mais mc avion qui senait
dCbarrassi, I leurs sources, da tous lea “Subtransitoires” d’onigine rCseau pourrait itre encore le siege de
tels phenomenes.

Applications pratiques

Tous lea subtransitoires anormaux (autres qua ceux dits clsssiques ci—deasus) qui peuvent spparattre
localememt dana un rCseau, plus ou mains amOntis par las impedances de uigne, dcvront faire l’objet de
recherchee et de parades, soit par amelioration de cibisga, soit pan misc an place de dispoaitifs da protec—
tion CcrCteurs .

Remnanque ha f igure de is planche jointe, tracCe en double Ccheile logarithaique (hyperbolas d’amortis—
sement transformCes en ligne s droites) pernet de rassembler lea limitea demandCcs at d’spprécier lea Ccsrta
d’Cnargie C écouler suivsnt leur dunCe. L’excCa de puissance mice en jeu dana chaque cas depend de is surin—

— 
tensitC , donc de l’impCdance de source et de charge pour is frCquence du phenomena trsnsitoire.

3.2. Equipements at “Avionique” .

Compatibilité avec lea rCseaux .
Toue lea Cquipeaents Clectniques et Clectroniques doivent itra conformes aux normes nationalee des

- 4 CaractCnistiqucs des rCsasux electriquea de bond. Jusqu’I present, ia compatibihitC I ccc exigencee n’Ctsit
pas codif iCe par des procCduree d’eseais. Las exceptions ci~Ces su debut dc cc chapitre (Normes existantes)
s’avCrent intCressantes main cc coat que des “exigences minimalea”.

~~1: Dee documents constituent des reconmmandstions comaunes aont indispensables pour is validitC des casais ~
. 

~~
de comnpatibilitC “Equipernents — RCseaux” . Leur mice mu point eat comp lex. et devra presenter asses de son—
please pour itre applicable I des aiveaux d’exigencas propres aux aviona militainea at mentionaC dams lea V
specifications contractuelles (cx. Radar) .

Lea conditions d’environnement et des easais de qualification doivent itre prCcisCs dane las spCcif i—
cationa particulieres ou contractuelles dee fournitunes. En panticuliar, pour lea conditions d’antiparasi—
tag. magnCtique et Clectromagnetique , par conduction et rsyonnamcnt , Cumin at r.çua , la norma Ia plus cow—
pieCe 1 cc sujet est is MIL.STD 461 A (Notice 3/USAF )
comiplCtCe par is MIL.STD 462,

S 
-

Lea normal claseent lee Cquipements en categories A, B, C,... Z suivant leur utilisation. Cahles—ci
m ’Ctan t pea connuee I priori , me sa sont pae imposCes. L~experience montre qua pour lea chutes de tension
i& quasi—totalitC est dana is categoric “B” (c ’eat—C—dire 4 volts autorisCe en aiternatif at 2 volta en

S contimu) . Pour eviter tout malentendu, il convient de me mentionnen ces claaaea que pour lee cas d’ espCce,
dane ~ea specifications particu liCree (cx. cisese ou sCvCnitC d’essais d’anvironnement).

L ’utilisstion de plus en plus abondante d’Cl.ctnonj que impose des precautions contra laura inter—
fCrences diverses , ii f audra

L -  S - ___ - -- --- --~-~~ - -  5 _ _ - 5-
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— Eviter su maximum lea courants de circulation par le neutre de l’altennatif. Pour cela, las utiliaa—
teurs de courant alternatif suront une consoninstion equilibrCe aur lea 3 phases, cibiCea sane neutre .

— Seuls lea utilisateurs de quelqucs dizaines de V.A. pourront itre monophasCa I condition qua is phase
aoit indiffCrente.

— Le neutre, comae le Zero volt du continu aeront ciblCa, isoiCa l’un de l’autre et du boitier.
— L’Ccran des circuits blindCs, interne ou externe, sara raccordC 1 une borne de connacteur pour conti—

nuitC des

Fonctionnemnent.
— En accord svec las zones de fonctionnament dCcnites plus haut, (en 3.1.) lea Cquipamentc conaervcnt

leura performances dana toute is zone de fonctionnemnent “Normal” , qu ’il soit systCmatique on Cventuel. Ce
den ier css plus dur main rare n ’affectara ~55 souvent ie potential de vie des compoasnta.

— Entre is limite maximale prCcedente et is limite extrime du fonctionnenent “Anormeal”, lea prescrip-
tions des non es s’appiiquent (performances dCgradCes on dCclenchement). Lea cornea ne prCciaent ml si, en
cas de dCclenchament spontanC d’un equipement en conditions anormales , le rCarmement eat automatique ou
non , ni ci aprCs un fonctionnament anormal maintanu uce verification de l’appareil s~lmposc. Len spécif 1—
cations du système devront le prCciser.

- V — Le fonctionnement “Secours” (Emergency) concerne easentiellement le fonctionnement sur battenie en
content continu, qu’on iimitera 1 18 volts aux bornes de l’equipement (su dassous de cette vsleur, cc m ’estqu ’un régime transitoire on can d’espèce exceptionnel).

— La tableau n° 2 (dCj I cite) rassembie ies u nites de tension des types da fonctionnement envisages.
Lea valeurn gui y sont souli gnees se retrouvent dana toutes lea cornea , lea autres valeura plus récantes
sont conformes aux documents B.S.I. / I.S.O. at 00.160.

Toutea autres limitea devralent faire i’objet de documents particuliers contractuels, resultant de
l’accord des parties. Lea cornea sinai aiiegCes me aersient plus aujettes 1 interpretations.

— D’ut’a facon genCrale, tous lea équipements Ciectroniques at Clectriquea doivent pouvoir fonctionner
e~~~~Csence dcc nerturbations dont le nivesu me dCpsase pan lea conditions dites “Normnalas” (ou clasaiques),
qu~ii s’sgiase d’.~~1ulstions, modulations, paraaitsge Clectro—magnCtique, transitoirea ou sub—transitoirea.
Inveraement, lie ne doivent an aucun cas g~nCrer dens le réaeau des phCnoménes de mines niveaux (mesurés C
ieura bornes). Pour is sueceptibilitC aux Sub—transitoirea atteignant 600 ou 1000 V, ii s’agit de niveaux,
rCgiCa I circuit ouvert avec une impedance de source dCterminCe (20 C 50 ohms suivant procedure) avant d’Ctre
appliqués 1 l’Cquipement. Ii exiate d’autnes procedures an mains ausni exigantea (voir 00.160.).

— Pour obtanir las résuitats ci—dessus, exceptC he cas des subtransitoires examines plus loin, at pour
protCger lee circuits dana is zone des t!~~~~2ires ”Anormaux”, on utilisers des filtrages convensbiea et
un dimennionnement cuff m eat des coulposants. Se reporter aux himites en trait continu figurant sur le c6té
droit de is pianche jointe (on pourrs abaisser 1 65 V lea maxima en courant continu) .

— Las équipements devront se protCger cux-mimea contre lee Sub—tranaitoire s 5 dita ciassiques plue haut ,
de mime qu ’eux—mimes ou leura composants me devrónt Cmattre de poictes da tansion de mimes niveaux (limitea

— en trait continu figursnt 1 gauche de la planche). Ccci pourra itre obtenu au moyen de diapositifa écrCteurs~

Lea montages génerateurs d~j~p~l5jofl5 davront lea Ctouffer an mayan de “Vsrietancea” et con avec de
V cimpies diodes qui modifient Ic tampa de rCponse ct ls tenue des relais.

La simple protection contra he- pointca plus brCvea vacant du nCsesu sera mieux assure, par des comibi—
naisona de “Tranezorbs” (rCponae pius rapide) . Lea sutres perturbations anormaiea ou 1 front trés raide

I en dehors des limitea ci—dessug doivent faire l’objet da parade dams lea réseaux de i’avion.

4. METHODES DE DISTRIBUTION .

5 Que l que colt le coin apportC 1 Is rCaiication de cheque rCsasu Clectnique d’un aCronef , des impCra—
ti fs de secunite cC de masse ou d’encombrement conduiaent 1 des limitations d’utiliaation.

Quamid Ia puissance Ciectnique m aCsh ea en gCnCrateuna primairea dCpssse une vingtsine de IcVA, ii
coavi.nt a. sCparar lea rCseaux en 2 syatèmc a indCpendanta (an mom s) . Chacun d’ eux pourra comporter

— 4.. circuits de sCcuritC, nCcupCrables en cas de perte des aourcec primaires,
— ma rCs.au principa l conserve tant que icc sources primaires de l’avion permettant de l’aiimentar ,
— dcc circuits auxiliair .s ou “dCi.stablcs” gui , en cas de becalm, penmmm ett ent de conservcr is sCcuritC

Es l ’ s,taa au 44~~ j .snt de cm mission.

~ s-s ame ,i~~~r. 4. circeits spCcislisCs , Cventuellemient symétniquec , peuvent itre greffCs sun lea
-seam ~~~~~~~~~~~~~~~ Ia cheis d.c to.ctions aff.ctCes C chaque system. depend de h ’ emnploi de l’avion, cx

s. __ —m so., ma svi.s ulUcair . a. Drette — Gauch. pour Un avien civil. Ces choix permettant, 1.
• ~~ .4$rSgsl son Es. i~~Iasta t~on. d’Cqulpamsnts, des ciblages et de Icus parcours , etc.. .

~~~~~~.. •s.~emmb& s 4. Ø.Crstemrs, on sera ~~~mC 1 Ici coupler en parallel., 2 1 2 s’ils
a ‘,on.t E,.r tent on p.rtl. des r&s.sux de Pun sun l’autrs em cas de besoin.

• on..so’ . ~~~~swon~ I,ra roOf Cc 4. •i.pI.s logiqu.s, confirmées ou non par l’Cqui pagc ,
- ..~~ - .  so—. ~~~~~. .‘ a. ,,.t., m *.. , cseumasiqv.. II s’y a p.s 4. rIglec absolues , l’Cvo—

- on—so - .on— se. . d ~~ son. so~ so 1st Ion propr..

- . .- ~ .- • - .—. I.. sc~~ma. 5Iectr ~~ma.c d’.,ion .st I. pninc ipe 4.
- .  . - - - ___ —. •pal.s . e~ ivs4.. d ’Climi,,.r mm $Cm&rat.ur 0mm sam rCs.au

.e ~~~~
. •. .‘ so.. Esni I • CI mama s ion set coot lie ama protections
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Ccci eat obtenu par des differences de calibres , de niveaux de tension ou des teuponisations dont
l’Cchelonnement impose las zones de fonctionnement dCcnitee plus haut (3.1.). Ces disposition., conf in—
.Ces par des escaia at des etude s de panne s,, permettent da chit f ran les nisqucs de passage dee zones
fonctionnelles aux zones anormalas. Las rCsultats da ccc etudes compares C cell. de Ia fiabilitC des
Cquipetsentc doivent permettre leur optimisation.

5. CONCLUSIONS.

Af in da contribuer 1 une maiileura utilisstion de i’avionique et des Cquipements Clectniques, mona
cuggCnona cue pour amCliorer l’approche des diffCnents probiCumec, it faudrait

— Alarter lee diffCrents conatructeura sun l’importance primordial. de 1. dCfinition des conditions
de fonctionnement. Na jamsie dCroger sux cornea sans entente pnCaiabic sun un cosaprollia. Examiner de part
et d’ autre , et ensemble s’il y a lieu , las isapCnatif a qul semblent contradictoires.

— Etudier avec rCalinma lea conditions u nites d’utilisation (cx frCqucnces rares ou axceptionnelles)
at lea chiffrer (importance at risquas de ae produire) da façon I choisir des composants ou Cquipementa dont
le potentici de vie coit optimal.

— Reviser um certain combre d’habitudea, en mettant l’accent sun quelques points Reduction dec
cocnomnstiona de courant continu (rCservC sux rCaeaux de necoura) et dcc concomaateurs de conrant alterns—
tif C frCquance fixe (400 Hz) regulee, reserve aux syatCme s de calcul ; ant in meiileura connainsacce e.
diminution maximaie des perturbations apporteec aux sutres consoiimaateurs.

V 
- - EVOLUTION PRESUM EE DUE A LA FREQUEN CE VARIABLE

TABLEAU I
Supposed evolvement due to variable frequency

VARIATION DES GRANDEURS EN 1
PUISSANCE Change rate of values

A FREQUENCE
VARIABLE FOLDS 

- VOLUME PRIX FIABILITE PERTES
S EQUIPEME NTS

- - Concerned . .Weight Volume Price Reliability Lossespower

ALTERNATEUR

Gener ator 80 1 — 35 — 35 — 65 + 20 — 60 C 65

(6 p&les)

TRANSFO
REDRESSEUR 5200 VA + 5 1 + 10 — 5 + 5

F’ 4 T.R. (.c KW) 
—

~~~~______ _______ _______ _______ __________ __________
8 P~*1PES

- i CARBUR ANT 15200 VA + 20 + 30 — 10 + 1010 a IS
• (Pu mps) 

S

ENG INS SO C 80 1 Faible 0 + 0 — 32 C 48
(a f ew )

33 1 75 % + 5 
-

+ 15 + 0 —2 1  1 45

S 
RADAR 

65 1 + Filtree + ~ 
Lea p lus ni odif id s — 4 2  I 39

(Doppler) Most changes
—S__ __ __  _ _ _ _ _  ___

BROUILLEURS 2800 VA PEU DE CHANGEMENTS (a little )

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  



_ S~~~~~~~~~~~~ 
~~~~~~~ ~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-.5.—

_T.~ 
.. ~~~~~ ~~TT ~~

8-9

‘ Ginirations Clectriquec at nCaaaux de bond
t dana lee svionn modernea

~; 
~5 

~.[:~f-H H 1  E 1:::::::::::::::::~.J :::::: :~5:i=L:

~ 
! EEE 

~, 
:
~: ~~~~~~~~~~~~~

— - —  ~~I . 
- 

~~~
_
~

_ _ _ _ i
~~ 

- —

~ ~ ~~~~~~~~~~~~~~ !<iIl 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~ ~~~~~~~~

~ ~ i =  ~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ii:::

, 
~~~~~~~~~~ 

i~-i!i ~~~~~~~~~~~ ~ EE : 1 E
r— - -  ~~~~~~~~~ I - !~~. ~~~~~~~~~~~~~~~~~~~ S

~~~~~ ~z~~~
i

~
I ~~~ ~~~~~~ ~~~~ ~~

-i ii : ~ ~ 
-

~~~~
i1- ~:i~ I I  I i i  ~ .j~i I~ I Ii.i _ 1~~ 1

- - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
“ 

i~: I :i~_ ;I~I~~~.:I i i i  ~
, 

~~~~~ ~~ I
~ 

-
~~~~~~~~~~~~ 

/ - _ ; - _
~~~~~~~ ~ S .—4_ _  • 

~~~ .-. -  ~~~~~ S 

1- 
7

_ _ _f _ _ _ _ _J_ : .j 

:1 ~ ~ iU~i I ~~~~~~ 
-

~
I
~~~~ ~~~~ I

T
~~~~~~~~~

:S 

~ I I  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

~~ ~T
-1-——:t ~~~~~~~~~~~~~~ ~i i~

~~~~~ I i  ~~~~~~~~~~~~~~~~~~~~~~ ~ i s i

~i hit~ ~~~~~ nI
~~~

ni  
~~~

~~~~: ~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~
- 

voI••rs CRETE (Peak)
~ S

is 
~

~~IIL_• ~~~ ~ S ~~~~ ~~~~~ ~ • ~~~~~ ~~~~~~~~~~~ - S ~~~~~~~~~~ 
_ _

~
_

~~~
_

~ S 
~~~~~ ~~~~~~~~~~ ~~ 

.5-. - - - -~ --- 5-—-— 5- -5 — ‘— —.. -~~~- S



_
8-tO -:

1~~~ I

__ 
ii 

~ __ 

I

“
~ H in in

~~~~1~; T 
~~~~~~

:‘ ii
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~

- ---
~~~

—r H
~‘ L’ ~~~~~

j :’ ii
— — a

5 1r4 -~ —‘ V_S I  I S  — ~
.. U Sa .~~~. .- e m  ~~ cm

S I  a — s~ aI 5 0 C O  S a n t s
I~ ..4 5 C  1 1 0  ~~ S

• 5 cm ,~ •~~ II

I 
M 0 5 0  Ii 5 0 0

I 

iLk
~ I
~~! !

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ SS _
~
__ _ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- —- -
~~~~~~~~~~~~

- -



5 - -

8-1 1

DISCUSSION

N F J A 1 1 u m:

On behalf of ISO I would like to tell you that although ISO 1540.2 has been balloted, highly si~~iificant
coements were received and it will be ra—balloted as ISO 1540.3.- This will then ali~~i with the latest
~fCA agreement . 

-

A Beau;

Thank you. I believe there is little difference between the voltages given in the two documents
ISO 1540.3 and I~l’CA (DO 160).

L_  __________________________
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AIRCRAFT POWER SUPPLIES & COOLING PROBLEMS - 
.

5

A VIEWPOINT FROM THE POWER CONDITIONER DESIGNER

S -

P. Chapman
Marconj-Efflott Avionic Systems LImited
Rochester

- - Kent-

SUMMARY

The paper details the main trade-offs in a modern avionic power conditioner designed to
interface between electronic units and Aircraft Power Supplies . The ability to overcome the major
limitations of these supplies as specified by BS3G100 etc . is demonstrated and the advantages to be
gained by improving them are discussed.

It is proposed that a systems approach , rather than the consideration of power supplies and/or
power conditioner alone , will produce a better solution to the thermal problems associated with avionic
equipment.

1. INTRODUCTION

S 
The advance in the development of aircraft power supply systems has lagged behind the advance

of avionic systems which during the pant ten years • have multiplied and grown radically in complexity.
The power supply specifications meanwhile have changed very little . This is not altogether surprising
since the avionic power b e d  is a relatively small percentage of the overall generator load (approx . 10%
on a transport aircraft). Power Conditioner technology has therefore advanced to meat the demands of
a high technology avionics system operating from a power source which Is designed to supply high powers
to heating, lighting and motor loads.

5 It is important that the problems and the trade-offs implicit in meeting aircraft specifications
are understood in order to determine where improvements are needed to optiznise avionic systems.

This paper has four objectives:-

1. To outline the major limitations of aircraft power supplies as they are at present
defined by specifications such as BS3GIOO • MIL-STD- 704-A , SP-P- 90001 • etc .

2. To show the capability of modern technology to overcome these limitations.

L 3. To outline the potential benefits of improving the primary power supply quality to
both power conditioner and avionic system .

4. To determine possible power saving alternatives with present and future systems.

— ——
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9.2

2. POWER SUPPLY LIMITATIONS

2.1 Surges and Transients.

The major limitations of aircraft supply specifications are the surge variations as defined in
BS3G 100, MIL-STD-704-A etc . and ‘drop-out’ transient . (Sea Fig . 1). The transient duration is too

5 
5 long to consider energy storage as a means of overcoming these for any but the smallest equipment:S 

hence, the power conditioner must either operate over the full range, or the unit will cease to function .

2.2 Harmonic Distortion on a.c. Supplies

For all but the larger unit. the volume of components necessary to meet the harmonic S

distortion specification (Fig. 2) ii excessive . Hence, only larger units (greater than 1kW) attempt to
meet this specification . It is unlikely that an a.c. filter could reduce the harmonic distortion
sufficiently and produce an input impedance which would meet the power factor limit. This is because
the capacitance allowed across the a. c. lines is severely limited by the power factor specification . The
calculated value of capacitance, assuming a resistive load , is I ,uF/kW Line-Line, which is equivalent
to 3 ~IF/kW phase-neutral.

3. CAPABILITY OF POWER CONDITIONERS

3.1 a • c. Supply Transients .

Power conditioners have undoubtedly concentrated on overcoming the input surges whilst
attempting to meet increasingly stringent efficiency, weight and volume specifications. A typical
computer specification is shown in Fig. 3. In this case the input specification is Panavia SP-P- 90001
and the operational minimum is 72V rms per phase less a 2V line drop.

The specification was met by an off-line PWM bridge inverter in a volume of 1640 cm3.
Figure 4 shows the block schematic and Fig . 5 shows a photograph of the final mechanical construc tion
of the unit. This circuit configuration was adopted for the following reasons:

1. Step down regulators and boost regulators place a common L-C filter
S between the output(s) and the supply, hence crosstalk between outputs

- S is dependent on the frequency response of these regulators . The PWM
inverter does not suffer from this disadvantage.

2. The four-transistor inve rter is superior in its use of transistor voltage
and current parameters .

3. Since power control and isolation are performed in one circuit the bridge
inverter offers good prospects for minaturisation .

The equivalent circuit of the PWM bridge inverter simplifies to a step-down switching
regulator where the output voltage is the average value of the transformer secondary voltage , i. e.

0 I 
~

nt
~~ 

1.

where t Is determined by the input voltage . Obviously the smaller the ratio of ton : t~ the larger the

‘off-time’ and the greater the energy storage requirement . The volume of an inductor is roughly
proportional to ~U2 with Vo/nV~ given by equation 2.

~~~~~~~~~~~~~~~~~~~~~~~~~~ 2.
2k

S S --. S - -~~~~~~~~~~~~~ - -- - -5-- -- -5-- 5- 5—.
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The value of capacitor is dependent upon the ripple current passing through it (k10)and the output ripple
voltage allowed (my0) - equation 3.

E • k . P  tc _2_E. 3.
m 16

The total energy storage capability I. the sum of equation 2 and 3.

ET~~
(1 - V0/nVi) . .:2 ~E +.L. ~~~~~~~~~ 

4.
-

S~ 
2k m 2

~ ~ The relationship between energy storage and volume is extremely complex and depends on the type of
capacitor used the voltage derstin g the voltage rating , and the type of inductor material , whether
powdered iron or gapped steel . Inductors , however , tend to be larger and heavier (and more expensive)
than capacitors for the same energy storage , hence It Is the inductor that should be reduced , and could

• be if the voltage range were to be reduced -

The other factors determining filter volume and weight are ripple current , output power nd
frequency . The ripple current flowing in the inductor (k10) determines the minimum output current
that the filter can deliver before the filter regulation increases significantly , as shown in Fig. 7.
Volume can also be seen to be proportional to output power and lnversly proportional to frequency .

The inverter frequency is within the control of the designer and is chosen to be high enough to
reduce the weight and volume of filters and transformers and minimise audio noise , but low enough to
maintain reasonable switching losses and control range , the lower end of which is limited by transistor

S storage time. A reasonable compromise for a wide range converter is 20 kHz , the approximate size of
a 200W transformer being a 35mm cube.

In the conditioner under discussion the parameters were calculated as follows:-

Allowing a 2 p.sec off- time at maximum ‘on ’ time . i .e.  lowest input voltage , will produce
an average voltage at the transformer primary of l55V and , allowing for voltage drop. and ripple , ‘

-
~~ 140V is a sound design average transformer primary voltage .

The minimum ‘on’ time is given by: -

v~~J# ~~~‘

which in this cane equals 8 ,u sec , and the nominal ‘on ’ time will be 131.taec .

The theoretical ratio of stored energy to output energy of the 5V supply is therefore approximately
12:1. The major problem with practical filters In avionic conditioners is the lack of suitable capacitors.
that is capacitors with an equivalent resistance low enough to maintain reasonable levels of output voltage
ripple and with 125 C operating temperature in a small volume. In order to meet the specification of 

S

Fig. 3 capacitors were required with a resistance of less than 40 mi t( iOOmV ripple voltage and 2 . 5A
ripple current) and a combination of polycarbonate and wet tantalum wan chosen.

-
~~

The wide Input range also affects the choice of power transistors. These are required to handle
the maximum Input of 440 volts (180. f~) at a current of nearly twice the nominal average input current .

S 
In comparison with an inverter operating from a transient-free supply, the transistors of this converter .

require a Vce Imax product 2.5 times greater. This reduces transistor availability, but not , at this
power level, size or weight .

Efficiency is also reduced as the ratio V nominal : V minimum Is increased . Resistiv, losses ,
up to the secondary rectifiers , increase as the 4quare of V /hV1 and switching losses linearly with
vo/nVi. 

0

The size of the EMC capacitor is also proportional to V /nV~ but design of this filter is
5 

j  

complicated by the negative resistance load presented to it by tRe regulator.

The unit ha. since been modified to provide 5Vat  l6A , 3OV at 2 .5A and + l5V at 1A , a total of
180 Watts within the same outline. FIg. 8 demonstrates the improved maintainability attained with a

S 
similar design , which delivers 150W in 2480 cm 3 and uses plug-in printed circuit boards and module..

S 
.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--
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9.4

S 3 . 2  D.C. Supply Transienta

S The 28V d.c . supply surges are more severe than those encountered on the a.c. supply. Fig. 1
S shows the maximum as being 80V and the minimum as 16 volts , or in some cases 7V. At these low

voltages the Boost Regulator circuit has a number of advantages and , combined with a high frequency
converter to provide isol*ion and multiple outputs , has proved most successful . Fig. 9 shows a
prototype 80 Watt unit built on two metal-cored printed circuit boards with an overall volume of 980 cm3,
and an efficiency of 80% .

The boost regulator circuit has been analysed a number of times (1~ 2) ; in general , these analyses
are simplified in the following way:-

Feed- forward control of loop gain is normally omitted , as are considerations of non-linearity of
the inductor. Since the former is almost essential to maintain stability, with minimum component
volume, and the latter I. useful for reducing inductor size , these are important techniques. A degree
of experience is therefore necessary , when designing this type of circuit , if optimum results are to be
achieved

With an upper surge limit of 80V , the circuit must boost to at least this level to maintain
sat isf ac tory operation , unless the f ollowing converter is shut down. At this level the operational current
levels within the converter are significantly lower than would be experienced if a step down pre- regulator
were used . A reduction of 6:1 would result if a 16V operational minimum input voltage were required.
Once again analysis of the converter circuit is not difficult to find , and components to operate at this
level are readily available.

The volume and weight of the boost filter are again complex functions of Vo. The energy stored
in the inductor increases In accordance with equation 6 which Vt
Is shown plotted in FIg. 10.

EL . (1- V0/Vj) 6.

The CV product of the capacitor decreases slowly with decreasing output voltage and it I. this as
opposed to the energy storage ~ CV2 to which the volume Is approximately related . The CV product is
given by equation 7 and plotted in Fig . 11.

S 

C0V0 ~~~~ (V0 - V1)/V
2 ‘7.

In the two designs outlined above , the zero voltage transient was disregarded and the unit allowed
to abut-down . This is generally allowed in the system specifica tion: the exception Is systems essential
to flight safety , such as flight control , engine control. stores management etc .

These systems must maintain full-time operation and , with the use of the 28V d.c . supply,
.upport 1. available from the aircraft battery during a transient . A second method of survi ving transient.
to meet MTBF requirements, ii consolidation of supplies and computer lanes. With this technique a
double failure (at least) Is necessary before the zero- voltage transient affects the unit.

Further improvements will be forthcoming with the Introduction of semi-conductor Bus Bar
Switching. This I. expected to reduce the zero transient by a factor of between 5 and 10.

3.3 Harmonic Content of Conditioners Operating from a. c. Supplies

The volume of the Inductors and capacitors necessary to reduce the harmonic distortion , byfiltering , to limits within specification are frequently prohibitive. However , other ms~thods of overcoming ‘ 
S

this problem on a 3-phase supply exist. First , a regulating technique is under development which ‘ .~ -
aignificantly reduces line current distortion and produces regulated d .c .  outputs . This method is complex ~•S f but could be attractive for loads in excess of 1kw , and utilises the basic power constancy of balanced

- ( 3-phase resistive loads . The second method does not regulate , but buffers the avionic t~onditioners from
the 3-phase supply by the use of 24-phase rectification . Whilst it may not be practical to use one buffe r

~~~ 
unit per equipment It would be feasable to buffer a num ber of equipments with a more powerful unit , thus -,

- I gaining size and weight advanta ges. Such a system followed by a high-frequency regulator and Inve rter
I. comparable in size to a 400Hz isolating transformer. Fig. 12 shows the line current and voltagewavef orms eta prototype unit . As can be seen the harmonic content of the transformer line curren t is . - -les. than 8% which is reduced further by the RFI suppression filters. (Compare with Fig. 2c where the
distortIon is approximately 30%).
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Other Regulating Methods
S ~ There are a number of other tecI~niques , in addition to those deta iled above , capable of

overcoming some or all of the limitations of the aircraft supplies . The use of ferroresconant ~)
phenomena is one such technique, the attractiveness of which would be increased if the input voltage

S transient range were to be reduced . The high frequencies , and hence lower weight and volume , possible
with resonant turn-off circuits would be fully exploited if the supply were to exhibit a reduced transient

- ~ range.

S i 4. IMPROVEMENTS AND THEIR IMPACT

Some of the advantages of an improved supply specification have been mentioned above . It is
necessary to determine the extent and type of improvements required and the advantages thus gained.
Ideally the equipment designer requires the power system to provide the voltages necessary to power
his circuits at the terminals of his equipment. This , however , leads to a proliferation of wires within
the aircraft and has been shown to be impractical in a number of cases . (4) A reasonable alternative
would be a high voltage (b Oy) dc busbar regulated to approximately 5%, (5 , 6) Below this level linear
regulation would become a viable alternative to switching types within the user equipment . However , the
line drop between the pre-conditioner and the avionic load would be an essential parameter and 7-10%
pro-regulation at the equipment terminals seems more likely than 3-5%.

If . however , the supply variations were reduced to ± 7% at the equipment terminals then
S conditioners would be considerably lighter and smaller , and the efficiency would be improved , but to a

lesser extent. Fig. 13 shows the probable optimum efficiency of a 5V switching regulator incorporating
Isolation . The difference between the efficiency of this wilt (81%) and the efficiency of the previous
regulator (75% ) is 6%. with 10% as a possible maximum , that Is a saving of between 12 and 20 Watts in 200 .

S 
However , it may not be necessary to redesign the power supply to achieve these advantages. The

input voltage is bel~~r lO5V (Fig. 1) for less than 150 meec and although aircraft stability systems, engine
controller and similar systems must remain operational during this period , a number of units not
essential to aircraft safety could safely shut-down. With orderly drop-out , information can be stored in
low-power stores so as to avoid corrupted data when the system is reactivated .

It i~ relatively easy with a switching regulator to supply power for , say , 100 - 200 p sec during
a drop- out in order to organise the storage of essential information . Fig. 14 shows the components
used to supply 75 Watts at 5V for the orderly shut-down of a computer core store.

S As can be seen it is possible to store 80m3 of energy and , with a suitable switching regulator ,
easily use three quarters of this. A similar system was proposed for a 28V d .c. system . The total
power Involved was only 20 Watts but it was required to operate during a 50 msec zero voltage transient .
In this case full advantage could be taken of electrolytic capacitors and a 350 p F 100V capacitor was
required to store the iJoule of energy necessary.

-: Another very important method of saving not only power but weight and complexity is to avoid
S 

over specifying the outputs of the power conditioners. It is all too easy for engineers to specify the
J conditioner to the same Periodic And Random Deviation (PARD) as the bench supply that was used for
,~ the breadboard . Switching regulators have a far worse transient response than a Linear Regulator

(because of the L - C filters involved). Hence the combination of a tight voltage tolerance and large
• transients will frequently restrict the designer to the use of a linear regulator with the attendant penalty

of reduced efficiency.

I 
Various estimate. of the savings possible with Improved power sources have been made. (6)

Our own estimates are shown in Table 1.

TABLE 1

PSU Contribution Avionic Unit Reduction
to Avionic Unit Due to Improved Power

Source
S Weight 25-35% 10- 20%

Vohme 20-30% 10- 15%

S Cost 10-30% 5 - 1 5 %

Power 25% 5 -  8%
- “ !  I

This assumes that a wide-range conditioner is replaced by a unit designed to operate with 5%
negative transient.

~~~4 
Finally, the obvious plac. to Ini tiate power saving I. at the load. 20 Watts saved downstream of

the conditi~~~r 1.35 Watts saved at the power source. Thu., the us of CMOS Logic. Class D a~ p1ffi er.
S - —  - —- -—— - —— —  — —5--- — —-— —~~~ -~~~~-— - — ------- S.—— — ~~~~~~~~~~~~~~~~~~~~~~~ S
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power alternatives I would suggest the system specification should be questioned .

5. CONCLUSION

It can be seen that, whilst the large transient variations of aircraft supplies and the harmonic 
S

distortion limit do not make the design of power conditioners easier , these limitations can be overcome
with present day technology, but with attendant weight, volume, cost and tlmescale penalties.

By far the greatest advantages would accrue if switching regulators could be replaced by linear
regulators or by non-regulating convertor.. This Implies a d.c. voltage source of around 100V with a
PARD of not greater than +3%. A carefully designed linear regulator with an isolating high frequency
converter inside the loop could achieve 80% efficiency and provide cost , timescale , weight and volume
advantages significantly greater than those outlined above. This could be an attractive long term aim .
In the short term the unit designer and system designer need a greater awareness of the problems of
power conditioning. In engineering terms more feedback is required to obtain optimum results . The

S philosophy that , because a +-ATR box is capable of handling 200 Watts with a cold wall cooling system,
one should actually dissIpate 200 Watts within this size is an admission of defeat . Power usage requires
optimisation in the same manner as other system parameters if the advantages outlined above are to be
gained .

References -

1. KOSSOV. O.A .,  Dec. 1968 , “Comparative Analysis of Chopper Regulators with L.C. filters .
IEEE Transactions on Magnetics.” VOL MAG-4 No. 4 pp 712-715.

2 . CHEN DE YU , OWEN H .A . ,  WILSON T.G.. “Computer aided Design and Graphics applied to the
study of Inductor-Energy-Storage DC-DC Electronic power Convertors .” PPESC 72 Record pp. 59-69.

3. DORPH-PETERSEN , P., Jan 1975, “Computer aided Design of Ferroresonant Voltage
Regulators . IEEE Transactions on Magnetics. ” VOL MAG- 11 No. 1 pp. 71-79.

4. COLLINS, W. B., NEWELL. D .R . ,  “Power Conditioning Requirements and Trade off
Considerations for the space shuttle .” PCSC 71 Record pp. 5-12.

5. ICRAUSZ , A . ,  FELCH, J . I.., “Electric Power Processing Distribution and Control for Advanced
Aerospace Vehicles. ” PPESC 72 Record .

6.  LEE, C.H .,  CHIN , C.Y . , “A Hybrid Electrical Power System for Aircraft Application.”
PCSC 71 Record pp. 162-174.

7. FRICHTEL , J.S., “Influence of Power Quality on Avionic Design and Weapon system effectiveness.”
PCSC 7l Record pp . 152-161 .

‘
1

H

--5 -- -~~~~~~~~~
_ -—~~~~~~

_
~~~~~~~~~~~~— _ _ _



~ ~~~

9-7

Qossary of Terms

Power Supply: one or more generators or batteries, cross coupled
and protected by circuit breakers etc.

Power Conditioner: An electronic unit capable of converting a voltage to
feed regulated, isolated , and monitored power at
levels suitable for a user equipment. S

PARD: Periodic And Random Deviation - includes every -

type of variation about the nominal level .

Off-Line: Transformerless mains input .

P .W.M .: Pulse Width Modulator.

V An output voltage.

V1 An unregulated input voltage.
S n Transformer turns ratio (Sec: Pri). -~

10 d.c. output current. S

k p-p Ripple current/d.c. output current . 
- 

-

t m p-p Ripple voltage/d.c. output voltage.

f Frequency -

t , 1/ f

t On-time of a switch. —on -

S EL Energy stored in an Inductor.

Bc Energy stored in a capacitor. 
S

ET Total Energy stored .

Input power . —

P Output power.

C0 Output capacitor.

RMS phase voltage. -

S
. .

-‘a-

I S  ‘‘

L — - ____________________ ——
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(a) Single phase Capacitive input filter (b) Single phase inductive input filter

(50% distortion)
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- 
(c) 3 phase full wave - resistive load (30% distortion)

Fig.2 Line current waveforms of various filter circuits
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Input Power 3-phase 115V/200V

characteristics defined by SP-P-90001

operational transient limits 1 ~nd 3 Fig. 3

Output Power

1. +5V PARD

Load current 25 Amps max

2. +12V PARD 5%

Load currents 0.5 Amp max

Mechanical
SVolume: 1600 cm

one plane surface to a cold wall

Environmental

Temperature -55°C to +85°C
Range:

at the cold wall

Fig.3 Avionic display computer power conditioner specification

OUTPUT ItCTIFICIS
_______ 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CURRENT
LIMIT

I-

— PW M CONTROL CIRCUIT

Fig.4 Block schematic of power conditioner utilizing a PMW bridge inverter
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Fig.5 1 50W Avionic power conditioner
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4

Fig.6 Relationship between the energy storage and input/ output voltage ratio - stepdown converter
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Fig.7 Regulator characteristic of an LC filter  
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Fig.8 Modular power conditioner
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j Fig.9 DC/DC power conditioner
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• Fig. 10 Relationship between inductor energy and input/output voltage ratio for a boost converter system
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Fig. 11 Relationship between the CV product of the output capacitor and the output voltage from a
boost converter system
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Fig. 1 2a Waveforms prior to EMC filtering

Top: Transformer phase voltage 80V/div
Bottom: Transformer primary current 2A/div

Fig. I 2b Waveforms after EMC filtering

Top: Input phase voltage SOV/div

• 
Bottom: Input line current 2A/div
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AI2CRAFT COOLING ThCHNIi~ J~~

Ian Howell.
Principal Aercuechnical Engin..r,

British Aircraft Corporation
Varton Aerodro.e
Prest on, Lancs .

PRI. lAX.

SIaoIARY

This paper gives broad information on and discusses the following topicss-

(i) The basic aircraft heat sinks and their suitability for systems cooling;

(ii) The use of refrigeration techniques in military aircr aft i

(iii) Cooling and heat transportation technique.;

(iv) Application to cooling of electrical and avionic equipuent installations in aircraft.

Although the main content of this paper is purely of an informative nature, the main
conclusion is drawn that plenty of scope exists for improvin g the cooling eff•ctiven.ss

• in avionic and electrical systems installations.

1. INTR000CTION

Because of the large heat reje ctions , and the inevitably high penalty on the aircraft
of rejecting this wast, heat , it is extr emely important that the moat economical us. possible
is made of the available heat sinks and therefore , the cooling techniques must be
cont inually developed.

In this pap er , we will exami ne the compatibility of the major heat sources in .ilita ry
aircraft with the availabl, heat sinks, dascribe the techniques available for refrigeration
and the methods which can be used for transporting the heat from its source to the cooling
.ediue. The objects of the paper are to give information, but also to promot. useful
discussion on the topic of aircraft cooling techniques.

2. I~ AT SINKS

Ther, are two basic heat sinks available on the aircraft — ram air and fuel , although
expendable heat sinks could also he carried for limited use.

2.1 Heat Rejection to Re. Air

Ram air cooling is the process of rejecting heat from the sour ce to the external air
flow around the aircraft . This generally involves taking air from the air craft boundary
layer or the region adjacent to the boundary layer and passing it through heat exchangers.
By the addition of heat to this coolant air , its temperature is increased , but because of
system pres iure losses , it. .o.entue is reduced and this invari ably adds to the aircraft drag.

Let us now examine the suitability of ram air for direct use as a cooling .ediue.

Fig. I illustrates the variation of ram air temperatur , with Mach. No. at sea level• J and tropop ause condition ..

Superinpos.d on these curves ar , the absolute maximum operati ng temp eratures for major
• heat source components.

It can be seen that for many of the heat sources , direct cooling by ram air is not •
possible. In fact , ram air is a significant heat sour ce itself (kinetic heating ) in a high
perfor mance aeroplane .

• 
• j ~ The only really feasible possibilities of using ram air directly are engine oils and• 4 some type. of alternator .

Th. other major problem associate d with using ram air concerns the variation of
available pressure (pressure differential) and air density.

Fig. 2 illustrates this point . At very low aircraft speeds insufficient pressure
differential is available to move the air through the heat exchanger without employing some
form of pamp. At high altitude , the air density becomes very low, grossly reducing the air

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2.2 Heat Rejection to Aircraft Fuel

Fuel cooling is the process of transferring heat fro, the heat source into the
aircraft fuel.

This is generally achieved by passing the fuel through heat exchangers as it flows
fro, the fuel tanks to the engines, although one heat source, the fuel pumps themselves,
reject their heat directly into the fuel by vir tue of the “flooded motor ” design of
electrically driven pomps which are coemonly used today.

A typical fuel cooling system (in simplified form) is shown in Fig. 3. This
shows how the fuel can be used to cool some typical heat sources.

As a cooling medium, fuel i. vastly superior to air , because of its higher density¶ and specific h,at, giving greater heat capacity and higher heat transfer coefficients.

However , problems do exist in fuel cooling systems. The moat obviou of these is
the variation in fuel flow with engine power, i.e. there is a large reduction in fuel
flow when the engines are throttled back. In transient cases, this can largely be
overcom, by means of fuel r.ctrcutatton back to the fuel tanks. This necessitates the
us. of special mixers as the recirculation fuel returns to the tanks , in order to avoid
excessive stratification of fuel temperatur. in the tank.

Care ha. to be taken to prevent fuel boiling in the recirculation line , particularly
when using A%’t~~ type fuel.. It often becomes necessary to use an air cooler in the fuel
recirculating line to prevent a rapid rise of the tank’s fuel temperature when the tank
fuel level i. low. This can only be used , of course, at low speed fl ight when rem air
temperature permits it.

Th. temperature of the fuel at the start of a mission dt~’ends very largely on the
fuel storage methods used, and in particular, the ambient temperature and solar conditions
to which the fuel bowser is subjected.

typical fuel temperatures during an aircraft sortie for an aircraft using its fuel
heat sink to tI’e practical limit are shown in Fig. 4.

• It can be seen that the temperature li.it. for fuel at the engine burner, and for
cooling hydraulic oil are reached. The really significant points to notice are the gradual
increase in fuel collector box temperature throughout the sortie and the rapid temperature
rise which could take place during the final texy, unless auxiliary air cooling i. provided.

• 2.3 Use of Expendable Heat Sinks

An alternative to the fuel or air heat sinks is to car ry a quantity of expendable
heat sink material. This can take the form of a liquid (e.g. water ) whose latent heat of
evaporation gives the heat sink capacity.

In the majority of cases, the amount of heat sink required for the particular job
would necessitate an intolerable quantity of heat sink material to be carried , and so this
method is not normally employed . (0.64 kg. of water is required per kV. hr , assuming 100%
evaporation .fficiency~.

The only practical cases where expendable heat •inks can he used are for very small
heat loads (in particular those with special cooling requirements) , or for heat loads of a
short duration transient nature.

2.4 General Conclusion

At this point the most important general conclusion which can be reached i. that for •

the more temp erat ur e sensitive heat sources, e.g. cabin and avionics , som. form of
refrigeratioo is necessary in order to provide a heat sink of adequate quality and quantity.

3. ~~?U~~RATIOI4 TBCHNIQIZS 
•

•~ 

•

3.1 For t h e  purpose of this paper, by refrigeration techniques, we are referring to the
methods which can be ~~~loy d in obtaining a heat sink medium suitable for cooling an aircraft •~ -cabin or conventional avionic system. Special device., for example those giving cryogenic - -• 

• •

t.mperaturee, are not dealt with in this paper. ~~•

Refrigeration methods which can be employed in aircraft form a very extensive subject. •

Ha.a ...a-, this paper only attempt. to take a rather shallow look at th. subjec t , and discusses
only the aspects which ar. thought to be of i ediate re levance.

‘~
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3.2 Vapour Cycle Refrigeration

Vapour cycle refrigeration i. the way of making use of the latent heat of
evaporation and condensation of a refrigerant fluid. This i. illustrated in Fig. 5.

Moet of the refrigerants in use today are halocarbons. This is the group of
refrigerant. which contains one or more of the halogens; fluorine, chlorine and bromine,
and are coanonly known as the Freon..

• I do not propose, in this paper to enter into a long discussion of the suitability
of the many available Freons , but the thermodynamic choice result. from a compromise
between a low freezing point and a high critical temperature.

• After considering all the other physical properties, such as toxicity, water
• absorption, etc., the heat “compronise” choice appears to be Freon 12. h owever , this

refrigerant has a critical temperature of 112 C, which means
6 

in practical term., that
the heat sink upper temperature limit is between 65 C and 70 C, in order to provide
reasonable system performance. This is an obvious limitation in a military aircraft
where ram temperatures up to 150°C can be experienced.

The other big disadvantage of vapour cycle system. in the amall miliary aircraft
• I. the weight and bulk of the necessary equipment. The weight penalty ~~uld be about

four timea that of the equivalent capacity air cycle system.

The conclusion is that, in its present form , vapour cycle refrigeration is not
really practical for the high performance military aircraft.

3.3 Air Cycle Refrigeration (See Fig. 6) .

Air cycle refrigeration i. the technique which has been predominant in aircraft
environmental control ever since air conditioning and refrigeration became a necessary
and recognised part of an aircraft.

• There are many variations on the basic cycle which Ce,, be used, but the basic
principle remaina the same. The fundamental concept is to provide a source of fairly
high pressure air, reject as much heat directly to ram air (or fuel) as temperature
levels allow, and achieve the final cooling by expanding the air through a turbine,
acting on some form of brake. In most cases the air supply comes from tapping the engine
compressor , although in some cases , separate mechanically driven compressors have been used.

• Scheme I shows the simple cycle, or turbofan system. Li this cycle, the charge air
is reduced in temperature by passing through an ambient (ram ) air cooled heat exchanger , and
then expanded through a turbine , the power of which is absorbed by a fan , used to assist the
cooling air flow.

• This type of .yatem is mainly used in “low” performance sub-sonic aircraft, which do
not experience high ran air temperatures .

Scheme 2 shows a conventiona l bootstrap system. In this cycle, the turbine drives a
compressor which increases the pressure at the turbine inlet. In doing so, the temperature
of the air is increased, which allows more heat rejection to ram air. The increased turbine
pressure ratio provides a greater temperature drop across the turbine which is essential
for providing adequate cooling in high ram temperature flight conditions. This type of
system is frequently used in higher performance aircraft.

• Scheme 3 shows a regenerative reversed bootstrap system. This type of system is
v ‘j effectively an air cycle heat pump. Apart from the initial precooling, ( generally to ram air)

no additional external heat sink is required.

Af ter pee—cooling, which cools the charge air down to just above rem temperature,
passing through a regenerative heat exchanger and expansion turbine cools this charge air to •

• a temperature which can readily be used for extracting heat from a secondary cooling medium by •
-

means of another heat exchanger. The turbine drives the bootstrap compressor which in this
• ~ ••• case reduces the turbine outlet pressure, increasing the turbine pressure ratio and, of course,

its temperature drop. From the compressor, the air is discharged overboard. This typ e of
• system is sore suitable for closed loop cooling systems, for example as used in some radar and

hi.C.N. transmitters.

& 4. HEAT TRAIISFER AND ThtANSPURTATIUN TE HN I~ U..~ (G~~ii1w.)

4.1 Direct or Indirect Cooling?

• 
• 

Having generated a suitable temp erature heat sink by using refrigeration , a decision has
• to be made whether the heat from the heat source should be taken to this heat sink , or the heat

sink taken to the heat source.

• -~~~~~~~~~~~~~~~~~ -•—— -•—— •- -• -- --~ :•— _-__•_ —•• - -~~ • - -•-—-•~~~ - •~~~~~~
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In the former of these two alternatives, the heat from the source is transferred to a
heat transport medium s and taken to a different part of the aircraft. (Indirect cooling).

I n the latter , the heat sink (generally cooled air) is taken directly to the heat
source (Direct cooling).

~.2 Direct Cooling

Taking cooled air to the heat source is self explanatory and is done in many cases.
Cabin conditioning is the obvious example. Cooled air is blown directly into the cabin and
than discharged overboard, or ducted to its next use.

Cooling avionics by blowing air directly through (or around ) black boxes i. another
example of this method.

What is wrong with this technique?

In general , it is probably the most inefficient means of using expensive refrigerated
ai r that one can imagine , even ihough it is extensively used.

Fig. 7 illustrates the disadvantages and inefficienci.a~—

(a) Lhucting air through aircraft necessitates the use of large diameter pipes which, in the
small compact aircraft , are difficult  to install.

(b) Even with lagging, the effectiveness of the cooled air is redqced by heat pick up.

Cc) Blowing sir directly at the heat source is not efficient in cooling the parts which
really need cooling and frequently means large losses of cooling air in order to
direct sufficient air at the required spot.

(d) Indiscriminate use of cooling air in t!is way frequently provides cooling to parts which
do not really need it , thereby increasing the total heat load.

(e) It is very difficult to collect the cooling air for further uae (e.g. in regenerative
systems).

Despite the long standing traditional concept of cabin air conditioning, which will be
very difficult to change, we must conclude that there are better ways of cooling which can, and
must be e.ployod wherever possible.

4.3 Indirect Cooling

Indirect cooling , or taking the heat to the heat sink can be a more eff icient method ,
even when only used partially. The prime advantage is that it takes heat (or should do if well
desi gned ) from th, parts which actually need cooling and not from the surrounding ~~~ient.

However , effective use necessitates very good heat transfer at all system interfaces.
I Othe rwise , temperature gradient s can occur between the source and sink and to a lar ge extent

negate any other benefits.

There are many ways in which the principle can be appliedi

r Fig. 8 shows three simple examples of them.

~ j 
In example 1, the liquid cooled suit (L.C.5. ) enables the man ’s deep body temp erature to

be kept withi n comfort limits in hotter ambient temperatures.

I n example 2, a liquid cooling loop is used for direct cooling of a radar trans mitter ,
and a secondary liquid loop is used (via a liquid /liquid heat exchang er) to transp ort the heat
to the air cycle refrigeration system, which may then be situated in another zone of the
aircraft.

gzample 3 shows in a simplified manner , how the principle is applied to avionic box
• cooling whereby the heat generated by the components is conducted (by metal strips) to the

“cold wall ” . The cold wall can then be cooled either directly by air , or indi rectly by a
F liquid cooling loop.

I n the examples quoted above , the liquids most likely to be used are water/glycol for the
L.C..S. , and one of the Coolano ls for the radar or electronic equip ment.

• The above techniques are readily available and do not require any advanc~~~nt of
technology for their use.

• A method of heat movement which needs further development, but may prove to be an
important pert of tomorrow’ a heat transfer systema , is the heat pipe.
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Figure 9 illqstrat.s the principle of the heat pipe, whi ch make. use of the latent heat
absorbed and given up during the process of changing state from liquid to gas or vice vers e.
Heat from the source evaporates the heat pipe liquid , which then flows in gaseou. for. to the
heat exchanger of the heat sink, where the gas is condensed to liquid. The liquid is carried
back to the heat source by means of a wick. In this way, it is possible to conduct far more
heat per unit area than other more conventional means. The choice of fluid depends on the
design temperature levels of the source and sink.

Heat pipes ar, in use today in some fixed installations in industry and also in space
• technology. In these conditions, there is either a fixed height difference between source

and sink , or, in the case of satelites, the environment is non—gravitational . Before such
devices can be used in the military aircraft , further development of suitable wicks is
required, in order to provide adequate liquid flow in conditions of varying ‘g’ and buffet .

5. APPLICATION OF COQIJN(I TECHNIQUES IN AVIONIC AND ELECTRICAL EQUIPMENT INSTALLATIONS
IN AIIE HAFT

5.1 So far , this paper has dealt with general principles of cooling which can be used in
designing aircraft syatems.

Let us now look at practical applications of these heat transfer techniques for cooling
avionic and electrical equipment in military aircraft.

5.2 Air Cooled Black Boxes

The equipment bays of most military aircraft contain equipment which can be either “off
the shelf” (meaning it was initially designed for another application) or designed specifically
for the current aircraft. Because of this, it is frequently necessary to install equipment using
different cooling methods, side by aide.

For the purpose of cooling, the equipment can be divided into four typest—

Ci ) Equipment relying on radiation and convection from the outer case for its cooling;

(ii) Equipment whose heat loss is assisted by a supply of airflow blown through the box
from the aircraft supply system;

• (iii) Equipment which is cooled by a supply of air from the aircraft system blown through a
“cold wall”/heat exchanger;

(iv) Equipment which uses fans to induce a supply of cooling air from the surrounding ambient.
This fan induced air i. then used for either direct or indirect component cooling in the
black box.

At first sight , the first of these four types may seem attractive frost the point of view
of cooling airflow demands. This would be the case if the components within the box were capable
of operating at high temp erature and still give satisfactory reliability. Unfortunately, this
situation does not often arise, and the majority of these “uncooled” boxes, when installed in an

• aircraft equipment bay require more cooling airflow blown “around” the box in order to control
the local environment than many well designed force cooled items .

Hence, for all but the very minor items of equipment, the “natural convection and

4 radiation” tee’ tiqu. is not favoured.

The second of the four types, (i.e. simple for ced cooling) is a natural step to try and
• improve the component temperature level from that existing for the first type. In too many cases,

this natural step has led to some of the most inefficient air cooling methods , with excessive• .1 dsmands for cooling air not achieving the desired effect of reduced component tempe rature.

• Of the four types listed the third (“ cold—wall” heat exchanger ) can be the most efficient,
~j . 

if well designed. Emphasis must be placed on the requirement for good thermal design , pl aying a
• • , significant part in the box layout. Without these considerations , the potential of this type of

• design will not be realised in practice.
• 4

• In closely packed equipment bays , the use of fan cooled equipment is not favoured. This
can lead to re—circulation problems within the bay and so it is general ly better practice to supply

[ j ~~ any forced cooling requirements frees the aircraft air supply system.

It is co on practice to install such equipment on mounting trays using ARINC standards
• for dimensions, ‘hold down ’ methods, etc. The mounting tray can then be used for the air

distribution system.
4

I Figure 10 shows how black boxes of different cooling standards can be acco~~~ dat ed aide by
• side using this installation method.

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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In the more complex aircraft , employing many items of equipment , airflow distribution canbecome quite a problem. Where airflow is limited, it cannot be wasted, and therefore accuracy
of flow distribution becomes essential. Accurate control of pressure drop in each box system
is necessary during production, to ensure satisfactory operation.

5,3 Liquid Cooled Equipment

Until recently, liquid cooling of black boxes has not been in common use, al though some
equipment (including radar ) has used liquid cooling for several years. In some American aircraft ,liquid cooled avionics packages are becoming more common.

As mentioned previously, the liquid is purely a heat transfer and transport medium. The
• most frequently used liquid is Coolanol 25.

A typical liquid cooling loop is shown in Figure 11. It can be seen that the main items
in the system are heat exchangers , a liquid pump and an expansion chamber.

In most cases , the mass of the liquid and its associated equipment is less than that
required to do a similar job using all air cooling. An improved cooling potential , together
with more design flexibility, stand out as dist ict advantages. NOTEt Improved cooling efficiency
can result fro. two main aspectss—

Ci ) Cooling of the heat source only and not the surrounding ambient;

(ii)  Lower thermal gradients within the equipment due to higher heat transfer• coefficients, and higher specific heat.

However, let us not pretend that a change to liquid cooling for general avionic equipment
would be an easy or inexpensive step to take.

Before any such method could be adopted for future aircraft designs, a great deal of
investigation is required into the many aspects apart fro cooling.

For example , it is probably not very practical to consider breaking down liquid cooling
pipes during routine equipment maintenance, with the inevitable mess resulting from liquid
spillage. A “sealed” liquid loop, being part of the aircraft , would probably be required.

Great care must be taken to choose the most suitable method of cooling for the job in hand.Examples hav, been known where equipment designers have advocated liquid cooling for maslI heat• loads (the largest portion being kinetic) where insulation and a small air supply provides a• cheaper and more effective solution.
• 6. OVERALL CONSIDERATIONS AND CONCLUSIONS

This paper has illustrated but a few of the techniques wh ich are currently available to theaircraft and equipment designer.

Frost these techniques only, and without any revolutionary scientific breakthrough in coolingmethods, it is possible to achieve a much higher cooling efficiency and lower aircraft penalty,simply by ensuring a closer integration of equipment and aircraft design than has been achieved inpast aircraft projects.

For future aircraft, it is essential that the base for this integration should start well
ahead of the actual aircraft project design.

In order to achieve anything like the full potential improvement in avionic equipment
cooling, we must consider the complete system, as installed in an ai rc raft , resulting in a NewInstallation Concept for Military Avionics.

:1



_____________________________________________________________ 
- ‘---—

~~
-.— -

~~~
-
~~

-
~
- •n-.--rr

— 
... . -. - — ~~~~~~~~~~~~~~~~~~~ ,~~iit P.~~ .~ u~uu — 

~u~i . ~~
.-

10-7

30C = = = =  r I 1 =
— — — MAX RAM AIR TEMPS — —
— — — — J —i -(MAX HOT DAY) —

— — — S E A LEVEL — — _ _ _  —

25C — — — —— ~~~~~~~ — — _ _ _  
—

—T.

~

JPO. AUSE - —

2 0 0— — - -- - - - — - - -

— - -

,

~~~- - - — — E N G I s € cgL

~~15Q AL.ALLOY ~STRUCTU

~

E ~• 
/ I

— — I 1HYDRAUUC ~— — - / - — — — —  f OIL
— —  — — — —

~~~~~~~~~
— — — —

— 7
~ 

_ 71 - —CABIN
— — — — L COPUmONING
— — —0 Q5 1.0 1.5 2D 2.5 3D

MACM N°

Fig. I Maximum temperatu i~s of ram air and temperature limits

100

50 / 
_ _

_ 
~~~~~~~~~4. 

_

0 _ _ _ _ _ _ _  

ocrjo’ 
/
/ 36000

- • •- — ——-• _ •_ ~~~~~~, • tI—~--.--- ~~~~~ •—- ..--- ~.__1e_ —~~~~ _ I A ~k~~~~~~~~.k& — ~~~~~~



10-8

REHEAT FUB. COOUN G

______________________

~ 

1 REHEAT

I StSTEM
CHANGE OVER

________________ 
VALVE

FLEL TANI( ‘

~~~~~~1

—~~~~ 
-

~~~

- ---

~~ 
( ENGINE

M~~~R 

_ _  

~~~ r ~ i __
HYDRAULIC GENERATOR ENG INE
(EL COOLER (IL COOLER OIL COOLER• _ k

~

1 H 
NECI RCULATION FUEL

A ~OIL COOLER
‘ T

- • 

Fig.3 Simplified fuel cooling and supply system

18C rI 
______I —

~~~
--

~~160 ~UEL AT,
FUEL:  ‘ 3UR NER
ENGINE BURNER INLET

41( 
•

121 ~~~~~ r
WITHOUT /
COOLI IG ~~~~ / FI.EL

~~~~~

“ 

~~~~~~ y
HYDRAULIC OIL :

• 6C — 

COOLER INLET •

H FUEL :

• 
COLLECTOR BOX

• • 2C _ _ ._ .- --——

_ _  _ _  _ _  _ _  -— _ _  _ _  _ _  _ _  _ _  _ _  _ _

4’ 4’ 4’
• TA)(I CRUISE CRUISE COMBAT CRUISE CRUISE LOITER LAI C

Fig.4 Typical system temperature s during sortie

• • - -- ••~~—--~~~ -- 
—•• •

~~~~~
-•

~~~•—— - •.•-~ ~ • •~~ • ~ -—-- - • — •~~~~~~~~-
• •• 

•—•— ~~~~~~~~~~
--

~~~~~~~~~~
-—— 

• •



,~r~~~~---~~~~~ -fl ~~~~~~~~~~~~~ rr ~~~~~~~~~~~~~ m~~wr-.-. -~ - — ~~~~--r—~~~ -’ 
-

r s,.. • ‘ ~~~~~~~~~~~~~~~~~~ S-.-- -• - • . •  • 
~~~~~~~~~~~ - -- —

10-9

Ifl

z

~~rF~~1
- I L ~~~± ~ \\

I

/ 

c’i~~~~ EE4 .

U // 0

I—

I- 4 ,— uJ z z

I-

I- ~.4 
In

In 

~j

~ 
i~4 !~ U~~~~~~~~~~

F 3lM)SS~~d 
—

~~~~~~~~~~~~~



- ~~—~~ -- —~~~
.—-~~~~~ ~~~~~~~~~~~ 

~~~~
—

~~~~
--

~~~~~ ~~~
-

~
—-

_~~~~~~~ 

— -

~ 
~~~~~~~~~

10.10

a .  Large diameter pipes - installation difficult -

b. Heat pick up.

c. L~~ cooling effectiveness -

d Indiscriminate cooling

e.  Total loss of a ir -

Fig.7 Disadvantages of direct air cooling
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DISCUSSION

• KDOr o cm :

Have you an~ reservations about forc .d cooling through black boxes which contain mechanical movements.
Can you cite specific problems of knowledge of same.

K Morgan, MC Wanon

A leading qu.ationt The answer would seem to hinge upon the quality of the incoming forced cooling
air. Duet and moisture content in the cooling supply depends obviously on system design and to some extent
on whether external air supplies are drawn in for say ground cooling. If pure dry air were guaranteed~then direct forced cooling through black boxes containing mechanical movements would seem acceptable.
However, as this cannot normally be shown to be the case then direct forced cooling would be inadvisable.

I cannot cite specific examples where direct forced cooling of such boxes has caused problems but I have
noticed an awareness among some equipment manufacturers of the contamination aspects discussed above.
This has resulted in si~~ificant movement towards cold wall cooling in my current activity in the Military
Aircraft field.

1
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ThERMAL MAN AGEMENT
• OF FLIGHT DECK INSTRUMENTS

By
K. D. Groom

and
• G. W. Brooks

The Boeing Company
p SeattLe, Washington

SUMMARY

Screening tests, which are part of a Boeing research program for improving avionic equipment cooling, were conducted to identify
limits and deficiencies in current crew station instrument panel cooling systems and to investigate advanced cooling systems which
extend or remove these limits. A test article simulating a 16 unit, engine instninient panel was constructed . The advanced concepts
have cooling designed into the instrument pane! structure ; one includes a simplified retaining method for the units. Significant
results for the baseline concept (current) are cascading temperature effects and thermal sensitivity to the uncontrolled airspaces behind

• the units which limit them to low power units . The advanced concepts exhibited significantly improved and predictable cooling
performance with lower and uniform surface temperatures and at power levels well beyond the baseline concepts. Cascading effects
and geometrical sensitivity were absent in the advanced concepts. The advanced concepts have potential payoffs in improved avionic
equipmen t reliability and crew performance which will reduce life cycle cost , ensure mission completion and improve safety.

INTRODUCFJON

The design trend in Aircraft Avionic Systems toward the use of lightweight high-power density units has necessitated a new ap-
praisal of cooling systems for avionic equipment.

Increasing operating temperatures of avionic equipment in the crew station has been the impact of this trend with a resulting
reduction in reliab ility and crew performance. The importance and current interest in temperature effects on reliability is evidenced by
ARINC4O8A, 1975 and Dantowitz , 1971. l’his interest is also shared by Boeing. If the temperature levels of the components withi n
these units can be uniformly and adequately controlled , the resultan t improvements in reliability and crew perform ance will reduce life
cycle cost, ensure mission completion and improve safety. The thermal control of components within a unit is dependent upon the
supplier’s interna l thermal design as well as the airframe manufacturer’s cooling system design.

r Thermally related reliability can be difficult to isolate; for example, a review of a group of five different instruments indicated a
mean time between unscheduled removals of 230 to 1600 hrs, while the specifications for these units called for a mean time between
failure from 4500 to 6000 hr Failures which could be verified were in the order of 30 to 40% with evidence that a high percentage
was the rmally related , such as, capacitor and motor beari ng failures. This type of data indicates that the potential for improved reliabi-
li ly can be considerable and is reflected by recent activi ty in updating industiy standards. Current standards which can affect the design
of instrument cooling systems are included in U.S. Military Specification MIL-E-38453A, Environmental Control, Environmental Protec- • -

tion, and Engine Bleed Air Systems, Aircra ft , General Specification for, 197 1 and the proposed Specification No. 408A Air Transport

Indicator Cases and Mounting, 1975. MIL-E-38453A, l97 1, allows a 105°F (40.6°C) touch temperature with an 80°F (26.7°C)
• ground ambient. This can be compared to the proposed ARINC 408A change which allows a unit ’s front surface to be at 130°F •

(54.4°C), the unit’s case at 150°F (65.6°C) when the supply (e.g. crew station - mbient) is 100°F (37.8°C) and the coolant airflow rate
is based on 8 lbs/(Min-Kw) (3.6 Kg/(Min-Kw). • •

Boeing has initiated programs, which include a recently completed cooling concepts screening test, whose purposes are to identify .:

limits and deficiencies of existing crew station instrument-panel cooling systems and to determine how these limits can be extended or
removed by more efficient cooling system designs.

Acknowledgements: The authors express their gratitude for encouragement given throughout the program by Messrs. W. G. Nelson,
Unit Chief of Mechanical/Electrical Systems Technology Research and Narinder S. Attn . Chief Engineer of Boeing Militaly Airplane
Development organization (BMAD), Mechanical /Electrical Systems Technology. Special thanks go to Messrs. A. S. Yorozu and R. L. • -

Slack for their in terest and contributions which continue to make the avionic equipment cooling progra m a success.
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Th. overall program for the crew station cooling investigation was designed to concentrate on two distinct problem areas. These
ass the individual unit and the complete instrument-panel Installation, including cooling ducts, etc. The program Includes:

I. Evaluate current systems to identify problems.

2. Analyze flight hardware to Identify typical detail theunal design problems with emphasis on a single unit and design, advanced
systems to overcome current problems.

• 3. Using 1 and 2 for guidance, conduct cooling concepts screening tests, simulating both current and advanced systems with the
objectives of reducing temperatures and defining limits.

4. Based on results of 1, 2 and 3 conduct analysis and tests on complete installations to investigate design problems using actual
hardware.

5. Improve internal thermal design consistent with advanced concept’s performance.

The purpose of this paper is to present the results of the above screening tests. Prior to these tests and, as a general sssemment of
the thermal design problem, it was essential to review current cooling systems to determine the potential payoffs in reliability and to’
investigate the order of magnitude of temperatures and heat loads in the crew station instnunent-panel Installation.

CURREN’r SYSTEMS

Figure 1 illustrates an E-4 (Model 747) command post airplane crew station instrument panel installation. The units are typically
spaced 1/4 in. (.635 cm) apart and are not uniform in cross section and length. Figure 2 illustrates the model 747 cooling system which
is described as a push-pull system where crew station air is drawn beneath the units from cabin air and supplied by an outlet under the
units when the air conditioning packs are on. Air removal is accomplished by a general evacuation system. Other Boeing models such
as the T43A (Model 737), have similar cooling concepts except air is evacuated at the top of the units The maximum unit heat load in
these systems is in the order of 0.3w/in2 (.047 w/cm2) based on an instrument case surface area.

~ 4 .

-

Figuf . 1.-Model E-4 C.w Sta&on Instrument Panel InstallatIon
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Figure 2.—Model E-4 Crew Station Instrument Cooling installation

ANALYSIS

A computer thermal analysis of a prototype unit was conducted to determine a typical unit ’s heat load and temperature distribu-
tion . For the analysis a prototype vertical scale unit was chosen , sin ce it represented a modern design.

The unit has a 1.75 in. (4.44 cm) by 6 in. (15. cm) fron tal surface and is 9 in. (22.8 cm) long with a heat-flux of OJ w/in 2 (.016
w/cm2) . The design conditions are consistent with the propose4 specification ARINC 408A, 1975. Forced convection condition s were
assumed with airflow directed vertically upward with local airflow distribution at the sides and back determined by the percentage of
flow area available. In an actual installation, mixed free and forced convection conditions could exist. However , at the low velocity

- f conditions, dictated by the low power conditions, both free and forced heat transfer coefficient can be of the same order and the
r ’ assumption of forced convection is adequate .

Typical results from the analysis are indicated in figure 3. Significant conclusions drawn from the analysis are as follows:
- 

-

• Backspacing behind units is an importan t design parameter.

• • The side surfaces have the largest surface areas (67%) but were not bei ng used effectivel y (30% of hea t load).

• The front surface is one of the smallest surfaces (10%) but is rejecting a large percentage of heat (35%) back (reflux) to the
crew station .

• Case temperatures are uniform due to the high conductivi ty of the case.

• Internal and external temperature control is important (i.e. ~ T in ternal = 2 x ~ T external).

• The bezel and glass temperatures are important design parameters as shown in figure 4.

Figure 4 is a plot of threshold of pain (touch) temperature for various materials. This type of data shows the importance of
maintaining low-front surface temperatures and is part of the basis for design criteria such as ARINC 408A , 1975 and MIL-E-38453.A,
1971. Other considerations in the above criteria are the radian t heat effect on the crew and reflux of the unit’s heat load.

~

.—.—.-- 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ .a. .~_. — -.-- _ — ~~, 

~, _,_.~~~~~~ ,...,.,._s _ — - . .__, •‘———- -- —---.



~~~~
‘
~~~

‘- “~~~~~~~~~~~-.w ‘r’y 
• ‘“ ~~~ ~

T SUPPLY - 100°F (CABIN)
AIRFLOW -8 LBS/(MIN-KW)
HEAT FLUX -0.1 WIIN.2
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Figu~~ 3.-Analytical Prediction of Forced Air Cooled lnstn,ments
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Figure 4.-Threshold of Pain Temper, lures for Materials

DESIGN

L Two types of advanced concepts were designed and designated as the suction and pressurized concept (see fig. 5). The suction
concept is simpler to design and best applied to Installations whose structure forms a complete enclosure. Its disadvantage is that, being
a section only system, Its thermal effectiveness Is hampered by leakages. The pressurized-panel concept provides integral clamping and ‘- - -

mowiting of a unit and Is very tolerant of l,-~ars since it is a push-pull concept. This latter concept is best applied to the pilot,
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Figure 5.— Oeollng Concepts Tested

Factors considered in selecting the design of the advanced cooling concepts include :

• I . Maximum surface area exposure to coolant airflow

2. Touch temperature of the panel

- I 3. Clusters of instruments and different power densities

4. Blockage and/or shortcircultlng of airflow by structure , wire bundles, switches, etc.

5. Different cross section, ,pacln~ and/or length of instruments

6. Use of existing structure

In design of the advanced systems the first three factors dictate horizontal flow along the sides, flow from front to back , and
control of airflow quantity by adjusting orifice size and/or quantity. The remaining factors were satisfied by supplying air from the
front around the unit’s periphery.

FIgure 6 illustrates the arrangement of the orifice or holes around the unit’s cut-out in the front panel which is utilized in the
suction panel shown and In the pressurized-panel concept. The 1/8 in. (.317 cm) dia holes allow the air to expand into the 1/4 in. (.635

- j cm) space between the units creating a nonuniform velocity profile which Is intended to create turbulent flow with accompanying high
heat transfer rates. In the suction concept the air is drawn from the laboratory ambient, through the 1/8 in. (.3 17 cm) dia holes (fig. 6),
expands as a j et Into the space between sIdes of the units and continues on a horizontal direction until it is evaculated by a general
exhaust duct (see figure 5).

• The pressurized panel concept, figures 7 and 8, utilIzes the above suction panel which is assembled with a baseline panel and spaced
3/4 In. (1.91 cm) apart to form a plenum. The airflow for the pressurized panel is illustrated in figures 5 and 8. The supply air is
delivered by a duct and enters the assembly at the edge of the plenum. It then passes vertically up the plenum and turns 90 degrees as

• It passes through the holes (fig. 6) in the same manner as the suction concept. The pressurized-panel can be used to simplify the
Instrument’s retaining method. This Is Illustrated in figure 8 where the retaining method is shown Integrated into the pressurized panel.
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Conventional clamps, like that shown In figure 8 require two screws for clamp mounting and two screws to a:hieve the restrain-
ing action of the unit as well as alignmen t . Since this latter clamp can tilevers an instrumen t , it very often results in flow blockage due
to misalignment of the units. The pressurized-panel avoids these problems since vertical and horizontal motion are restrained by the
double panel and , in addition , a simple friction device, like that shown in figure 8 can be utilized to provide fore and aft restraint which
also allows easy maintenance.
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Figure 6.—Instrument Panel—Suction Concept Figure 7.-Instrument Panel-Pressurized Panel Concept
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SCREENING TEST PROGRAM

Using the analytical results as guidelines, screening tests were designed and conducted with the objectives of identifying, in detail,
limits and deficiencies of current instrument-panel cooling systems and to investigate alternate and advanced cooling concepts.

The test article was a 16-unit , simulated engine instrument panel , typical of a multiengine aircraft , fabricated to determine , experi-
mentally, the effects of variables encountered with an instrument panel cooling system. An engine instrument panel was simulated in
this phase of testing because of its uniform arrangement and relative structural simplicity which aided in the test data interpretation .

The three cooling concepts tested are shown in figure 5. The baseline concept is typical of current cooling systems. The other two
systems are advanced cooling concepts designed to reduce the instrument case temperature and front panel touch temperature. Airflow
patterns are indicated for the exhaust positions shown, while the exhaust positions tested are indicated.

Figure 9 illustrates the test article which was constructed to allow flexibility in testing and screening the cooling concepts. Supply
and/or exhaust air positions, backspacing between the units and the test chamber rear wall, and side spacing of the units could be

• varied. The rear view of the test article in figure 9 indicates one of six possible exhaust positions. For example, the current systems
mentioned previously (E4 anc T43A) could be simulated by drawing laboratory air from underneath the units and exhausting at the
rear or top as appropriate. In addition , backspacing effects can be varied by positioning the rear wall assembly in one of three fore and
aft positions as indicated by the nut plates in the vertical columns. Side spacing variations are accomplished by in terchangeable front
panels. The walls of the assembly were insulated with urethane foam to minimize heat losses. The heater assembly, figure 9, is an

• internally suspended resistance heater which provides uniform unit surface temperatures and variable and accurate power measure-
ments. The simulated units utilize a standard 2.2 in. (5.59 cm) by 2.2 in. (5.59 cm) case by 6 in. (15.2 cm) in length (2AT I ).

--~

-

____________  
‘Ii,

1~ P

Heater Detail of a Simulated Instrument Test Article with Simulated Instruments Installed

~Pz~
~ 12 1—

-

~~~~~~~~~

R a r  View of Test Article— Multi-Positions Illustrated -

by Nut Plate Location

• 3 Figure 9.-Test Article for Instrument Panel Cooling Concepts

TEST SETU P

• I The test setup is illustrated in figure 10 with the pressurized panel installed. The front panel was instrumented with both heat flux
meters and the thermocouples to determine the distribution of heat load In fron t and back of the panels. In addItion , thermocouples

- 

were rnstalled and positioned on the un i t3 6cm) aft of the front pane ocomcjde wjth the nrid posirion of the6j n.( l5cm)~~~~~~~~~~~~~~~~
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long units in order to determine an average temperature of a unit. These were arranged on all sides of a unit. Additional thennocouples
were installed in the air supply, ambient, exhaust and on the test assembly where heat balance data was required. A total of 70 ther-

• mocouples were utilized in the test setup.

•-  _~~~~~~

I 

~

— 
‘ I  - V

~~ “P4k - ,

L~~t~ 
.
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Figure 10.-Screening Tes t Set-up—Pressurized Panel

• After reviewing current cooling system designs, future requirements and specifications, the scope of the screening tests was estab-
lished as follows:

• -
‘ 

•~ • Unit heat flux: 0.1 to I wfin 2 (.016 to 0.16 w/cm 2)ofun it surface

• Coolant airflow: 8 to 20 lb/(min-kw) or 3.6 to 9.1 Kg/(min-kw)

• • Backspacing to simulate effect of wire bundle space: 1.5 to 3.5 in. (3.8 to 8.9 cm)

• Exhaust duct position: top and rear (see fig. 5 for positions.)

A cutoff limit of 150°F (83.3°C) was established as the practical limit of surface to supply temperature differences in the testing.

TEST RESULTS

Two levels of data were desired from the testing. The first level was the average surface temperature of a unit above the supply air
temperature (i.e. room ambient or pressurized-panel supply duct). This type of data allows a relative comparison between cooling
concepts, geometry sensitivity evaluation and flow sensitivity comparison. The second level was the determination of heat transfer
coefficients which were particularly desired on those concepts whose thermal behavior would be found predictable. This would allow
empirical equations to be formulated which are useful to the thermal designer.

- • -.——.—•.-—————.————-——---- -••.——••.-- -—— —•-•— • •— .——- --—..—-—•— —..——‘•—•—-- - - —.—— —.—— — —.—~—-—--—-- — —..—----- •-• •~-.-—-• -.—.——-•—- — —- -•.-• —••—-.—-——- • ~~~~~~~~~~~~ •— — •—- - •— -— — •-- - - -  •
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BASELINE TEST DATA

For convenience of the presentation the 16 units are numbered from left to right and top to bottom. The unit ’s average surface
temperature above the supply (ambient) temperature for four of these units are shown in figure I I  and plotted against flow rate per
kilowatt. These four units are selected since they illustrate extremes in the temperature data. The data is arranged so tha t two
different heat-flux (w/in2) levels can be compared on the left and right sides of the figure. Geometrical effects are presented as back
exhaust and top exhaust in the upper and lower half of the figure respectively (see fig. 5 for actual location). In addition , the extremes
in backspacing are shown on the left and right on the plots for each heat-flux level. Figure 11 shows that cascading temperature effects
are one of the most dominant characteristics of the baseline concept where heat from one unit is passed to another in the upward
airflow path . Cascading is noted to increase with both increasing heat-flux and backspacing as would be expected . The backspacing
effect , which allows air to short circuit behind the units, can be observed by noting the temperature change of an individual unit when
changing from 1.5 in. (3.8 cm) to 3.5 in. (8.9 cm) position. Exhaust duct position is the least sensitive geometrical factor for the heat-
fluxes shown and appears to affect some of the units near the exhaust exit. It will also be noted that a given heat-flux , increasing flow
is more effective at the higher heat-flux. However, increasing the heat-flux cannot be compensated for by a proportionate increase in
flow.

LOCATION OF UNIT:
a NO. 6 WooD• NO. 10
* NO. 1
O N0 13

~~DDD
• POWER DENSITY: 0. 13W/ IN 2 POWER DENSITY: 0.34 W/IN 2

BACKSPACING = BACKSPACING = BAC KSPACING BAC KSPACING)- 150 1.5 IN 3.5 IN 150 1.5 IN 3.5 IN

_ _ _ _  _ _ _ _  _ _ _ _ _  _ _ _ _ _  

L
~~~~ ~~ 

I I 0 ~~~~~ ‘ ~~1 I I

150 
BACKSPACING = BACKSPACING 150 BACKSPACING = a~~ BACKSPACING =
1.5 IN 3.5 IN 1.5 IN —..~~~~~ 3.5 IN

1

• 8 12 16 8 12 16 8 12 16 20 8 12 16 20
~~ AIRFLOW RAT E , AIRFLOW RAT E , AIRFLOW RATE , AIRFLOW RAT E .LB/(M I N .KW) LB/( M I N-KW ) LB/(M I N.K W) LB /I M I N.KW)

Figure 11.—Temperature Related to Heat Flux, PosItion, Flow and Geometry-Baseline Concept

Figure 12 illustrates the division of heat rejected from the front panel compared to that exhausted by the cooling system behind •
~

the panel. For example, at 8 lb/(min-kw) (3.6 Kg/ (min-kw) and 0.13 w/ in 2 (.020 w/ cm2) , only 60 to 80% of the heat is being ex-
hausted for the baseline concept. In an actual installation this would imply that 40 to 20% of the heat generated is being radiated and
transferred by natural convection back to the crew station for possible reflux. The plots are , therefore , a measure of success of a cool-

• ing system. At higher heat-fluxes with higher flow rates, the increase in airflow velocities behind the panel results In higher heat transfer
coefficients behind the panel which is reflected in a more favorable heat load distribution.

Tests were also conducted at 3/4 in. ( 1.91 cm) side spacing which shows a slight reduction of the cascading effect but no change in
the general temperature level.

ADVANCED CONCEPTS TEST DATA

The advanced concepts exhibited significantly improved cooling performance coupled with lower surface temperatures and
represented a substantial energy savings. This is illustrated for the pressurized panel In figure 13 for a heat flux of 0.34 w/in2 (.053
w/cm 2). The absence of cascading temperature effects and the insensitivity to geometry changes is evident. The minimal differences

• in temperatures of center units (e.g. no. 6 or no. 10) compared to corner units (e.g. no. I or no. 13) Is mostly due to the absence of heat
transfer from adjacent units to the corner units.
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100

s ,..~~ BACK EXHAUST

* 
.. -~~~ 

~~~ , ij
”
~~~~~ * 0,13 WATTS/IN2 BACK - 3.5 IN

80 •.~~~ .C,.AD 
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• a * 
0 0,34 WATTS/IN2 BACK 35 IN
• 0.34 WATTS/IN2 BACK - 1.5 IN
D 0.57 WATTS/IN2 BACK - 3.5 IN

~.. 60 U 0.57 WATTS/IN2 BACK • 1.5 IN

X a
(~~ OTA& MOAT LOAD - ~~~~~IT PA~~~L OAT LOAD

TOTAL MOAT LOAD ~

~,~~~~40

‘ I• 
~~~~20

0• 8 12 16 20
AIRFLOW RATE
LBS/(MIN-KW )

Figure 12.-Heat Load Distebution-Baseiine Concept

The figure also shows that duplicate thermal performance exist when comparing the 3.5 in. (8.9 cm) to the 1.5 in. (3.8 cm) back-
spacing and rear vei~us top exhaust conditions. This insensitivity to geometrical changes helped to minimize the number of test condi-
lions. Duplicate thermal performance was also found to exist between the pressurized-panel and suction concepts as shown when compar-
ing figures 13 and 14. These trends of predictable and uniform thermal performance were found to exist over the complete range tested.
This is indicated in figure 15 where the maxunum heat-flux tested of 1.08 w/in2 (.167 w/cm2) is shown. l’his data illustrates that in-
creased wattage can be compensated for by a corresponding increase in flow rate and at uniform temperatures in the matrix of units.

0.34 WATTS/IN2
BACKSPACING - 1.5 IN BACKSPACING - 3.5 IN

~
_ 150

r1~ -J

~~~~~
100

*W I

8 12 18 20 8 12 16 20
AIRFLOW RATE AI RFLOW R ATE
LBSI(MIN-ICW) LBS/(MIN.KW)

0.34 WATTS/IN2
BACKSPACING - 1.5 IN BACKSPACING - 3.5 IN

~~~150

UNIT ’S POSITION:
~- NO. 6 *- NO. 1

~~ a 100 Xs NO. 10 ~~ - NO. 13

• 1 X l

AIRFLOW RATE AIRF LOW RATE
LBS/ffitIN-KW) LBS/(M IN .KWJ

Figure 13.-Tanip rewres Rsiat.d to Position, Flow and G.ometrj-Preuurlzed Pan.l Concept-0.34 WIln a
____________________ - —.--— •-• —.._~~-- —- - • 1 .  -- ---.-— — - --—~-.-~~s • ~~~~~~~~~~ - ---~~ - ~~~~~~~~~~~~~~~~~~~~~
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0.34 WATTS/IN 2BACKSPACING - 1.5 IN BACKSPA CING - 3.5 IN
~ 150
0

>.

100

~~
l
i

AIR F LOW RATE AIRFL OW RATE
L BS/(M IN-KW) LBS/ (M IN-KW)

0.34 WATTS/IN2
BACKSPACING = 1.5IN BACKSPACING ..a5

• ~ 150 
UNIT’S POSITION:

@-NO. 6 *-NO. 1

100 X = NO. 10 ~ = NO. 13
< U,

8 1 2 16 i0
AIRFLOW RATE AIR FLOW RATE
LBS/(M IN- KW ) LBS/(M IN.KW)

Figure 14.-Temperatures Related to Position, Flow and Geometry-Suction Concept-O.34 Wllna

• BACKSPACING = 3.5 IN. UNIT’S POSITION:
• BACK EXHAUST 0- NO. 6 • NO. 1

x N O lO ~~- NO. 13

0.57 WATTS/IN2 0.76 WATTS/IN2 1.08 WATTS/IN2

• 150~~

~~~~100 -

I 
j

0 
8 12 16 12 1

’
2

~~~
• AIRFLOW RATE

LBS/(MIN.KW)

Figure 15.-Th.,mai Pe,fo,m.nce at I*gh Heat Fluxea-Presawlzed Panel Concept

• 
~0-

FIgure 16 shows the division of heat rejected from the front panel compared to that exhausted by the cooling system behind the
panel . The efficiency of this concept Ii evidenced by the low percentage of heat rejected back to the laboratory ambient.

Advanced systems were also tested for leakage effects. These tests were conducted to determine the advanced concepts ’ sensitivity

~~~~~ ~~~~~~~~~~~~
• 
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).
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‘
0 •  I I I

8 12 16 20
AIRFLOW RATE
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Figure 16.-Heat Load Disfribution-Ptossudzed Panel Concept

For the pressurized-panel concept It was found that it was tolerant of leakages that might be expected in actual Installation. The
suction concept’s performance was found to be tolerant of controlled leakages up to control area openings equal to the total area of
the 1/8 in. (.318 cm) dia holes in the front panel. That is, the suction concept’s degradation in thermal performance, due to leakage,

• could , in a practical application, be compensated for by additional airflow.

Additional testing of the advanced concepts included varying the heat-flux of units by rows and by columns to Investigate the
sensitivity of one unit to the next , with different heat loads but the same flow. The results of these tests showed that independent
cooling of units could be achieved by the advanced concepts with minimal compensation in flow for heat-fluxes from adjacen t units.

Other testing of the advanced concepts at a side spacing of 3/4 in. (1.91 cm) indicated a slight but predictable increase in tempera-
ture and negligible cascading effects.

• L .
Additional testing of an operational instrument installed In the test article was conducted to establish the validity of simulatio n . ~~~ • ‘.

The results showed that case temperatures were the same along the length and sides of both the operational and simulated unit. In 
- •

addition, the test showed that the holes in the suction concept’s panel, because o ’ their proximity, reduce the touch temperature
• instrument’s bezel.

4.-

- -4.

CORRELATION OF DATA

FIgure 17 gives the correlation equation for the pressurized-panel concept. The equation is based on the average heat transfer coef.
ficlent (behind the panel) of the 16 units with thermal properties evaluated at the supply temperature. Reynolds number is modified
by the ratio of hydraulic diameter to length which was found to provide the best correlation with diffemt spacings between units. The
hydraulic diameter Is also part of Nusselt number and Is based on the cross sectional flow area between units. The slope of the curve isH indicative of turbulent flow. Evaluation of this data indicates that the holes in the panel act as turbulenc e promoters which achIeve
turbulent heat transfer coefficients at low (e.g., Re = 410 or Re DH/L —55 ) Reynolds num bers where laminar heat transfer would exist
with ordinary duct flow. The correlation with the suction concept ii the same , for practical purposes. Similar correlation of the
baseline cooling concept was not feasible because of the complex geometrical sensItivity .
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Figaro 17.-Co,relatlon Equation for Pressurized Panel Concept

• BACKSPACING = 1.5 IN
• BACK EXHAUST
•~~ :-:.:-:~]O13 ~~~~~0.57 WATTS/lN2

BASELINE • PRESSURIZED PANEL

:i!: 

8 1 2 1 6 2 0 ji~ 20
AI RFLOW RATE AI RFLOW RATE
L BS/(MIN-KW ) LB S/(MI N-KW)

Figure 18.-Conip.iieon of toe Swin, to Advanced Cooing Concepts

COMPARISON OF CONCEPTS

The comparison of the baseline concept with the advanced concepts Is illustrated in figure 18. From this figure and the detail
data presented the following concJ~mlons can be drawn:

S 
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Baseline Concept

• One of the most limiting characteristics of the baseline cooling concept is the cascading temperature effects.

• The thermal performance of the baseline concept is significantly affected by the available airflow space behind units (back-
spacing).

• The position of the exhaust system relative to a unit can adversely affect the thermal performance of a unit.

• The system is limited to low heat flux units.

• Increased heat flux could not be compensated for by appropriate increase in airflow to maintain a constant temperature rise.

Advanced Concepts

a Cascading temperature effects were negligible

• Concepts are not sensitive to backspacing

• Concepts are ~ot sensitive to exhaust duct position

• Increased heat flux can be compensated for by a proportionate increase in coolant airflow with almost no change in ~T.

Comparison of the figures and the above conclusions clearly establishes that the baseline concept is limited to low heat flux units.
Accurate prediction of the thermal performance of these units is difficult and sensititve to cascading temperature effects. Conversely

• the advanced concepts showed that uniform, predictable and independent thermal performance of a unit could be achieved at tempera-
ture levels acceptable to existing and the proposed specification ARINC 408A, 1975. In addition , this type of performance can be
achieved up to the highest heat-flux level tested of 1.08w/in2 (.167 w/cm 2) with small increases in temperature.

CONCLUSIONS

The objectives of the screening tests were realized. That is, geometric and thermal limits of the current cooling concepts were
defined and the thermodynamic feasiblity of two advanced cooling concepts were established . Current cooling concepts were found to
be limited to lower heat flux units. Further, it was shown that uniform and predictable thermal perform ance at heat fluxes well beyond
the limits of current cooling concepts can be achieved by the advanced cooling concepts. The pressurized panel concept, in particular,
provides additional advantages of being structurally integrated Into the panel installation with simplified clamping .

Boeing is continuing efforts to investigate the advanced systems. A patent application , Groom , 1975 , has been filed and
4 mechanical feasibility studies of the advanced concepts are underway to establish the impact that implementing these concepts has on

the crew station design.

M
‘1

The true cost and benefits cannot be known without an in-depth appraisal of the internal design of a unit of a similar nature as pre-

~ 1 sented here. The need for this balanced responsibIlity of intern al and external thermal design of a unit cannot be overemphasized and
should be reflected by changes in specifications such as ARINC 408A, 1975. ‘ -

‘

IT-
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j DISCUSSION

,l Mohr :

Has the use of heat pipes been considered in cooling of instrum ent panels?

KD f l r oc in an dGWBr ooke :

For the level of heat flux of current conventional instruments external cooling seems adequate. When
we investigated heat pipes analytically it seemed that the installation and cost of heat pipes are one
of the main limitations. At present heat pipes tend to be used for specifi c problems which cannot be
met by conventional means.

T V McDonald:

What would be the effect on the cooling system described , of an imperfect fit of the inst rument case
to the panel due to the typical problem of controlling mechanical tolerances?

K 0 Groom and 0 W Brooks:

The absence of a positive seal at the case/panel interface would increase the ~~T by about 1~~. Since,
however, velocities and delivery pressures are relatively low , adequate leakage control will not be so
difficult to achieve. Additionally, the Bezel Assembly could be used to re—inforc e the seal.

T V )icDonald:

- 
• One of the conclusions drawn from your thermal analysis states “Case Temperatures are uniform due to the

High Conducavity of the Case”. Smaller instruments (2 A~ 1 sizes) tend to operate in conditions where a
.4 high proportion of the total load (eg lighting, motors etc) is dissipated at the front end. Is your

• conclusion realistic?

K G Groom and G W Brooks:

Before the test , analysis indicated that:—

h A (inside) 1
= — and consequently uniform case

K A (case) 25

K

Temperatures were anticipated , an operational unit was also tested, and the temperatures recorder at
- -

• different case locations showed variations in the results (T Surface — 2 Supply) of less than 10%.

T V McDonald:

In your pressurized panel Concept , could you comment on the result achieved relative to the low Reynolds
j  numbers shown2

K 0 Groom and G W Brooks:

The Re numbers shown were based on the average of 16 unite , and the uniform temperature achieved suggested
• a uniform Reynolds number. The paper (page 11— 12) describes the thermal performance and from the

• evaluation of the results it has bean concluded that the unusual flow geometry promotes turbulence and =enhances heat transfer co—efficients at such lower Reynolds numbers (kOO ) than is the case with
conventional ducting, where the transition range (from laminar to turbulent flow) rarely falls below a

- Re number of 1200.
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TI~ COOLING OF A POD-MOUNTED AVIONIC SYST~ 4

I. de Boer
National Aerospace Laboratory NLR

Anthony Fokkerweg 2
Amsterdam 1017

Netherlands —

SWIMARY
The paper describes the principles and testing of the air cooling of the pod—mounted Orpheus day and

night aerial reconnaissance syst em, since 1974 operational with the Royal Netherlands Air Force. The pod
airconditioning system was developed by the pod manufacturer Fokker-V?,~ and flight—tested by the National
Aerospace Laboratory NLR.

At moderate airspeeds (e.g. 400 icts), with ran air temperatures up to 44° C , cooling is provided by
ambient air entering the pod through a flush air intake in the nose , and leaving it through slots in the
pod belly. In low level flight at high subsoni c0speeds (e.g. 600 kts) ,  with ran air temperatures up to 790

C, the cooling air t emperature is kept below 50 C by spraying an automatically controlled amount of water
into the airflow near the int ake.

During the flight testing of a pro—production reconnaissance syst em , unexpect ed cooling problems were
encountered. These problems , which had not been experienced during previous prototype tests , could be
shown to originate in the NACA flush air int ake. By changing to a flush air intake with parallel side
walls the cooling system could be made to perform to entire satisfaction in the series.

• 1. INTROIXJCTION
In the first half of 1975 the original aerial reconnaissance equipment of the Lockheed RF— 104 0 air-

craft of a Royal Netherlands Air Force squadron , comprising 3 day—light cameras, was replaced by an ad-
vanced pod—mount ed day and night reconnaissance system. This so—called Orpheus—system had been designed ,
in co—operation by the “Old Delft” Optical Indust ry and Fokkei’-VFW, to meet air fo rce requirements for a
tactical reconnaissance system , providing aerial reconnaissance capability during day and night , at high
subsonic speeds and at low t~ medium altitudes. 

—The requirement for a pod—mount ed system originat ed from the fact that the space available inside the
RF—lQ4 0 aircraft was clearly insufficient for the considerable enlargement of the reconnaissance equip-
ment and also from the condition that the aircraft had to remain serviceable and therefore could not be
grounded for subst antial modifications. A detachable pod provides a solution for these problem s and. offers
the additional advant ages of easy maint enance and repair of the pod equipment and , by replacement of the
reconnaissance pod by another external store , of mission versatility.

2. ORPH~JS AE~~AL ~~CONNAISSANCE SYST~24

The Orpheus reconnaissance equipment was developed by the “Old Deift ” Optical Indust ry and the pod
st ructure arid aircraft installation by Fokker-V1~W. Figure 1 shows the Orpheus pod attached to the standard
centre—line bomb rack of a RF—104 0. The only other connection with the aircraft is by way of’ an electri-
cal connector f~r power supply lines and remote control by the pilot . This connector has been designed to
permit jettison of the pod in case of emergency. Figure 2 gives an impression of the rather densely packed
pod interior. It contains from nose to tail:

— a forward looking camera(1) , mounted in a fixed position
— two sideways looking cameras (2 and 4), also in a fixed position

~~~~~ 

— two more lateral looking cameras (5 and 6) that can be placed in high—oblique or split—vertical posi-
tions. In the split—vertical position these cameras, together with the sideways looking cameras , men-
tioned before , provide complet e horizon—to—horizon coverage.

— an infrared lineacanner (7) with interchangeable detector package and a total field of view of 1200 ,
roll— stabilized in the vertical and 30° oblique positions

— a control—coupler unit (10) that houses the system interface equipment and the automatic control of
camera frame rate, linescarmer film speed and airconditioning

— a vertical gyro (12) providing a reference for scanner stabilization
9 — a st atic frequency convert er (13) that convert s the aircraft power supply of variable frequency int o

- • fixed frequency power 
- 

-
~

• — a water-tan k (14 ) for the air cooling syst em
— provisions (3 and 9) for the installation of a radar altimeter, if ~ true height signal cannot be ob—

‘~ tam ed from the aircraft (not needed for the Netherlands RF—1O4 G).

- 
1 In order to benefit fully from the pod configuration , the syst em should be as self—contained as possible.

-
• I This implies that the aircraft airconditioning system cannot be used for the pod interior and consequent—

ly, in most oases, a separate pod system will be required. Depending on the operational flight envelope ,
the pod airconditioning system may have to provide cooling at high temperature conditions as experienced
in high speed , low level flight , as well as heating during cruising flight at high altitude, Only the
Orpheus cooling syst em will be discussed hereafter.

L 

3, C0OU~~ STSTDI CONCEF2
According to the environmental specification the Orpheus— syst em had to be capable of continuous oper’-

ation at sea level , with sustained true air speeds up to 600 KTAS (knots true air speed) and ambient tern-.
peratures up to 30° C. Due to compression and fri cti8n of the air flowi~g past the pod , the temperature of
most of iti akin rises according to the relation ~T( C)~~ O.O00l2 (ICTAS) . From thi s formula , which could
be ve~’ified during flight testing, it foll owe0that the t emperature ri se at the maximum speed of’ 6O~ KTAS
is 43 C. At an atmospheric temperature of 30 C, this corresponds to a pod skin temperature of 73 C.
Prom these figures and a maximum air temperature of 500 C for cooling the infrared scanner and cameras , as
demanded by the manuf acturer , it follows that a pod cooling system was cal led for. -1

The pod manufacturer Pokkar-.VJW undertook to develop an airconditioning syst em providing 000ling air - 
-

-— - ~~~~ ——-- - - ~~~~~~
• - - ~~ 
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with a ~iaximum initial temperature of 50° C and a minimum mass flow at thie temperature of 0.125 kg/sec.
The mi’.imum airflow requirement was based upon a total heat dissipation of th8 reconnaissance system
equival ent to 2.500 W and a maximum final air temperature after cooling of 70 C. During extensive ground
tests it could be shown that at these temperatures thi s airflow was ju st suffi cient to warrant proper con-
tinuous functioning of the reconnaissance equipment.

With the int ention to provide a simple cooling system, needing as little pod volume as possible ,
Fokker-VFd chose ~o design an open airflow cooling system, using atmospheric air routed through the pod
and kept below 50 C initially by evaporating an aut omatically controlled amount of water near the air
int ake. This method of cooling the ventilating air is made possible by the temperature rise due to corn—
pression at the intake , which causes the air to achieve a very low relative humidity permitting sufficient
water evaporation for the desired cooling effect.

4. COOLING AIR FLOW
Figure 3 shows the general lay—out of the pod air cooling system. Ambient air enters the syst em

through a flush air intake (1), located at the top of the pod nose and subsequently passes through a pri-
mary filter (2). This so-called fly—filter is int ended to stop insect s and coarse particles. It can be
ea~ily removed for inspection or replacement through the cam era compartment . Downstream of the fly—filter ,
two water spray nozzles (3) are installed in the air duct . Evaporation of the water takes place in an

-• evaporator unit (4) consisting of two light alloy honey comb parts with a secondary filter in between.
Thi s secondary, or main f i l ter  collect s fine dust and small particles that passed the primary f i l ter (2).
These fine particles are largely washed out during flight in rain and during operation of the water spray

-
• nozzles. A water separator (5), with drain to the pod skin, is located downstream and partly below the

evaporator. It serves to remove rain and the small quantity of water which may not have evaporated at this
point of the air cooling process. Beyond the water separator the air passes over a cluster of 4 t empera—

— ture sensors (6), two of which are used, for the cooling process control and the other two for pod heating
control and ground measurements, Downstream of the t emperature sensors the airflow is divided into 3
directions to provide cooling in the separate compartments of cameras , infrared scanner and frequency con—
verter. After passing the cameras the air is routed backward to the common exhaust through the scanner
port , if open , or to the outlet slots in the converter compartment . Di stilled water for the cooling system
is stored in a 7.6—liter water—tank in the pod tail cone. - •

5. WATER COOLING SYST~~
Figure 4 schematically presents the operation of the water cooling system. An alectrically—driven

pump is fitted to the water—tank . The discharge of this pump is connected to two solenoid operated liquid
valves , commanded by t emperature sensors in the air duct downstream of the water separator. The solenoid
valves pass the water to the spray nozzles upstream of the secondary filter. The pump discharge also has
a ret urn to the t ank by way of a pressure relief valve , which permits adjustment of the water supply pres-
sure. When the pump is operating, while both ealenoid valvea are closed , full pump delivery is returned to
the tank . The pump circuit is energized when the air temperature reaches the setting of either of the two
sensors of the temperature control channels. A time delay relay keeps the pump running for one minut e
after both t emperature control channels have reverted to the de—energized condition , thus preventing un-
necessary pump switching.

The primary temp erature cont rol channel energizes the pump and opens the primary solenoid valve at a
sensor temperature of 44 C , and closes the valve at a t emperature which is 1 to 2 C lower. If the air
‘t emperature at the intake is only slightly above 44 C the water cooling will function intermittently. As
temperature and airflow increase, for instance due to increasing flight Mach number , the sprayi ng of water

• will continue for a greater percentage of time t i l l  the point where the water evaporation cannot any
longer lower the temperature below the de—activ~tion temperature of approximately 42 C. The primary
nozzle then is spraying cont inuously. The secondary temperature cont rol channel opens the secondary sole—
noid valve when the temperature at0the corresponding sensor rises to 480 C , and closes the valve at a
sensor t emperature which is 1 to 2 C lower. Operation is similar to that of the primary channel. During
intermittent operation of the secondary channel , the primary channel remains continuously activated.

- - 6. PROTOTYPE TESTING

For the development of the cooling system, a closely interrelated series of ground and flight test s
had to be carried out . The flight testing start ed with a dummy pod , without reconnaissance equipment , to

• locat e the beat position and dimensions of the air intake for meeting the minimum cooling airflow requi re— - 
•

ments. The dummy pod contained an air-duct with resistances to simulat e the cooling unit and reconnai s—
sance equipment and was inst rument ed to measure airflow as a function of flight Mach number. The range of • • -

• measured airflows , corresponding with the range of airspeeds for reconnaissance missions, was then uaed in ‘ • .4

test rig experiments for the detail design of the water cooling syst em. - 
• 

- ::~The test rig consisted of a complet e cooling unit assembled in a represent ative duct with flush air
intake and provisions for pressure and temperature measurement s at several point s in the airflow. Aft of
the cooling unit , the underside of the duct was constructed of a transparent material to enable detection - -

• of possible free water in the airatream. A temperature controlled air supply to the flush intake of the .
- 

-

duct was provided by a Root s blower and electric heating elements. The ai rflow was measured with a call—
brat ed nozzle.

During the test rig experiments it proved to be rather d i f f icul t  to find the right solut ign for the
handling of the large range of possible ai rflows (0.10 to 0.18 kg/sec) and temperatures (40—72 C). For
instance, with a nozzle configuration providing adequate cooling capacity at maximwn flow and temperature ,
sometimes small amount s of free water were detected at minimum flow and at switch—ove r from operation with
one to two nozzles. Eventually, however , the correct combination of waterpuinp pressure , nozzle size and —

switching t emperatures was attained and employed in the cooling system of the Orpheus prototype. In order
to achieve the san e cooling performance in flight as on the ground , the airflow in the prototype had to be

• adjust ed to equal the rig test values. During the first few flight s with the complete reconnaissance •~~

equipment installed and operating, this was accomplished by adapt ation of the resistance of a grating (per-
forated steel plate)fit ted for that purpose in the air int ake,

After extensive flight testing in the Netherlands and some smal l adjustments to the cooling syst em ,

——. •‘--— -‘•~•~ --,-•—•--—.~ — ~~~~—..‘—--•‘ ~~~~~~~~ -,-,-- • - ‘—-—.—— ,—‘- ———~— •
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final testing took place in cent ral Italy, where high ambient temperatures allowed flight tests up to the
limits as stated in the environmental specification. Final proof of the maziunan oooling capacity was ob-
tained du~ing a flight at 600 KTAS continuous, a height of about 500 ft and an ambient temperature of
nearly 30 C. During this flight , which lasted 50 minutes , all temperatures in the pod remained within
limits , and the reconnaissance equipment functioned satisfactorily.

7. AIR INTAKE PROBL~24S

In summer 1973 a pre—production Orpheus system , with modified camera configuration but essentially
the same pod structure and airconditioning as the prototype, became available for flight testing. During
the first few flights the water cooling system turned out not to be working properly. Although repeated
ground test s did not show any deficiencies, and the water consumption in flight was exactly as it should
be1 the cooling effect , if any , was negligible and during short runs at 600 ICTAS, air temperatures up to
70 C were recorded downstream of the evaporator. When , after having checked everything without finding
anything wrong, in a last effort the air intake of the pre—production pod. was replaced by the one of the
prototype, the water cooling resumed normal operationi A careful comparison of the air intakes only showed
a slightly different location of the grating used for airflow trimming. Evidently small alterations to the
intake configuration could be of great influence on ‘the evaporation process.

As it was the intention for the production series to dispense with the int ake grating and to intro-
duce instead a read~ly replaceable fly—filter further downstream , it was decided to interrupt the flight
test ing in order to first introduce this comparatively large modification.

Flight testing with the proposed series intake configuration was resumed in autumn 1973. The water
cooling thereby proved to perform normally without , however , attaining the same low temperatures as during
prototype measurements. This soon turned out to be caused by substantially higher air intake- t emperatures
than could be accounted for by flying speed and atmospheric temperature.

If all kinetic ener~~r of flowing air is transformed ~ntn heat by reducin~2its speed to zero , the tem-
perature rise due to adiabatic compression amounts to AT( C) 0.000132 (KTAS) . The fraction of this max-
imum temperature rise , that actually occurs at a certain location is called the local recovery factor.
During the prototype flight testing the recovery factor r of the air , downstream of the intake , just
before reaching the spraying nozzles , was measured several times and consistently proved to be x 0.85.
Now , however , with the series int ake configuration , using a fly—filter  instead of a grating, a recovery
factor re1.l was foundS At the maximum speed of 6000ICTAS the increase of recovery factor meant that the
water cooling system was called upon to handle a 12 C higher temperature than expected and designed for.

Since a recovery factor above 1.0 at first seemed to be highly improbable , quite a number of flight
tests were made , even using independent measuring syst ems, which , however, confirmed the fi rst results.
The explanation for this unusual phenomenon most probably is to be found in the complicated flow pattern
inside the so—called NACA air intake as chosen for the Orpheus prototype. This type of air intake, shown
in figure 5, was selected because of its ability to produce relatively high intake pressures , and its
immunity from icing up. The efficiency of the MACA air intake is based on the generation of rather strong
vortices , which , in certain circumstances, are known to be capable of producing abnormal temperature die—
trj but j,ons ( Ranque — Hj lsch effect). Also , an unsteadiness in the airflow of the resonance type could be
responsible for the temperature build—up.

In order not to be forced to redesign the water cooling syst em, the testing of the Orpheus pre—
production syst em was concentrat ed upon the ret rieval of a low recovery factor. Several intake configura.-
tions , with and without different types of grating and fi l ter, were tested in flight as well as at full
scal e in a high speed wind tunnel of the BLR. Within the limits met by time and budget , however , a

j  recovery factor r~0,85 could not be regained consistently.
4 As both the total loss of cooling at the start of the flight testing, and the excessive recovery fan-

tor experi enced later on , were clearly connected with the NACA air intake, it was finally decided to
change over to a simple straight air intake as shown in figure 6. This type of’ air intake with parallel
side walls generates no vortices and is known to produce a steady recovery factor r~ l.O under all condi—
tions , which was confirmed, during Orpheus flight and. wind tunnel tests. As a consequence the cooling ca~a-
city had to be increased to cope with the higher recovery factor , and the filt er resistance had to be
decreased t o keep up the minimum cooling airflow. Eventually, however , a satisfactory configuration could
be attained.

I
r 8. SERIES PER 1V}~~ANCE

~‘ ‘~9 In the final series configuration the limiting condition for the cooling system o8curs at sea level
• -

- with a sustained flight Mach number M..0 90 (610 KTAS) and an ambient temperature of 30 0C. The total
cooling airflow under these conditions is 0.167 kg/sec with an intake t emperature of 79 C~ Both spray
nozzles are operating continuously, with a total water consumption of approximately 2.5 cm-’/eec, permit-
ting 5Q minutes of flight under these conditions at the given tank capacity of 7.6 liters. By evaporating
2.5 cm~ of water in 0.167 kg of air the humidity i s  increased by 15 g/kg. Consequently, even while flying
in a saturat ed atmosphere at 30° C (cont aining 27 g/kg) the humidity downstream of the cooling unit will
not exceed ~2 g/~ g, that is 49 % relative humidity at 50° C. Since in theory the cooling of 0,167 kg of
air from 79 C down to 50° C could be achieved by complet e evaporation of 2.1 cm3 of water , the cooling
process can be said to have an efficiency , under these conditions , of 84 %.

At a flight Mach number M—O. 60 (405 KTAS) at sea level and an ambient temperature of 30 C, the 
-

cogling airflow with the straight air intake was measured to be 0.094 kg/sec with gn intake temperature of
52 C. Intermittent operation of the primary nozzle reduces this temperature to 44 C , thus previding just

• - 
.

- sufficient cooling capacity.

- 

- ~~~• 9. CONCLUDING ~~ IAR1CS

For one and a half years now , the Orpheus reconnaissance system has been fully operational. During a
considerable number of sorties , in all kinds of weather , the airconditioning system worked as it was re—
quired to do. Prom a practical point of view , the final configuration therefore can be said to be satis-.
factory. From the experiences during the fl ight testing of the Orpheus prototypes, i t  can be learned , how—
ever , that the temperature behaviour of cooling air intakes should be checked careful ly , since small alter-
ations of the flush MACA intake turned out to be capable of producing rather surprising results. A closely—

_ _ _ _ _  — —— — __s ,~ -,-~~~‘-——~~, -~~~ —— —



12-4

reasoned explanation for this behaviour is still missing. Therefore, the inquisitive mind of the research—
worker is not satisfied. He still hopes , of course , to be given the opportunity some time to solve thia
problem.

• .

-
•

- -

a a —
- -

FIG. 1 ORPHEUS RECONNAISSANCE POD ATTACHED TO A LOCKHEED RF.104G

H 1 8 9! 112 13 14
1. FORWARD CAMERA 6. RIGHT SECONDARY CAMERA 11. TEMPERATURE CONTROL BOX

2. LEFT PRIMARY CAMERA 7. INFRAR ED LINESCANNER 12. ROLL REF. GYRO

3. RADAR ALTIMETER Tx ANTENNA 8. SCANNING PORT DOOR 13 AC/AC CONVERTER

4. RIGHT PRIMARY CAMERA 9. RADAR ALTIMETER Pa ANTENNA ~4. WATERTAN I( AND PUMP

S. LEFT SECONDARY CAMERA 10. CONTROL-COUPLER UNIT

FIG. 2 LAY-OUT OF THE ORPHEUS RECONNAISSANCE SYSTEM
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1 2 3 4 5 6

1. FLUSH AIR INTAKE 4. EVAPORATOR WITH SEC. FILTER 7 CAMERA COMPARTMENT
2. PRIMARY FILTER 5. WATER SEPARATOR 8. INFRARED SCANNER
3. WATER SPRAY NOZZLES 6. TEMPERATURE SENSoRS 9. FREQUENCY CONVERTER

FIG. 3 COOLING AIR FLOW IN THE ORPHEUS RECONNAISSANCE POD
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1. SECONDARY SPRAY NOZZLE 5. PRESSURE RELIEVE VALVE 9. WATER SEPARATOR
2. EVAPORATOR AND SEC. FILTER 6. WATER —TANK 10. SEC. SOLENOiD VALVE
3. TEMPERATURE SENSOR 48’ C 7. PRIMARY SPRAY NOZZLE 11. PRIMARY SOLENO ID VALVE
4. TEMPERATURE SENSOR 44’ C 8. DRAIN TO POD SKIN 12. ELECTRiC WATER PUMP
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FIG. 4 WATER COOLING SYST EM
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DISCUSSION

‘4 J Schwarzott:

What is the exact definition of the factor called cooling efficiency?

I de Boer:

The efficiency of the water cooling system of 83’~ at K = 0.90 is the ratio between the amount of
water needed in theory and the amount of water used by the system.

G F Stevenson:

Was it necessary to pipe water back to the tank or was the evaporator so efficient that there was no
carry over?

Is there a water freezing problem?

I d e Boer:

In the prototype excess water was indeed piped back to the tank. Irs the series this pipeline was omitted ,
as the total water consumption per flight of one hour (in actual operational use) turned out to be
on1y about 2 kg (with a water tank capacity of 7.61).

There is no freezing problem , since water cooling is no longer needed as soon as atmospheric temperature
drops below + 5°C (for speeds up to 600 KTAS) , when the water tank is drained. In Holland this has to
be done 2 or 3 times per year , which was not considered unacceptable by the RNLAF.

F S Stringer:

Following Hr Stev enson ’s question, will not freezing occur in winter at dispersal points? Can anti-
freeze be added to the system? Will not draining the system impose another task on heavily loaded ground
Crew? Is this water—coolant concept recommended for general use or confined to PODS only?

I de Hoer:

At temperatures below + 5°C the water is drained from the tank . Anti—freeze cannot be used due to
possibl e pollution of or damage to the germanium optics of the IRI.~. Draining is a very simple task
which takes only two or three minutes and in Holland has to be done only two or three times a year. 

-
: -

In actual operation with the RNLAF the water consumption per hour of sortie is about 2 kg in summer for —

a recce system of 2 kW.For much higher dissipations the water consumption would limit the system.

t
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EP’YICIENT S~XJ~~~~ OF COOLING YOR ATIOMICS

G.R.Giles and G.P.Steveneon
NORMALI.Ia-GABRgFr LIMITED

Teovil , Somerset ,
ENGLAITh

SU1~~ R1

Conventional systems for providing cooling for airborne avionics tend to use cooling methods
-~ - similar to those used in cabin airconditioning systems, and indeed, in many aircraft the cabin

conditioning system provides a portion of its air supply directly for avionic cooling.

Such a cooling system is almost invariably of the open air cycle type using air bleed from the main
propulsion engine. These systems are ohosen on the basis of low weight and volume, together with the
availability of conventional equ.tpment rather than low power consumption and their desige is also
constrained by the necessity to provide fresh air to ventilate the cabin.

Much work is being done to reduce the bleed airflow requirements of cabin conditioning systems, but
it is often possible to make even more sigeifioant savings if the design is aimed at avionics cooling at
the outset.

This paper discusBes the penalties and dsaign constraints of the present day approach and describes
some new systems which can be applied with advantage to avionics cooling.

Theme range from orthodox air cycle bleed air systems to those utilising ram air only for their power
— supply.

The emphasis is on systems designed specifically for avionics cooling with minimum overall aircraft
penalty.

The effect of the ai.rcra.ft operational role is also discussed.

1. INTRODUCTION

As the avionic load of modern aircraft increases, so does the power required to produce the necessary
cooling. Even simple systems using direct ram air have to pay a penalty in aircraft drag whilst those
using air bled from high performance engines can cost far more in power than the power used by the
avionics themselves. As an example, the total power penalty for an air bleed system cooling an avionic
load of 10kW on a Mach 2.0 aircraft could easily be 200kW. Thus there is every incentive to make the

• cooling system as efficient in power consumption as possible .

2. PRESENT D&Y COOLING SYSTEMS

There is a wide range of methods of cooling avionics at present in use, and this is to be expected
when the differences in aircraft role , speed range , size and so on, are considered.

In many cases the avionics are cooled by ambient air as shown in Fig. 1A and for aircraft with low
- - forward speeds this can be acceptable. The helicopter is a typical example of this where, to date, no

-
~~ 4 ~ • special systems for cooling are used. Even for helicopters there is a geowing awareness that increased

avionic heat dissipation and higher packaging densities will lead to reconsideration of the situation and
the provision of special cooling systems.

- 
‘1 The extension of this method is to place the avionics packages in the aircraft cockpit or cabin

(Pig. 1 ) where they receive the benef it of the cooling already provided for the people in those
enclosures. As the avionic heat load grows relative to the r ~~-4v’4’~g cabin load, then the system mast be

I’ increased in capacity to provi de the extra cooling. The temperature requirements of electronic equ.tpuent
are rarely identical to those of the human body and so a cooling system designed to provide personal
comfort i. not necessarily ideal for heat removal from avionics. In fact avionics will normally operate
satisfactorily at higher temperatures than required for comfort and so it is not economical to keep them
cooler than necessary.

Dy cooling the electronics in series with the cabin (Pig. ic) the above objections to placing the
avionics in the cabin can be overcome . The air leaving the cabin i cool enough to do useful cooling in

4 the avion ics bafors being passed overboard. There should be no recircula tion of the air from the avionics
- - back to the cabin. Provided that the avionics air demands are no more tha n those of the cabin alone then

this is a very economical cooling system and can be regarded as a zero power penalty sol~ation. The main
- -

. difficulties are thos. of installation and the possible adverse effects on the cabin presiure control
- - .

Where for various reasons the above systems cannot be used (e.g. difficult location of avionics bays)
or are insufficient , then it iU comeon practice to use an oversized air system for the cabin and duct some

~~~‘• of this air to the avionics directly (see Pig id). With this arrangement the full cooling potential of
th. conditioned air is available to the avionics, but the demands of the cabin temperature control system

~, .T may mean that heati ng is supplied to the cabin when cooling is required by the avionics. The design of

-
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of such a cooling system would have to be abl, to allow for this and so could be wasteful on cooling inson, cases.

The logical way of improving this situation is to divorce the cabin and avionic cooling systems and
many high perf ormance aircraft flying today do hay, cooling systems dedioausd to avionics cooling alone.

The rest of this paper is devoted to thi. approach and includes a discussion of the advantages of
separate avionics cooling systems.

3. AVIONICS COOLING BB~ 1~~~~~~~8

At this point it is worth reviewing the fm~4amev.tal requirements of an avionics cooling system and
also noting where these r.quirs.snta differ fro. tho s of cockpit and cabin conditioning systems. Thisshould enable full advantag, to be taken of th. peculiarities of avionic systems and so provide the
cooling with a ~~~~~~~~~ penalty cm aircraft psrfn’ .’i’e.

It has to be appreciated of coons that thsv, can be no single definition of requiremsnts as avionicsystems themselves differ considerably in their cooling requirements.

It follows also that there can be no one solution to the general cooling problem which provides aminimum penalty S3Stem.

The question of heat dissipation within the avionics will be discussed in other papers and is
generally outside the scope of this presentation. For example, in many oases cooling air is required to
be supplied direct to the equipment, whereas in other situations particularly in modern , densely packed

- - srrangsments , an intermad.iate heat transfer fluid i. used to tran sport heat from the avionics to a
suitable heat sink.

It i* the purpose of this paper to describe means of providing such a suitable heat sink.

The main requirements of an avionics cooling system are given below:—

Cooling only i~ normally required (Heating may occasionally be necessary for pre-heatingand drying)

Temperaturelevels may be 80°C or so

The cooling system is not normally required to provide pressurisation

Free water must not enter the avionics

Indirect cooling can often be used

Close limit temperature control is not normally required

Airflow rates are determined by heat transfer

The main differences between these requirements and those of cabin airconditioning are that:—
Cabin heating is required over the majority of the flight envelope (except for high speed-

~ 1 

airoraft

Temperature levels in the cabin are more normally required to be 20-25°c
Pressurisation is determined by physiological conditions and an absolute pressure of
O.3~ bars is about the minimum

• Limi ted free water can be allowed to enter the cabin

Indirect cooling is hardly ever used, as the fresh air provides ventilation

Temperature control to within 1°C of the set point value is usually required

4. PENALTY EVALUATION

In the comparison of various cooling systems it is ideal to reduce the various penaltyparameters to a comeon basis. The most satisfactory one is probably Take—off Gross Weight. The powerloss caused by bleeding air from an engine and the use of shaft power can be equated to fuel flow. The
extra power required from the engin, to overcome aircraft drag caused by ran sir usag, can also betranslated into fuel flow. The effects of equipment deadweight again can be related back to extra fuelrequired to produce the lift by the assumption of the lift/drag ratio, and the whole of the extra fuelusage can be integeated over a particular aircraft flight mission (including fuel requi red earl y in themission to carry fuel used later ) to give a total weight of fuel required at take off time. The deadweight of the equipment is again added to give the total Tak, off Gross Weight .

To do this type of sa.es snt requires a fairly good keowledge of the aircraft role and the engin./airframe relationship, i... lift/drag ratios’, specific fuel oonsumption etc. To simplify things for thispaper the asee. snt has been dons only on the actual power penalty at a given instant of time. Thepower used In taking rem air on board the aircraft and the power used to provide bleed air are shown on
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Figs. 2, 3 and 4. The power losses used in comparison of systems later in this paper were taken from
these figures.

For comparison purposes all syete~~ discusrd in this paper are based on an avionics load of lOWand ‘~~‘1’iim coolant temperatures of 50 C and 80 C (This iB the temperature of the coolant leaving the
avionics). Where an intermediate coolant liquid has been used the temperature is the temperature ofthe air leaving the heat exchanger.

Sea level operation on a 1400C day and 140 ,000ft operation with an ambient temperature of —liO°C are
both considered.

5. COOLING SYST~~~ CONS iii~~~b

F - The rest of this p ap er is devoted to comparing and comuenting on various candidate cooling systemswhich will provide a low temperature heat sink for the heat dissipated by avionic systems. As discussedearlier , only dedicated avionic cooling systems are considered.

The candidate systems chosen are:—

1. Ram Air

2. Fuel Heat Sink

3. Turbo—fan System

4. Bootstrap System

5. Reversed Bootstrap
- - 6. Ram Powered Reversed Bootstrap

An attempt is made to present some values of the extra power required to be provided by the powerplant(whether in compressing bleed air or providing thrust to overcome ran drag) so that the usefulness of eachsystem for a given application can be assessed.

In all cases the powers quoted are the minima, i.e. the system is assumed to be designed for the
particular bleed preaaure,speed and altitude quoted. Although this is of limited value in itself , it
does allow useful comparison of systems.

5.1. Ram Air CoolinR
Although ram air is not ‘free ’ in the sense that drag is caused in taking ran air into the aircraft,nevertheless it requires only the simplest of associated systems and should always be considered as acandidate cooling medium. Whether or not it can be used depends primarily on the temperature of the airwhen brought to rest relative to the aircraft. Fig.5 shows the temperature of ram air as a function ofMach number. This shows that , whereas ran air has limited use at sea level, it can provide a veryuseful cooling function at the higher altitudes • The cost in terms of aircraft power in using ran air isshown on Pig. 6.

5.2. Fuel Heat Sink

The use of fuel as a heat sink for the avionics can be quite attractive • especially when comparedwith using fuel as a heat sink for cabin conditioning. In the latter case fuel cannot be used directlybecause ite temperature level is often above that required for the cabin , whereas for avionics,particularly at the higher temperature levels the heat can pass from the avionics to the fuel with nointermediate cooling system (except perhaps a heat transfer fluid) ,

Whether or not fuel can be used will depend very much on the fue l tank capacity, heat input to (orloss from)the fuel from other systems and aerod~rnamics causes and the flow of fuel to the aircraft engines.
There may well be a case for a fuel cooled avionics cooling system which incorporates an additionalrefrigeration system to remove the excesses of temperature in the fuel. Because this latter system wouldonly need to operate oocaaionaly , its total penalty on the aircraft could be relatively low. This type— of approach has been used on the Rockwell Bi aircraft (STEIN and SCEEELE , 1975).

Because of the above variables, no specific penalties for fuel cooled systems are included in thisreport but it is certainly a method of cooling which should be given full consideration.

5.3. Turbo—fan System
This is the simplest form of air cycle cooling system and is often referred to as a ‘simple Cycle’system. It is shown diagrammatically on Pig.7.

- 

- 

t 2n this system air bled from a high pressure source (usually the compressor of the main propulsionengine) is cooled by ram air in an air to air heat exchanger. The air is then expanded through a turbinewhere its temperature ia further reduced, thus producing a flow of air at a temperature well below that ofthe ran air. The power produced in the turbine is used to drive a fan mounted on the turbine shaft andthis fan assists the flow of ran air through the heat exchanger.
0~

L 

In any air cooling system the heat absorbed by the cold air supply is the product of the air mass

Ii~ ——-‘ m___
_ — —--—---~- --, -. —-—---&-—-— —-—-—
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flow rate, the air temperature rise in passing through the load , and the specific heat of the air. The
nay~~I,.am allowable temperature of the air leaving the load can be regarded as fixed by the temperature
limitations of the electronic components • and so variations in temperature rise mean variations in
required inlet temperature. Thus a given amount of cooling can be provided by a low airflow at low
temperature or a higher flow at higher temperatures.

As the temperature of the air delivered by the turbo-fan system depends mainly on the input pressure
and the ran pressure , it is possible to determine the flow required to produce whatever cooling is
required , and ~ie power penalty can then be estimated.

- - Pig.8 shows how the estimated power required to produce 10kW of cooling would vary with Mach Number
— and bleed pressure for the sea level and. 14O ,000ft cases.

In each case it can be seen that at the low Mach Numbers (low rem air temperatures) there is an
optimum value of bleed pressure at a relatively low value, but as the Mach Number increases so most the
bleed pressure if the penalty is to be m4nhtni se d.

By plotting similar figures for a 50°C maximum avionic temperature as well as the 80°C value used in
Fig.8 • it was then possible to produce Fig.9 which shows how the minimum power to drive the turbo—fan
cooling system varies with Mach Number at both temperature levels.

5.h. Bootstrap System

In forward flight , the main purpose of the fan in a turbo—fan system is to absorb the turbine power,
there usually being sufficient ran pressure to induce cooling flow through the turbine. The bootstrap
system shown on Pig. 10 uses the power from the turbine to drive a compressor which boosts the pressure
from the bleed air before passing it through the heat exchanger to turbine inlet.

Because of mechanical limitations it is normally necessary to pre—cool the bleed air before it
enters the compressor of the bootstrap unit and this increases the ran air penalty of such a system.

Fig. 11 shows the minimum power required for such a system on the same basis as that shown in Fig. 9
for the turbo—fan system.

5.5. Reversed Bootstrap System (Bleed)

The use of ran air is very expensive on power at the higher speeds and so systems which ,,im4niae
the amount of ram air required must be given due consideration. One such system is the reversed
bootstrap system shown on Fig. 12.

As its name implies it uses the turbine/compressor arrangement of the normal bootstrap system, but
the bleed flow passes through the turbine before the compressor in this case. The compressor serves to
depress the pressure at turbine outlet and allow the use of a regenerative heat exchanger in the line.
It is unlikely that such a system could completely dispense with ram air cooling except perhaps at low
bleed pressures (hence temperatures) and. in this case a small ran air unit has been assumed.

The power required to operate this type of system is plotted as Pig.13 for the two levels of
avionics temperatures used in this paper.

This performance will be compared with other systems later in the paper.

• : 5.6 Ram Powered Reversed Bootstrap

It can be seen ~~~-s Pig.6 that , where ran air can be used for cooling the avionic load, the power
penalties are not very high. If the ran air is collected in an efficient pressure recovery intake then

r it is possible to extend the useful range of ran cooling by expanding this ram air through a cooling
turbine (Fig.114).

The potential of this system is demonstrated in Pig. 15 which shows how much power would be required
to operate such an expanded ran air cooling system. Comparison with Fig.6 shows that the system can
provide cooling over a much wider range of speeds than the pure ran system. - - .

In practice it would be difficult to design a system which oould provide the cooling at the higher
• forward speeds because the airf lows required become large , calling for a very large cooling turbine.

-
- 

- However , if the power from the turbine is used to drive a compressor in a reversed bootstrap arrangement, - -
-

then the extra pressure ratio across the turbine enables a lower airflow to be used. The layout of the
ran powered reversed bootstrap system is shown in Pig. 16. 

- 

-

Figure 17 shows the avionic temperature variation and the power penalty of a practical realisation I 
-

of the ran powered reversed bootstrap system. The cause of the reduced performance at high Mach Numbers is
choking of the compreasor. A variable nozzle turbine would improve this situation.

6. CO?~ ABISON OP SYST~24S

A comparison of the thr ee bleed air systems with the power pen~Ltiee of ran air systems are
shown on Figure 18. The penalties 5r compared for the case of 80 C avionce temperature, although
the trends will be similar for the 50 C temperature. 

—-.~~-~~~~~ -- --— -~~~~-—-- ---- —- — ---- —- --- ~~~~—--~~~ --• -- -•
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7. SPECIAL FEATURES

Where bleed air systems are used then it is most efficient to use the highest turbine expansion
ratio possible. This could easily lead to sub—zero temperatures at the turbine cutlet , with the
possibility of ice formation downstream. This can be efficiently overcome by ~‘~4’ig with war m air from
the avionics outlet as shown on Fig. 19. Experimental work on effective m4v4n ~g arrangements is underway
at this time.

The bleed air systems can be used to provide cooling on the ground but the ran air system. require
forward speed to operate. Thi s latter problem can be overcome by providi ng a supply of low pressure air
or, alternatively, putting shaft power into the ran powered bootstrap. This then becomes a powered
bootstrap on the ground and developnent of a suitable system is underway at this tine.

8. CONCLUSIONS

The main object of this paper is to give a comparison of the power penalty of a number of approaches
to the problem of providing cooling for avionics for advanced aircraft.

Many questions have been left unanswered, particularly those concerned with the practicality of
designing such systems to operate over the many off design cases. However it is hoped that the work
presented. in this paper will help to point the way to reducing the power penalty of cooling avionics.

One conclusion easily seen is that ran air is a very expensive user of power and it is very
uneconomical to use it as a heat sink for cooling bleed air. Perhap s surface heat exchangers (i~ CLAIRE,
1976) could help here.

Systems which use cooling already available for other purposes , such as cabin exhaust air and fuel
cooling should always be considered for use. Regeneration of the air leaving the avionics or the load
beat exchanger will show savings , especially on high speed. aircraft.

Using maximum allowable avionics temperatures will again reduce the power penalty, although the
effects on avionics life must be considered..

Efficient use of the cooling is essential . This involves such things as series cooling of certain
components so that the most critical parts are kept at the correct temperatures.

~~~~~~~CES:-

STEIN.P.G. and SCHEELE.L. ,1975 ‘The B1 Enviromeental Control System’ - ASME 75—ENAs — 13.
- - 

LE CLAIRE , 1975, ‘Surface Heat Exchangers . Aeronautical ~~azterly — February 1976.
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DISCUSSION

P Chapman:

Would a 25% reduction in avionic power reduce the penalties by 25% .

(1 F Stevenson and 0 8 Giles:

I Within reasonable limits this should be true. When everything is taken into account1 eg weight , bulk
of equipment and so on, then clearly some of these items only reduce as a square root function so that
for very email systems the linearity will not be maintained.

I P W Si z i t h :

- Tour slide showed passengers gequiring a temperature of 25°C stable to ~ 10. Whereas the requirement
for avionics cooling is 50-70 C and no restriction on rates of change.

o 7 Stevenson and 0 8 Giles:
I Our paper deliberately set out to discuss the differences between Cabin and Avionic Cooling syst ems.

The problems of obtaining reliability by lowering temperatures and holding them steady are understood
and maybe we should have a set of requirements aimed at producing reliability in a similar way to
the definition of physiological requirements of crew. A full overall study should consider the
complete trade study between power penalty, reliability, maintainability and so on.
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I.E REFROIDI SSEME NT bE L EQUIPEMENT AV IONIOUE

A BORD DES AV IONS COMME RCIAUX - :

PAR

PIERRE . H. DESJEAN I Ingénieur E.E.M.I.
-
~~ Départeinent Système. Avancéa
- 

aérospatiale

31053 TOULOUSE CEDEX
- FRANCE

R E S U M E

Cette étude eesaye , par des exeinpies, de mettre en lumière lea
facteu ra inte rvonan t dana le refroidiasement de 1 ‘équipement
avionique A bord des avions comerciaux et pr éaente lee voies A
auivr e pour améliorer cc refroidiasement de rnanière économique.

I N T R O D U C T I O N

LA CN ALEUR , inévitab le sous-pro duit de tout équipement électronique ,apparatt do 
- 

-plus en plus comee l’ennemi implacable aussi bien pour 1 architecture du circuit, pour
-

- l’avionneur qui l’insta lle , que pour l’ utilisateu r ccstipagnje aérienne conlnerciale. 
- -

NISTOR IQUE

DOS le debut du transport aCrien, vera 1936—1940, es cconpagnie. aCrienne a et lee construc —

~~~~~ ~ tours d’ avions se sont pOnchCs aur 1. problOme de la rationaiisatjon des dimensions des
bottier s do 1 ‘Cquipement radi o—Clectri qu., puis Ciectroniqus utilisC A bord. C’est A cette

l~~ Cpoqu. qu ’apparatt, au mom s aux Etat s—Uni s , Ic style ‘ ATR” d. is specification ARINC AS—
ii , dCriv C des étude. d’UNITED AIRLINES pour 10 DOUGLAS DC—4 .
A cott a Cpoque le refroidisse ment no po.ait pas encore de prob lOmes lea équipements

- 
étai .nt larg .m.nt espacCs at peu ncinbr eux .

La specification ARINC AS—li , devenue ARINC 303, va servir de base A la definition
-~ - des installation s sur lea avions nouveaux DOUGLAS DC—6 , BOEING 377 Stratocru j eer, LOC KHEED

4 049 Constellation, tandis qu ’en Orande—Bretagne apparalt 10 système universei du SBAC (So—
cisty of Briti sh Aircraft Construct ors), veritable “MECCANO” main trop spêcifj que pour

- 
Itre adoptC par d’autres quo lee Britanni qu.g. Ce système disparatt avec is DE HAVILLAND

- I

~
. ~~-
— C ’ est A cette Cpoque quo 1. probiOme du refroidiesem.nt coasnence A se faire sour- - 

lea &quip.merita serr C. cosmic sardin es en botte , sou f frent et cuisent lentomont . Leur fin—
I 

biiitC S e n  ressent et is nombre des deposes s ’accrott. Des eesais entrep ris par DOUGLAS
en 1953 cur des ensembles mont e. dans des rack. , montrent quo lea temp eratures ainbiant es

____ 

eont beaucoup piu. élevCes TI celles prhvues et quo ceilee obtenues b r a  des e.sais
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d’ anibiance effectuCs par les constructeurs. Equipeznentiers et avionneure se renvoient
mutue llement la tesponsabilitC.

I

Lea mat Criels corztinu ent A Cvoiuer, A so miniaturiser. Lea transistor. apparais—
sent et remplacent lee tubes Clectronique s, gros gCnCrateurs do thaleur, be volume cc
rCduit avec la taiile des composant s et loin de clarifier ie problOme, cette diminution
du volume amène une dégradatir n do la situation.

La S$cification ARINC 404 de 1956 conanence A dormer des directives pour be re—
froidissement des équipements. Beaucoup de libertés cant laissées aux rCalisateurs : re—
froidissement par convection libr e, par air aspire a travers l Cquipement, par ventila—
teurs. Et lea Cquipements continuent de souffrir , lea utilisateura de se plaindre , lea

- - I Bureaux d’Etud e d’essayer de rCsoudre lea problOmee .

Une refonte de Ia Specification ARINC 404 eat A peine sous presse que déjà des
recr iminations me font jour. M~me sur les avions gros porteure, be problOme du refroidis—
sement eat toujoura aussi aigu. Cot Ctat de ~ it entraine une reaction des Compagnies AC—

riennes pour l’Ctude des Concepts nouveaux d’installation (N.I .C.) dont be but eat de
dCfinir, par un procCdC Cvolutif plut&t que révolutionnaire, une specification portant sur
lea interfaces : mCcaniques, Clectriquea et surtout d’ambiance entre lea équipements Clec—
troniquec , lea CtagOrea et armoires los ~ecevant et lea avions lea utilisant , ccci Ccono—
miquelnent et de façon A obtenir une espèrance de vie entre pannes se chiffrant en milliers

- 
- d’heures.

EXPERIENCE C ONCORDE
Cet avion (Photo 1 ) eat be pre mier avion supersonique A entrer en service cur lee

• iignes mondiales . Los probbOines rencontrCs sur cet appareil sont plus importants quo cur
un avion subsonique.
En effet ba vitesse de croiaiOre ClevCe , Mach 2, produit un Cchauffement aérodynamique im—

— portant des parois, environ 100°C, d’oü la nCcesgitC d une isolation importante de cellos—
ci et d u n  refroidiscement Cnergique en croieiOre, alors quo pour Un avion subsonique lee
frigories iie font pac dCfaut A cc moment là. Lee emplacements destinCs aux armoire. éiec—
troniques sont liinitée et be materiel y eat tree entassC . (Photos 2 — 3 — 4).

Las recoemnandatione de la Specification ARINC 404 : aspiration de l air A travers
l’équipement , out etC appbiquéec dans be de.ain des étagère. maic peu d Cquipetnents sont
prCvua pour cc type de ventilation, la piupart acceptant un refroidissenient par convection,

‘1 du mom s en thCorie.

• Chaque étagère decsinCe spéciabement , comporte donc une “botte A Vent”, reliCe au système
d’évacuation de l’air. Sur celle—ci aont fixes des plateaux cc~nportant une ouverture munie
d’un diaphragme do rCglage du debit d’air , et d u n  joint d’CtanchCité. (Photos 5 — 6).

— - La circulation do l’air cc fait en Cvacuant i’air chaud ver s l’ extCr ieur , par ba dCprec—
sion régnartt en altitude ,ou par venti lateur su sob .

- 

I 

L air de refroidiccement cit de l’air ambiant pré lsvC par Un collecteur dens la
cabine passagers s un ventilateur supplée au sob 1 1. pressurisation cab ine et en vol , en

j  - 
cas de panne , do faqon A mainteni r dan e touc lee ca. un debit sufficant . (Planche 1-).

• Ii oct 1 une temperature do 25 A 30°C st un filtre oct monte dana chacune dec canalisa—
tions (droit e st gauche) do prClOvement en cabine. La debit d’air nCcessaire pour refroi —
dir chaque meubls est d’onviron 680 kg.h~~ (soit 0,2 kg.s~~ ) pour une puissance Cisc—
trique di..ipée d’environ 4 kW. Cette valeur est do l’ ordre do celle normalement allouée 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~-- - -~~~-- —
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par be cpCcification ARINC 404 (136 kg.h 1 .kW ’1 ) et tree infCrieure I cello des sphcifica—
tionc ARINC 404 A at ARINC 600 (220 kg.h~~.kW ~~).
Cependant 1 ‘ensemble des équipementc , des galleys , et des panneaux du poet . do pilotage
nCcessite un debit d’air d’environ 3720 kg.h~~. La debit norma l d’ air de conditionn.ment
cabine est d’environ 4900 kg.h~~. 11 ne recte donc que peu d’ air do fuite de cabin. van
lee coutes pour y maintenir une ambiance acceptable.

EXPERIENCE A IRBUS

L’A IRBUS, A300B, (Photo 7) eat un avion gros porteur , moyen courrier subsonique

dont la definition est plus rCcente que celle de CONCORDE.

Etant donnC l’espace disponible dans l~ partie infCnieure avant do l’appareib , tin pnincipe
different do [a norme ARINC 404 a Cté utilisé. ( Photos 8 - 9 — 10).

Lea Cquipements sont simplement refroi dis par convection . L air anthiant et chaud
eat colbectC au—dessus do thacune des étagères supportant lea bottes noires et eat rejetC
vers l’extCrieur soit par depression en vol soit par un ventibateur au sob. (Planch e 2 ).
L’air ambiant eat renouvelC par lea “fui tes” de cabine. Cet air eat donc aussi relative-
ment chaud et pollué .

Le debit d’ air dan a le meubbe droit eat de 280 kg.h 1 (80 g.s 1) pour 1600 W et dane be
meubbe gauche de 650 kg.h~~ (180 g.s~~~) pour 2500 W. Ces va leurs aont peu supCrieuree A

celles prCconisées par l’ARINC 404 A et permettent en vol normal d’obtenir une temperature
do fonctionnement correct.

Au aol, par temp a chaud Un soufflage d’ air frais, proven ant du circuit de conditionne ment

- 

- 
du paste do pibotage eat effectué .~ la part ie inférieure do thaque étagère.

Ces dispositions ant i’avantage de procurer un refroidisse ment correct en génCra ].
en Cvitant los deux inconvCnients do la ventilation type ARINC par aspiration :
1° — Lee CtagCres peuvent n ’atre quo do simpbea plateaux supports , sans joint d’CtanchCitC -

toujours sujet A dCténioration et dont la disposition peut ~tre bana].isée.

2° — Lee poblutions (nicotine, poussières) ne se dCposent pas A l’intCrieur des Cquipemente
Clectroniques.

En rCsumC, le refroidissement des équipements éiectroniques z pbanches do bard , meuble die—
joncteurs, nécessite un debit d’air de 2800 kg.h~~ (600 g.s~~) I comparer avec lee
7900 kg.h~~ (2200 g.s 1 ) nécessaires au condit ionne inent d ’ air do be cabine.

PROJET N I C

En 1972, alora quo la specification ARINC 404 en Ctait au stade final de sa nédac—
tion, une proposition fut faito envicageant des Concepts Nouveaux d’Installation (N.I.C.) —

ayant lee objectife suivantc

. FiabilitC augmentCe

- t . Maintenance facilitCe

. CabiSge simplifiC

Flexibi iitC do modification

Compatibi litC avec be specification ARI NC 404 A

¶ 
. CoAt. diminuCs

_ _ _ _ _ _ _  _ _ _ _ _ _
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Une maquette tr Cs CvoluCe Ctait présentCe pan DOUGLAS. (photo lb ).

Du fait de son avance technobogique , c u e  a eoulevC de gros remous partiouliIrament parmi
lee utilisateura, effrayCs par cette revolution. Tine evolution plus bente a etC dCcidCe
et mice au point.

La premiere phase do cette evolution oct pratiqu eznent acquiso $ et ainsi qua be
dicait be Dr J.V.N.GRANOER du Stanford Research Institute en exergue de la specification
ARINC 404 de 1956 = “Old Operational Requirements never die. They juat shrink to 1/4 APR

size” . Ii eat maintenant propose un module do base 1MCU identique au 1/8 APR 111 “So they
just shrink to 1/8 APR now 111...’ -

Un comité et des sous—comitCs ont Cté crCCs aussi bien en EUROPE qu ’aux ETATS- TJ NIS, pour
Ctudier lea prob lèmes. et des maquettes oat Cté rCa lisCes. ( Photo 12 ) .

Deux points particubiera out etC retenuc pour cette premiere phase
— Connecteur A faib l e force d’ insertion . La connecte ur actuel, du fait du nombre

toujours plus grand do contacts, entraine des efforts iinportants , I l’inaertion

et I b’ extraction, source de deform ations, d’o~z faux contacts, brochea tordues,
difficubtCs de misc en place, etc

— Amelioration do 1’ environnement surtott du point de vue theratique et c’ oat là be
point principal do ces propositions.

Pour fonctionner dana des conditions satiafaicantes et avec une fiabilitC attei-
gnant des milliers d’heures, los équipemonts Abectnoniques doivont Stre refroidis pour
Cvacuer toutes lea calories gCnCrCea par be ~~nctionnenient .

La tendanco actuelle A la miniatu nisation des circuits Clectronique e : integration de non—
breuses fonction s cur une seule pastilbe de aemi—conducteur , entraino des dissipations par
unite do volume importantes. Do plus il eat dif ficibo d ’ Cvacuer be chabour produite prati—
quoment en un point.

4-

Dane cette premi ere phase , l’air seul oct retenu cosine moyen principal pour nefroi—
dir lea bottea noires. Un debit important 220 kg.hr 1.kW~~~; eat prCvu en mème tempa quo
la dissipat ion eat bimitCe A 25 W pour be module unitaire 1 MCU .
Il eat significatif de comparer cette limitation do dissipation et do debit avec dos va-

lour. adoptCec rCcenmient (MIAMI Dec.1975) par oxempie pour be specification ARINC 559 A
pour 1’ emetteu ç do conanunication HF—SSB .
Pour un volume 3/4 APR court , gui eat equival ent a 6 modules unitaires, ii eat pr Cvu une

- - dissipation moyenne do 250 W (60 W on position Reception, 600 W en position Emission) soit
1 7  fois plus forte. Tin debit d’air standard de 54 kg.h 1 eat prCvu mais certains fab ni—

SM cents ont déjà demandC be double soit 108 kg.h~~ afin d’amCbiorer be fiabibit C.

Cotto limitation de la dissipation unitaire conduira A repenser les mCthodes do
refroidissement. Pour 10 moment l’air utilisC est en gCnCrab l’air provonant do be cabine

• paseagerc donc polluC pouscièros et fusnCee de tabac. Coa souilbures ont tine tendance
fScheuse A se dCposer sur les parties lee plus sensibbea des circuits ébectronique. I Ii
eenait donc recommendable sinon indispensable do pr Cvoir une Cpuration de cat air.
Pour lee poueeiCres, tine Climination par action mCcanique pout Stre onvisagCo : centrifu—

gation par example, avec elimination auto mnatiqu e des déchets.
- 

I 

Par contre, pour lee fuznéec do tabac il n ’existe quo peu do moyena aimples : lo filtre
( lain. do ver re par example) semble en Stre un , avec cependant tous bee inconvenient.
qu ’il procure $ cobmatage plus ou moina rapide , d’ oA be nCceseitC d’ une vicite ot d’ un
nettoyage pCniodique. La condensation cur paroi froide eat aueei CvoquCe. Do plus cetto
Cpuration produit des pertea do tharges d’autant plus fortes qu ’ebbe oct d’autant plus
pouseCe. Un moyen mécaniqu e oct nCcassaire pour forcer l’ air A travors l’Cpurateur cc gui
b ’ échauffe at vs A l’ encontre du but recherché . En effet , bee condit ions d ’ainbiance aux-
quollee peuvent Stre coumis lea matCrislc avioniqusa cont définia par un document Conailun

_ _  - - - t-~— -_ is.saas — ~~a A



— —

14-5

I la “Radio Technical Commission For Aeronautics” (R.T.C.A.) américaine et I 1’Organisa—
tion EuropCenne pour l~Equipement Electronique do b’Aviation Civibe (EUROCAE), européenno:

RTCA 00 160/EUROCAE b/WG14/75.
Co document définit les litnites haute et basse dana diffCrents cas — en vol et au sob —
la limito haut e étant gAnéra lomont ia plus g~ nante + 55°C normal + 70°C, temperature

bimite pendant 30 minutes. Ces velours élevAes obbigent los fabricants d’équipement & dé—
tarer lea composants pour obtenir une fiabilité correcte en lea faisant travailler I une
temperature interne convenable.

Néanmoins, ii eat nCcessaire d’Atudier lea Cquipement s pour tirer be meilbour parti do la
ventilation prCvue. Elle n’estpas encore clairoment dAfinie par ba specification ARINC

600 mais lea libertés de la specification ARINC 404 A refroidissement par convection ot

Cventuelboznent ventilateura, ont été supprimées.

Lea etudes menéea par 1’AEROSPATIALE ont conduit I proposer pour la specification
ARINC 600 une disposition modulaire des ouvertures pour be passage de b’air de ventilation
(planche 3 ).
Cette disposii ion , Lout on laisaant libre be choix du sena do passage do l’air permet do
choisjr :

— ba ventilation de l’enaemble , ou d’ uno partie seule, de ].‘intérieur du battier
l’échange do d aleur so faisant directement au niveau des composants cabori—

fiques. -

— pour un materiel do haute fiabibité, la ventilation d’ un échangeur de chaleur ,
seul soumis, a cc moment lA , au dCp~t d’Cléments polluants.
La chabeur produite au niveau des composants eat conduite I l’Achangour soit par

be circuit imprimC & ~me métallique soit par des caloducs (Heat Pipes en Anglais)
(plancho 4— )

- - 
— et m~me pour un design ” trés ra f f ine, la ventilation des cartes creuses de cir-

cuit imprimé.

Ceci pour in ventilation proproment dite des bottiers ébectroniques. Pour ce gui eat du
schema de ventilation des AtagAres et meubles abritant ces bottiers, plusieurs méthodes
out été étudiées : (plancho 5

CAS 1 Aspiration direct - a travers lea bottiers, facile I adaptor
maia inconvénients dus aux poussiAres et goudrons de tabac.

CAS 2 Soufflage direct d’ air mais dispersion des fumées (en cas de
4 court—circuit intorno) dens l’avion par recirculation.

CAS 3 ,.
- - ‘

~ Circulation forcCo Cvitant los deux inconvAnients prAcCdonts.
CAS4J

CAS 5~~~1 Circulation forcée dana une encointe formée.
C A S 6 /

Lo caa 5 semble préfCrabbe A b’heuro actuelle , car il permet $

- - I t
I ~~~ — . Cventuoibement de refroidir b ’air avant souffbage dana l’onceinte

• d’acceptor los Cquipemonts dCfinia suivant la specification ARINC 404 (cane
ventilation), be .pécification ARINC 404A(ventilation possibbe par aspiration )
ot ba specification ARINC 600.

• 

- 

Ii faut signaler quo l’air utilisC ect I temperature Clevée en thCorie t + 55°C limit.

- 
~~ haute permanonte , + 70°C, limit. haute do courte durCe , 30 minutes , et aussi on pratiaue .

Ccc valour. limitec sont couvant des valeurs moyennes. - —

I
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Un remAde A cot inconvenient serait Ia réfr igCration do b’ air do refroidissement , réfri—
gCration gui serait trés favorable pour be fiabilitC .
Un bilan estimatif a etC fait pour un avion tel quo CONCORDE $ tine puiceence do 40 kW et • 

- -

uno masse de 500 kg pour fournir b’ air nCcessaire A une temperature do 10°C, seraient I
prCvoir. Le bilan oat donc bourd pour l’avion $ en poids , en Cnor gie consonanC e et donc on
chabeur & Cvacuer.

Cett o solut ion n ’ a pea encore Cté envisagCe pour lee avione future et A l’heure
actuolle los Cquipements doivent ~tre prCvus et certifiCa A ccc ambiances . La spAcifica—
tion ARINC 600 pr opose une mCthode d’ ossais devant eervir do base pour la qualification
thermique doe Cquipements sebon des crit Aro s accopt(~s par tous : Cquipementiers, avion—
nours, coinpagnies aCriennes utilisatricea et services officiebs , critAres donnant une
fiabibitC CbevCe pour tin cost minimal.

Pour s ’assurer do cette certification ,chaque Cquipement , au mom s durant sa phase
de dCveboppement ot peut— Stre ausai durant la phase de misc en service, devrait comporter
un Clement sensible A be chaleur. Ce serait un genre de “B.I.T.E.” (Built In Test Equip—
mont) permottant A l’avionneur ot I b’ utiliaateur , de contr8ber si bes conditions de fonc-
tionnement prCvues par l’équipomentier sont respectéos. Lea discussions, oü chacun se ron—
voie be reeponsabilitC du mauvais fonctionnement, pourraiont Stre CvitCes ainsi que bee
modifications toujours coOteusea aur lea avions en service.

CO NC L U S I O N

A bard des avions convnerciaux, be refroidissoment de l’équipement avionique a

toujours presente doe probbAmos .

tin comnpromis entre différents facteurs ost nécessaire :

• Fiabibité

. Prix do revient

L I
- -

, . ComplexitC

• Poids

• Facibite d’ontretien

-,

Ce compromis doit donc Stre be fruit de be cooperation ontre bes trois mailbons do la
- _ • chatne :

. Equipementier

. Avionnaur

• Utibieateur

Las nouveaux concepts d’Inetallation NIC proposont tine voie pour améliorer boa
• probbAmes resultant do ba cqspbexit C croissanto dec Equip ementa Eboctroniquos .

La pr emiere phase arrive I ca mice au point finale.

Los phases ituivant ee permettront , par une evolution progressive, d ’ eboutir I des 

~~~~~ • -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~---- ~~~~~- - - --
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solutions satisfaisantes par l’esnploi des techniques nouvolbes, dévelcippées parfois pour
b utilisation spatiale : rofroidissenient par conduction ; par liquide et m~me par ébulii—
tion. Un gros effort reste & faire dan a cc doxnaine pour adapter ces techniques nouvelles
aux oxigences do l’utibisation sur avions comnmerciaux : facilitC d’ empboi , manipulation
aisCe , entretien simple, prix do revient acceptable.

S

4 
• 

S
-

.

I

~~~ 1

- - • Photo I CONCORDE au décollage
•1
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- Photo 2 CONCORDE — Vue vers I’avant

• 
- Les armoires électronique s sont situées a droite et a gauche du couloir allant au poste de pilotage

- 
- --- ——
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Photo 3 CONCORDE — Armoire droite
Vue du poste de pilotage
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Photo 4 CONCORDE — Armoire gauche arrière
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aérospatiale
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Planche 1 T.S.S. CONCORDE — Avionics ventilation and extraction
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Photo 9 AIRSUS — Armoire droite 
Vue vers l amère 
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PERFORMANCE ASSESSMENT OF THE CONDITIONING SYSTEM FOR THE AVIONIC

EQUIPMENT BAY OF A SMALL HIGH SUBSONIC MILITARY AIRCRAFT.

R. Le Claire
Hawker Siddeley Aviation Limited

Kin~~ton-upon-Thames
England

1. INTRODUCTION

The avionic equipment of a small military aircraft is frequently carried inside a bay in which the thermal environment for
the equipment is controlled by an air conditioning system. To analyse the performance and penalties of any conditioning system, the
following methods have been developed. They are complementary and provide , when applied to other potential systems, a usefu l
basis for performance comparison.

Energy flow diagram method.

The performance of a system is generally defined by its “effic iency ” or “coefficien t of perform ance ” wh ich give no
indication of the manner in which the input energy varies with in the system. This may be overcome by energy flow d iagrams wh ich
provide a true representation of the energy balance of the system and from which an overal l appreciation of the energy variations and
losses can be obtained.

Fuel mass penalty method.

The previ ous method is supplemented by the determination of the overall fuel penalty, incur red in fligh t, due to system mass,
additional drag and power required to operate it. It is shown that to compare several potential systems on the basis of their basic mass
only could be highly misleading unless the fuel penalties are also taken into account.

2. DESCRIPTION OF THE CONDITIONING SYSTEM

The type of conditioning plant frequently chosen for providing a controlled thermal environment for the avionic equipment
is the turbo-fan system depicted on Fig. 1.

Engine bleed air is cooled by ducting it through a heat exchanger (in which heat is rejected to ram air) and a cold air unit,
in which the work done by the air expanding throu gh the turbine is absorbed by a fan inducing ram air through the heat exchanger.
The cold bleed air is then mixed with uncooled bleed air in proportions governed by a temperature control valve which ensures that

- 
- air is supplied to the equipment compartment at the lowest temperature (about 30°C) which would prevent any risk of condensation.

Af ter its passage through the heat exchanger and the fan , ram air is simply discharged overboard without providing any
thrust.

3. PERFORMANCE ASSESSMENT OF THE CONDITIONING SYSTEM

3.1 Flight conditions and assumptions

Performance assessment of the conditioning system will be carried out for the following flight conditions:

Altitude Sea level
Mach number M = 0.9

4 Climatic conditions ISA
• Flight duration 45 minutes

The methods for assessing the performance of a system will first be applied to the conventional turbo-fan system in order to
‘I demonstrate their validity and usefulness.

-
‘ I They will subsequently be applied to the following systems:-

a) Regenerative system

• I b) Closed air cycle system
c! Vapour cycle system

which , as will be shown late r , exhibit significant improvements over the current turbo-fan system.

For the purpose of comparison between the systems, the following assumptions are made:-

1. The electrical generation system provides a net supply of 8 kW for avionics and the aircraft electrical equipment, as
well as any additional electrical power — where applicable — for the conditioning system. The 8 kW supply is
entirely converted to heat.

2. Bleed air power is identical on both the conventional turbo-fan and regenerative systems (same engine tapping).

3. The air-flow throu gh the avionIc bay is the same on all four conditioning systems.

4. The temperature of the fuel used as a heat sink (vapour cycle system) Is taken as 50°C.

- —I - - l
__ 
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5. The tempera tu re of the air at inlet of the compartment is taken as 30°C. This will result In virtually no free water in
the cooling air at any operating conditions.

6. Heat loads due to kinetic heating are unlikely since the compartment temperature will be abou t the same as that of
the bounda(y laye r.

7. Because of the increased inatallationai complexity of the alternative cooling systems, their basic masses will be
greater than that of the turbo-fan system by the following percentages:

10% for the regenerative and closed air cycle systems;

50% for the vapour cycle system. -

The increases in basic mass allow, where applicable, for structural refinements (sealing of compartment), provision
for thrus t recovery, increased generation capacity, increases In mass of the electrical equipment required for
operating the conditioning system, additional mass due to the refrigerant (vapour cycle system), etc.

8. The fuel flow penalty due to bleed air and mechanical off.take is the additional engine fuel flow required to
main tain constant thwst~

9. The pressure ratio for the closed air cycle is taken as 2.0.

3.2 General remarks on performance assessment

When assessing the performance of an aircraft syste m, two main objectives must in general be considered:-
a) The power required for its operation and the way in which it varies throughout the system. Such an assessment is

best ach ieved by mean s of the “Energy flow diagram ” method (para. 3.3).

b) The overall fuel mass penalt y incur . ed in flight for carry ing and operating the system (para. 3.4).

3.3 Energy flow diagram method. (Ref. 1)

Although the performance of a system may be defined by its “efficiency ” or “coefficient of performance” which relate the
output power to the input power , no indication is however given of the manner the energy varies within the system or where thelosses occur , unless reference is made to the actual cycle calculations.

This shortcoming may be overcome by considering the energy flow diagrams which have the great advantage of providing
a pictorial , yet mathematically accurate, representation of the energy balance of the whole system, from which an overall appreciati on
of the energy variations can be obtained at a glance and the losses easily pin-pointed.

Such a method was applied to the conventional turbo-fan conditio ning system of the avionic equipment bay of a small
single seat strike airc raft. The resulting diagram is shown on Fig. 2 on which the energies are represented by continuous streamswhose width varies proportionally with the energy changes occuring in the system.

The electrical power stream varies due to component losses and is expressed by:.

Pout fll’in
It can be seen that 12.5 kW are required from the engine to generate 8 kW for the aircraft avionics (and other electrical

equipment), which , for the purpose of the investigation only, are assumed to be entirely converte d into heat.

This heat of 8 kW is removed by the conditioning system which is represented by the bleed and ram air streams. The width
of each stream is proportion al to:

Q = m c p ( T — T a)

and it can be seen that the value of Q will be positive or negative depending on whether T is greater or smaller than T~ . Streams •- - representing airflow energy can therefore be assigned a datum line which will indicate whether the air total temperature T is above
(Q positive) or below (Q negative ) the ambient temper ature T~.

The major part of the air bled from the engine flows through the heat exchange r and the turbine of the cold air uni t , at - •

•which stage its energy becomes negative (—4.5 kW) since the air total temperature (—6° C) is below the ambient temperature (15°C).
The air is then mixed with the uncooled remaining bleed air before entering the avionic equipment bay at a temper ature of 30°C,
corresponding to an energy of 3.4 kW. 

•- 
-

The somewhat complex stre am pattern at the CAU turbine on Fig. 2 is explained in detai l in Append ix 1. •
-

The reduction in energy of the bleed air , due to heat transfer (53.9 kW) in the heat exchanger and expansion (19.2 kW)
through the CAU turbine results in a correspon ding increase in energy of the ram air flow which , owing to the forward speed of the ~~~~ -airc raft already has an initi al energy of 63.9 kW. • 

-

-
• If it is assumed that the final ram air energy is entirely dissipated without thrust recove ry , as is general ly the case, Fig. 2

shows that to generate an electrical suppl y of 8 kW and provide satisfactory cooling, the total expanded energy reaches 152.8 kW , i.e. ~~~~~~ :~~~19.1 kW for every net kW of electrical powe r supplied .
I I~~%%~

As indicated on Fig. 2, the CAU shaft powe r is 19.2 kW. • 
• -
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Any improvemen ts in cooling systems should aim , whenever possible, for a substantial reduction of the energy required for
cooling purp oses as this would lead to a worthwi le reduction in fuel mass penalty. Although this particular aspect is dealt with at
greater length in paragraphs 3.4 and 4, it is however worth making at this stage a comparison , shown in Table I , of the energ ies
involved between the conventional turbo-fan system and the three improved conditioning plants which will be analysed later. For
unchanged design conditions, Table I shows that the lowest power extracted from the engine is 2.17 kW for every kW of electrical
power supplied and this is achieved with the vapour cycle system.

It can also be seen that the energy required to provide cooling represents, in each case, an appreciable proportion (greater
than 80%) of the total expended energy , except on the vapour cycle system for which the corresponding percen tage is 28.

TABLE I. POWERS (kW) INVOLVED AND EXPENDED ENERGIES REQUIRED TO
PROVIDE COOLING FOR THE AVIONIC AND ELECTRICAL EQUIPMENT 2

SEA LEVEL — M = 0.9 — ISA CONDITIONS

ALTERNATIVE CONDITIONING SYSTEMS
Electr. — 

Closed
Gener. Turbo Regen- Air Vapour
System -fan erative Cycle Cycle

Mechanical power from engine
to generate electrical power 1232 — — 25.83 4.83

hH~’d air power — 76.45 76.45 — —
Ram air drag power — 63.86 — 63.86 —
Thrust power — — 13.31 28.07 —
Energy expended for cooling
purposes — 140.31 63.14 61.62 483

Total expended energy for
generating electricity and
providing cooling — 152.83 75.66 74.14 17.35

Percen tage of the total
expended energy attributed to
conditioning system — 91.8% 83.5% 83.1% 27.8%

Total expended energy
required for every net kW of
electrical power supplied — 19.10 9.46 9.27 2.17

Energy extracted from engine
for every net kW of electrical
power -supplied — 11.12 11.12 4.79 2.17

3.4 Overall fuel mass penalty method

The information provided by means of the energy flow diagrams is not sufficient for evaluating the overall effect of the
system on the performance of the airc raft or, preferably, for determining the overall fuel mass penalty Incurred in flight by that - 

-
~~

s~stem.

Fitment of a system to an aircraft will result in some increase in fuel required:

a) to carry the system basic mass AW 1 by providing additional thrust to match the associated mass drag.

b) to supply power to the system. This is expressed as the fuel flow penalty Af5 required to mainta in constant thrust
when power to operate the system Is extracted from the engine.

~ so overcome any additional drag ~ D0 which may result from fitment of system to aircraft (increase in profile drag;
momentum dr ag due to ram air induction for cooling purposes; etC.)

so ~orvt, ds. resultant quantity of fuel required for Items (a), (b) and (c).

‘ii . ~~,.e’ ‘~~~ ma. penalty for a given flight duration under known conditions Is derived from reference 2 and given by
..~

AW~0 (6W 1 + r8D0 +~~Ms) (e~
t _ l )

.-~~~~~~ - -~~~ -.----—~~ —--
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~ Table II lists the values of the relevant term s appearing in the above expression for a fligh t duration of 45 minutes and for
~ 

the four conditioning systems under consideration.

~ In spite of its lower basic mass (87.5 lb.), the conventional turbo-fan system will exhibit a comparativel y large fuel mass
~

- penal ty (192.6 lb.) due mainly to ram air momentum drag and, to a lesser extent , the addIt ional fuel (42.0 lb.) required to maintain

~
- constant thrust when air is bled from the engine compressor.

~ ~ With reference to the expression for the overall fuel mass penalty ~ W FO, it can be seen that, although the value of the basic
~ mass (87.5 lb) of the turbo-fan cooling system is of the sam e order as that for the ram air momentum drag (93 6 lbf) , the fuel massS. ~ penalty (110.8 lb) of the latter is appreciably greate r, roughly by a factor r , than the fuel mass penalty (39.8 Ib) due to the basic system-

~~ 
mass.

~ This hig hlig hts in particular the relative importance between the fuel mass penalty due to additional drag and that due to basic mass.
- - Any advantage gained in selecting the lightest system could be lost if its installation resulted in some additional d rag , especially in
- - cruise when high values of the lift/drag ratio r would norm ally prevail. ‘

; - It follows that, when analysing the performance of a system , its overall effect should be considered and not onl y whether it
~ 

- exhibits the lowest basic mass. This is clearl y seen from Table II which also shows that the total fuel mass penalty for every net kW ofelec.rical power supplied drops from 36.3 lb. for the conventional turbo-fan system to about 20 lb. f’,r both the regenerative andfuel cooled vapour cycle systems, and 24.2 lb. for the closed air cycle system.

4. IMP ROVEMENT PO SSIBILITIES
4.1 Reduc tion of the overall fuel mass penalty

Apart from any reduction in the basic m ass of a system, any system improvement should also aim for a reduction of theoverall fuel mass penal ty, made up of the items (a), (b), (c) and (d) listed in paragraph 3.4.

Because items (b) and (c) are fuel penalties due basically to drag or power extraction effects (and not mass), an appreciable- saving in fuel could be achieved if the power required to operate the system and overcome any additional drag could be reducedsignificantly (ref. 2).

This may be achieved at the expense of an increase in basic system m ass, but if the drag or power savings outweigh theincreased basic mass, resulting in reduced total mass of equipment and fuel , then an improvement has been made. The extent of thisimprovement will depend on mission time. The drag or power savings decrease for shorte r missions and there is a “break-even ”- mission time below which fitment of an improved but heavier system would not be advantageous in term s of total mass.

In the following paragraphs , an attempt will  be made to analyse some of the more pr omising possibilities for improving the- conventional turbo-fan system and also examine the potent ials of the regenerative system (which is self-cooled), the ram air cooled airclosed cycle system and the fuel cooled vapour cycle system (Fig. 3). The bootstrap system is unl ik ely to be a suitable contender — inspite of the lower bleed pressures require d — because of the comparativel y large quantitie s of heat to be dissipated which may exceedthose of the conventional turbo-fan system.

4.2 Turbo-fan system

Because of its basic design characteristic , the current turbo-fan system (Figs. 1 and 2) will always be associated with highfuel mass penalties due to momentum drag of the ram air ducted through the heat exchanger and the fan. In the case underconsideration , this penalty reaches 192.6 lb.

Reduction in fuel mass penalties could be achieved by adopting a two-stage tapping device (which would ensure a betterr uti l i sation of bleed air energy ) and by discharging ram air through aft facing nozzles, thus recovering some thrust.

Because of the losses incurred thr ough out the system , total thrust recovery is most unl ikely, in spi te of the increase intemperatu re of ram air through the heat exchanger. In the flight case under consideration , the thrust recovered would be about
- 65 lbf , resulting in a fuel mass saving of 77 lb. This is 34 lb . short of 111 lb. corresponding to full thrust recovery.

- Although the fuel saved would be par t ly offse t by the fuel penalty incurre d by the addition al mass of the nozzle and theassociated ducting , such a modified turbo-fan system would exhibi t  a total mass which could compare favourabl y with that of the- - 
- other systems considered in the following paragraphs.

4.3 Regenerative system

- Satisfactory operation of the regenerative system (Figs 3 and 4) depends on adequate sealing of the equi pment bay toensure th at leaks are neg ligible and the heat exchange r flow ratio remaIns near unity.  Ef ficient uti lisation of bleed air could again be- achieved by means of a two-stage tapping device and thrust recovery may further help in reducing the total expended energy. As can- he seen from Fig. 4, this is however reduced by only 13.3 kW (AppendIx 2).

- 
4.4 Closed air cycle system

On the closed air cycle system (Figs. 3 and 5), bleed air power from the engine is replaced by mechanical power and thisresults in a significant saving in fuel since 25.8 kW (Table I ) only are extracte d from the engine for its operation compared with thebleed air power of 76.5 kW required for the conventional turbo -fan system. (Appendix 3).

Cooling is provided by ram air , the adverse effect of’ - ;iich is however reduced by nearly half by thrust recovery (Append ix 2).The quan ti ty of heat tran sferred to ram air amounts to 21.1 kW which represents only 39% of the heat rejected through the heatexchanger of the conventional tu rbo-fan system. But no reduction in the cooling flow (and the associated drag pen alty ) can be
-. considered unless the flow rat io can also be altered.
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TABLE II. FUEL PENALTY

SEA LEVEL — M = 0.9 — ISA CONDITIONS —45 MINUTES

ALTERNATIVE CONDITION ING SYSTEMS
Elec tr. Closed
Gener. Turbo- Regen- Air Vapour
Syst. Fan erative Cycle Cycle

Basic mass ( Ib) 200.00 87.50 96.25 96 25 131.25

Air flow (Ib/sec) — 0.505 0.505 0.505 0.505

Ram air or cooling flow (Ib/sec) — 3.00 0.454 3.00 —

Thrust (lbf) — — 1734 62.08 —
Ram air drag (Ibf) — 93.6 — 93.6 —
Fuel penalty (Ib) due to:

Basic mass 91.00 39.81 43.79 43.79 59.72

Bleed air — 41.98 41.98 — —
Mesh. off-take 6.88 — — 14.18 2.65

Ram air drag — 110.76 — 110.76 —
Thrust recovery — — —20.74 —73.43 —

Total penalty 97.88 192.55 65.03 95.30 62.37

Total mass (Ib) 297.88 280.05 161.28 191.55 193.62

Mass reduction (Ib) (1) — 0 118.77 88.50 86.43

Additional payload (Ib) (1) — 0 81.63 60.83 59.40

Total fuel mass penalty for every
net kW of electrical powe r supplied
(lb/kW) (2) — 36.30 20.36 24.15 20.03

Break-even time (mm ) (1) — — 3.7 13.5 23.8

(1) Based on turbo-fan system

(2) Based on: (97.88 + total fuel penalty of relevant conditioning system) /8.

4.5 Vapour cycle system

In spite of its increased mass, due partl y to that of the refri~~rant, the vapour cycle system (Figs. 3 and 6) exhibits a lower
overall fuel mass penalty due to the more efficient use of mechanical power — instead of engine bleed air power — for its operation for
which 4.8 kW only are required from the total power of 17.4 kW extracted from the engine. As in the regenerative system, it does not
depend on ram air cooling, heat being rejected to the aircraft fuel at an assumed temperature of 50°C (Appendix 4).

The amount of heat (10.6 kW) rejected to the fuel represents only about a fifth of the heat transferred to ram air in the
conventional turbo-fan system.

4.6 Practical considerations

The improvements in conditioning are likely to be achieved at the expense of a system mass increase — hence incr ease in
fuel mass penalty — due to some increased installational complexity. However, it will be noted, from Table II , that the resulting fu el
mass penalty would be small compared with the fuel penalty which would otherwise be incurred by excessive drag and , as a result,
additional payload may even be contemplated as can be seen from Table 11(81.6 Ib , 60.8 Ib, and 59.4 lb. for the regenerathe, the
closed air cycle and vapour cycle systems respectively). Based on this table , Fig. 7 illustra tes the significant savings in fuel achieved
with the alternative conditioning systems, in spite of their increased basic masses.
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Of the fou r conditioningsystems conside red, the regenerative system is the only one which Is self-cooled since bleed air is
— later also used for cooling. Althoug h ram air is generally used as a heat sink , the aircraft fuel may be considered as a suitable

alternative , especially as it is not associated with any d rag penalty. However , the cooling potential of the fuel may be limited and
care must be exercised to ensure that it remains adequate throughout the mission. The use of surface heat exchanger may also
provide cooling free from drag effects (unless such a cooler is mounted inside the engine intake) as heat would be rejected through
the aircraft skin to the adjacent boundary layer. For a system flow of0.45 Ib/sec , about 53 kW could be dissipated over an area of
12 ft2 . at M = 0.9 at sea level (ref. 3).

Tapping air from the engine compressor has become an undesirable, yet often unavoidable feature of aircraft systems,
especially when large amounts of bleed air are required. Of the fou r cooling systems considered in this investigation , the vapour and
closed air cycle systems do not depend , for their operation , on bleed air , bu t on mechanical off-take from the engine , which is more
efficient, as can be seen from the corresponding fuel penalties given on Table II .

A comparison of the total mass of the systems at the beginni ng of a sea level cruise at M = 0.9 under ISA conditions is
shown on Fig. 7.

As indicated on Table II , fitment of the improved — but heavier— alternative conditioning systems would prove
advantageous provided the duration of the mission exceeds the “break-even ” time which is 3.7 m m ., 133 m m .  and 23.8 m m .  for the
regenerative, the closed air and vapour cycle systems respectively (Appendix 5).

Should thrust recovery by means of rear facing nozzles prove difficult to achieve, partial recovery could be obtained by ram
air modulation .

5. CONCLUSIONS

The type of conditionin g plant frequently chosen for cooling the avionic equipment of a small high subsonic milita ry
aircraft is the turbo-fan system in which a total of 19 kW is expended for every net kW of electrical power suppliea to the avionics
during a sea level cruise at Mac h 0.9 under ISA conditions. the corresponding total fuel penalty incurred being 36 lb/kW.

Reduction in the required cooling power may be achieved by replacement of the conventional turbo-fan system by
improved alternative conditioning plants such as the self-cooled regenerative system, the ram air cooled closed air cycle system and

- - the fuel cooled vapour cycle system. In the three cases, the total power expended for every net kW of electrical power supplied would
drop to less than half the turbo-fan value and the total fuel penal ty to less than 213 of the corre sponding value.

The improvements would be achieved at the cost of some additional installational complexity and , hence some unavoidable
increase in the basic mass of the alte rnative systems. These improvements are partly due to thrust recovery (regenerative and closed
air cycle systems), to mechanical off-take power (closed air and vap ou r cycle systems) instead of bleed air power, and to fuel cooling
(vapour cycle system).

Power extraction from the engine would be more efficiently achieved by means of a mechanical drive than bleeding air
from the engine compressor. Not only would the adverse effects on engine performance be avoided — especially when large amounts
of bleed air are require d — but the power extracted mech anically from the engine would be appreciably reduced.

Further improvements could be achieved by suitable selection in flight of the compressor tapping for better utilisation of
bleed air or by making a greater use of fuel for cooling purposes, thus reducing or even eliminating completely ram air cooling and its
associated momentum drag. Should the cooling potential of the fuel prove however inadequate , consideration could also be given ,
where appl icable, to the use of surface heat exchangers through which heat would be rejected to the adjacen t boundary layer.

6. NOTATION

c Specific fuel consumption lb/hr lbf

cp Specific heat CHU/ Ib °C - 

-

m Airflow lb/sec.

M Mach number —

1’in Input power kW

— P0~ Output power kW

Q Heat flow CHU/sec

r Lift/drag ratio —

Time hr.

T Tempe rature °K

Ta Ambient temperature °K

~Do Addi tionaldrag ofsystem lbf
(other than mass drag)

Fuel flow penalty due to operation of lb/hr
system

~W FO Fuel mass at beginning of cruise required for lb
taking the system mass ~W1 over the
distance covered in time t, for operating the - 

-
-

- 
I system and for overcoming any additional drag ~ Do 
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System basic mass lb

Efficiency —
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APPENDIX 1

ENER GY PATTERN AT THE CAU TU RB IN E
Consider the energy pattern at the CAU turbine shown on Figs. 2 and 4. The expansion of air through the CAU turbine ,

which is accompanied by a drop in temperatu re from P to Q, results in work required to drive the fan. On the temperature-entropy

TEMPERATURE: °C 
SHAFT POWER

STREAMS

\ M RF L O W  _ _ _ _ _ _ _ _

~~ 

C

NEGATIVE - ~~~~~~~~~~~~~~

ENERGY OATUM LINE 
AIRFLOW

ENTROPY STREAM

diagram , this is represented by the curve PRQ whi ch crosse s the datu m line for T= 15°C at R.

While the energy stream for air varies from a positive value ‘a’ (above the datum line) at turbine inlet to a negative value ‘b’
(below the datum line) at turbine outlet , the overall work done by the turbine is represented by the quantity ‘c ’ which , for clarity and
convenience , is shown by two branches of the common stream on the energy flow diagram .

APPENDIX 2

REGENERATIVE AND CLOSED AIR CYCLE SYSTEMS

On the regenerative and closed air cycle systems (Figs. 4 and 5), the energ y recovered due to thrust is 133 kW and 28.1 kW
respectively. There is no possibility of improv ing still further the energy recovered since , as can be seen from the temperature-
entropy diagram , the nozzle outlet temperature is 323°C and 57° C for the regenerative and closed air cycle systems respectivel y, and— therefore well above the ambient temperature.

This will result in a loss in energy of 71.0 kW on the regenerative system which , combined with the losses of 4.5 kW and
0.2 kW incurred by the electrical generation system and the CAU respectively, gives a total expended power of 75.7 kW (Fig. 4).

In the case of the closed a’ir cycle system, the corresponding loss at nozzle outlet is 56.9 kW , which , added to the remaining
expended power of 17.2 kW incurre d by the electrical generation system , results in total expended power of 74.1 kW (F ig. 5).
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ENTROPY

- - I APPENDIX 3

CLOSED AIRCYCLE SYSTEM

The closed air cycle system, illustrated on Fig. 3, is very similar to a vap ou r cycle system , with the throttling valve
- 

- 
being replaced with a turbine and the working fluid being air instead of a refri gerant. In such a system, the cycle is that of a heat
pump (as opposed to a heat engine) in which the compressor powe r demand will always be greate r than the powe r provided by the
turbine and , as a result , additional power is require d to drive the compressor. Cooling is provided by ram air , but drag effec ts are
partly offset by thrust recovery.

APPENDIX 4

VAPOUR CYCLE SYSTEM
- -

- The analysis of the vapour cycle system, represented diagrammatically on Fig. 3, is based on the use of Freon 21 as
- I refrigerant. Heat is entirely rejected to fuel , the temperature of which is taken as 50°C. (Although heat rejec ti on to the boundary

layer air at a temperature of 62°C would result in a cycle pressure ratio of about 5 , this rati o may however reac h unacceptable values
under tropical conditions when boundary layer air could attain about 100°C).

The air circulating fan and the compressor are assumed to be electrically driven , the required add itional mass of the
electrical generation system to provide the extra powe r being chargeable to the cooling system. The power required by the fan is
estimated at 0.3 kW and , for simplicity, it is assumed tha t no losses are incurred , the effect on the ener gy flow diagram (Fi g. 6) beinginsignificant.

The energies of the air cycle are based on an ambient tempera tu re of 15°C.

,-i The energies of the vapour cycle are based on the datum used for the Freon pressure-enthalpy diagram . The corresponding
magnitude of these energies is not relevant to the investigation since the refrigerant is merely a means for transferring heat and ,
therefore, only the difference is of interest. It can be seen from Fig. 6 that the heat rejec ted to the fuel by the conditioning system
only would be 10.6 kW.

APPENDIX 5

BREAK-EVEN TIME

The “break-eve n ” time is defi ned as the time in flight below which replacement of a system by an improved , but heavier
alternative would not prove advantageous in term s of overall mass (Ref. 2). In the case of the vapou r cycle system , the “break- even ”
time was found to be 23.8 minutes , which is just over half the actua l fligh t duration.

- 
- When the “br eak-even ” time represents a substantial prop ortion of the flight , the question may arise whether the switch

from one system to another would still be worthwhile — in spite of the result an t increase In payload — if flights under the stated
conditions are rather the ex~eption than the rule and their duration usually much shorter.

- 
-
.
‘ Thus the choice of system will depend on the expected usage of the aircraft , as given in its specification.
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DISCUSSION

0 Borgonovo:

The author analysed the system condition using performanc e with respect to fuel penalty and total
expanded energy. The request is to know if any attempt has been made to assess the system performance
with respect to its overall cost .

R H Le Clai re:

The purpose of the investigation was to develop two compl ementary techniques for assessing the
performance and penalties of environmental control systems. No attempt was therefore made at this
stage to consider the overall cost involved , which would of course become necessary should a specifi c
application be envisaged .

D B l4ehrtens:

The Energy analysis ha~ been based on the presumption that the cooling air supply is at the relati~ely
high temperature of 30 C. Wha t would be the results when applied to supplying cold air at , say 10 C ,
which the equipment designer might find more useful?

R H L e Claj re: —

• Two main aspects have to be considered:

a ~I reduction in bay inlet temperature from 300C to 10°C would result in a reduction — which could —
be significant — of the required cooling air flows. This would reduce some of the energies and
penalties involved.

b i4 temperature of 30°C was chosen because this would avoid the risk of condensation in the worst
cases of ambient moisture content likely to be encountered. If the inlet temperature is reduced, 5 -

a water extractor would be necessary , which would extract most of the condensate. The remaining
water could however still cause trouble depending on the type of equipment being cooled.

I
-5. -
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THE EFFECT OF AVIONICS SYSTEM
CHARACTERISTICS ON FIGHTER AIRCRAFT
SIZE , COOLING, AND ELECTRICAL POWER

SUBSYSTEMS

S. Keith Jackson, Jr.
General Dynamics , Fort Worth Division

P. 0. Box 748
Fort Worth , Texas 76101

USA

: 

SUMMARY

~ ~ The effect of avionic systems electrical power and cooling requirements on
~ 

¶ overall aircraft size and life-cycle cost are considered . Power and cooling requirements
typical of advanced fighter aircraft are first defined; their direct weight and cost in-
fluences are then estimated , and a s implified parametric analysis is used to determine
the compounding effects on the engine and airframe characteristics brought ab out by the
aircraft “growth curve”. It is shown that overall weight and cost effects are significan t ,
par ticularly when considered in the context of total program life-cycle cost. It is
found that technology developments shoul ’ emphasize system weight reductions .

1. INTRODUCTION

Avionics systems have, over the past several decades, made up a growing propor-
t ion of total aircraft life-cycle costs, increasing front an almost negligible percentage
in early World War II to typically 257. today. This trend promises to continue.

In addition to their direct effects on weight and cost , avionics systems also
have an indirec t effect on the aircraf t through their influence on other subsystem re-
quirements, particularly on the electrical power (EP) and environmental control (EC) sub-
systems. This paper specifically addresses the overall influence of these latter sub-
systems on the total aircraft.

Considering the relativel y small direc t influence on life—cycle cost that is
typical of EP and EC subsystems , as shown in Figure 1, it might at first be supposed that
improvements in their charac teristics would have li tt le influence on overall aircraft
cost and performance. When considering high-performance fighter aircraft , however, this
turns out not to be the case , as shown in the following pages .

2, SYSTEM REQUIREMENTS

A significant portion of the net impact of any subsystem on overall aircraft
performance comes from the influence of the aircraf t “growth curve”. As illustrated in

4 
Figure 2 , if performance is to be maintained when dry weight is added to the aircraft,
total aircraft weight must be incr eased by an amoun t which is often much larger than the
subsystem weight increment. The extra weight cones from the additional thrust , wing area,
and fuel necessar y to compensate for the added dry weight . Thi s “growth fac tor ” is a
strong func tion of aircraft size and performance level , with smaller , higher-performance

- 
• aircraft typically being the most sensitive . The growth factor also depends on the nun-

ber of performance parame ters (e .g .,  range , payload , maneuverability) which are held fixed
in sizing the aircraft. On a preliminary design level, the practice is usually to con-
sider all performance objectives to be fixed so that the most direct comparison possible
can be made between competing concepts or technologies. This convention is adopted
throughout the remainder of this paper.

-
‘ - 

In order that the overall aircraft impact of any change can be defined , it is
firs t necessary to define component sensitivities. Typical EP and EC system overall
capacities are shown in Figure 3 , as rela ted to the actual peak avionics power dissipa-
tion . As shown , the actual power supplied by the EP system to the avionics is often con-
siderably less than the peak power capacity designed into the generating system to allow
for growth capability or to provide redundancy. On several recent General Dynamics air-
craft this difference has amounted to a factor of around S - the value adopted here.
(Other values are of course possible, depending on the circumstances , and can be evaluated
by the methodology described in the Appendix.)

_______ - ----- •~-- -- —p ~~~~~~ — —_~~ ‘•— - —---• _—•---- - —---- ----—--- -----•-
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Cooling requirements are determined both by the avionics load and by other
factors , including solar radiation and aerodynamic heating. A value of S kW above the
avionics level is assumed for the purposes of analysis. (This value can be considerably
greater on aircraft capable of speeds in excess of Mach 2.2 to 2.5, the upper limit of
speed considered in the present paper.)

System weight levels for given power requirements have shown a significant
downward trend with time, as illustrated in Figure 4 for EP generating systens. Modern
systems generally follow the weight and cost trends shown in Figures 5 and (‘ for EP and

:~ 
EC systems , respectively, although there is significant scatter in the data. In the
following analyses “new” systems are assumed at the nominal weight and cost levels shown ,
with costs following a 90% learning curve .

In addition to direct weight effects , avionics power extrac tion also degrades
engine performance , both from the direct power extraction and from air-conditioning
requirements , which are usually met by refrigeration systems employing high-pressure
engine bleed air.

The curves of Figure 7 were derived for a specific advanced, afterburning-
turbofan engine cycle and include both bleed and power-extraction effects. Of the two,
engine bleed generally causes the most severe penalties. In general , the overall penal-
ties are not large in absolute terms , but can amount to several percent for high-power-

- ~ extraction levels . Penalties are naturally the greatest for small engines and, at least
for the particular engine cycle being considered , are considerably more severe at super-
sonic speeds . (Other cycles can be expected to have somewhat different characteristics.)

For most aircraft , peak power extraction levels occur for only a small propor-
tion of the total flight time. For this reason , the data presented in the remainder of
this paper assumes only a fixed, nominal, engine-power-ex traction level (except as
noted) that does not change with the design system maximum capacity.

It is interesting to note that in relative terms the complete power-extraction
process is highly inefficient. If the propulsion system energy input to the aircraft
is assumed to be proportional to the thrust times the flight velocity, the aircraft
powered by the engine of Figure 7 will lose approximately 52 kW per kW of power extracted
at subsonic speeds , and over 200 kW per kW of power extracted at the Mach 1.6 point.
Engine bleed accounts for the majority of this loss , amounting to roughly 927, of the

• total at the higher velocity.

3. PARAMETRIC AIRCRAFT SIZ ING RESULTS

Completely resizing an aircraft for different subsystem characteristics can
be a time-consuming process when done rigorously; however, it has been found that
highly simplified scaling relations , as outlined in the Appendix , can provide reasonably
accurate estimates of maj or trends , These techniques were employed to derive the
results presented on the following pages . They can easily be e~ctended to other cases
of interest by employing the equations of the Appendix. Aircraft characteristics
assumed are those of a typical advanced-technology supersonic fighter in the Mach 2
class. -

Figure 8 provides a breakout of the way in which overall aircraft gross weight
typically changes with the required avionic power (onl y avionics power levels are
changed, avionic weights are held fixed). Weight variations of the EC and EP systems
are as shown in Figures 5 and 6. It should be noted that the horizontal axis in both
figures is the actual design peak power dissipation in kW (the El’ system maximum
capacity in kVA is assumed to be 5 times this value , as shown in Figure 3) .

It is apparent from Figure 8 that EP and EC influences on aircraft gross
‘~fight can be significan t if high power levels are required , and that airframe, engine,
and fuel growth is several times the incremental weight of the systems themselves .

- 
I 

- Even more importantly, if the weight growth is converted into cost terms over
the fleet life cycle, the true magnitude of the effects being considered can be dis-
cerned. As shown in Figure 9, the total-force life-cycle cost for the specific high-
performance air-to-air fighter assumed can be expected to be in the range of $12 billion
(71 1975 dollars). The range of power extraction from 0 to 24 kW causes a correspond-
ing total-force life-cycle cost difference of over $1 billion . Fuel cost chan ges alon e
are of the same order of magnitude as the basic EC and EP systems costs. 

0”
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Similar overall weight and cost effects are shown for a typical advanced
strike fighter in Figure 10. In this figure the effects of engine bleed and power
extraction are also broken out. The “M.9 cruise” line assumes a level of engine degrada-
tion typical of subsonic cruise (shown in Figure 3) to occur throughout the entire
flight, while the “Ml.6 cruise” line similarly assumes typical supersonic values. These
results are conservative since the peak power extraction will not usually be needed for
a large percentage of the total flight time , but they do serve to bound the magnitude

~i of the total engine-related effects.

The data of Figures 8 and 9 are for specific aircraft characteristics. How-

~ ~ 
ever, overall penalties for power extraction are significantly influenced by varying

~
- 
~ aircraft performance levels. To illustrate these effects , the aircraft shown in Figure

~
- 
~ 

11 were considered. They range from very high maneuverability levels (T/W 120, wIS
— 

- — 40) to relatively modest ones. The 7-16, for example, is in the approximate middle
~

- 

- 
of the range.

Since the effects of power requirements on aircraft Size and cost tend to be
reasonably linear over the ranges of interes t , it is possible to plot the increment in
fleet life-cycle cost per added kW of power extracted , as shown in Figure 12. For a
fleet of 700 aircraft , the overall life-cycle cost incr ement ranges from approximately
$70 million per kW for the highest-performance configuration to roughly $38 million
per kW for the lowest. Ten kW of avionics power extraction will typically cost around
$0.5 billion .

Having established the importance of power and cooling technologies in the
overall scheme of things , the next question that arises is “where will technology de-
velopments be most effective in improving overall aircraft characteristics?”

To address this question, a series of aircraft with increasing performance,
as defined in Figure 13, were sized. They range from a relatively low-performance
fighter in the 15,000-lb class to a very-high-performance configuration of slightly
less than 40,000 lb.

The incremental fleet life-cycle cost per kW of power extraction for these
aircraft is depicted in Figure 14 under various assumptions about the level of power
and cooling systems technology. The baseline levels assumed previously are shown at
the top. The next lower line assumes that the unit cost of each system is reduced by
one half , with no change in the unit weight of the system.

-j If the weight is halved but the cost held fixed, the next lower line results.
It is clear that weight has a much greater overall cost impact than cost itself. This
effect is considerably more pronounced at the higher performance levels - the direction
in which aircraft design tends to move. Both weight and cost reduction have an addi-
tive effect that is essentially linear.

If both weight and cost improvements could in fact be attained , it would
- - - 

be possible to save approximately $29 million per kW in fleet life-cycle costs on the
highest-performance aircraft, or about $290 million for a lO-kW power dissipation level.
This is an order-of-magnitude measure of the level of research funding which could be
expended on a “break-even” basis to attain the desired level of benefit on this one air-
craft type. (This estimate is probably somewhat high because, in the real world, cent-
promises would probably be made between cost and performsnce, so that the aircraft with ~. 

-

- 
- the bes t EC/EP systems would tend to have higher performance levels than the baseline

and somewhat lower cost differences than those stated . Of course, the higher performance
-; - levels would also have operational payoffs.) In any event, it is demonstrably worth-

- - 
- - 

while to pursue vigorous technology-development programs in these areas.

4. CONCLUSION S

The development of improved EP/EC subsystems has been shown to be a potentially
important contributor to continued improvement in overall aircraft cost and performance.
Other studies (Reference 1, for example) have demonstrated the importance of good equip-
ment tt~~ mal design in attaining these goals. It is also clearly important to establish
good estimates of actu al system requirements earl y in the design cycle to avoid carry -
ing excess capac ity . Although growth capability ia obviousl y desirable , it is clearly
not without cost.

In system development efforts, at least for the class of aircraft considered
here, weight gains will tend to have a higher relative payoff than cost improvements,
although both should obviously be pursued.

- —  _ _ __4
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The aircraft gross weight is assumed to be wade up of the following coeçonents

Wg Wr + W 5 + W ~~+ W •+W y +W~j5 + W f + W EL + W gcs 0)

where

Wr — Fixed weight items (fuselage, crew and crew station, etc.)

• W1 — Weight of expendable stores

— Weight that scales with wing area (wing, horizontal tail, certain
controls)

We — Weight that scales with engine thrust

Wv — Weight that scales with required internal volume (fuel, payload ,
systems)

— Miscellaneous weight items that scale with gross weight

Wf — Fuel weight

WEL — Electrical power system weight which varies with power requirement

WECS — Environmental control (cooling , etc.) system weight .

I t  is further assumed that

Ww~~~~S (2)
where ~ is a fixed unit weight and S is the aircraft wing area and is determined by

Ws —  3(W/S)

where W/S is the desired wing loading. Similarly, for the engine thrust, T

W~~~~~~T (4)
T 1 (Wg

’) (5)

The volume-dependent weight is assumed to be proportional to the required volume. In
this case

+ 
~kL~ 

VECS) (6)
Where Vf, V~~, and 

~ECS are fue l, electrical power , and environmental contro l system
volumes respectively. Equivalently, in terms of the weight and average densities
of these iteme

:1 W • lC~ W~ +,4f WEL ~~~~~~ WECS (7) L
The aircraft fuai fraction (i.e., the percentage of fuel weight to gross weight) is
d.t.r.in.d by rang e and combat requirements and is assumed to be fixed , i.e.,

W f ” ~~f Wg (8)

whsrs Vf is a fixed unit weight. The miscellaneous weight items are also assumed to
be proportional to aircraft gross weight.

— 
~~~ 

Wg (9)

r Th, gross weight from equation (1) then becomes

— 
W~ + W5 + (i Kt ,~~~ i) WECS +(i + WEL (10)

- (j$) - E (~~) - 1 + K~) Wf -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Electrical power and envirotm~ental control system weight. are assumed to b.
proportional to their respective power requirements

WECS ~ECS ~~~ + KVA) (11)

Where

— Cooling load from nonavionics sources

KVA — Electrical power system capacity

— Fraction of avionics system power capacity that nust be
dissipated by the cooling system

Similarly, the electrical power system weight is assumed to be proportional ~the required power level

WEL — CEL (EVA) (12)

First-unit aircraft costs are broken down as

5AC1 — 5r + 5e + 5AV + 5EL + 5ECS (13)

where

Sr — Cost of everything but engine , stores , electrical , environmental
control , and avionics systems

— Cost of engines

— Cost of avionics

$EL Cost of electrical power system

$Ecs Cost of environmental control system

Cost estimating relationships are assumed of the form

5r r ~~~g W.~~~~.~~~~f)9 
(14)

(15)

5Av — Fixed (16)

— W~~ (17)

A
5ECS — 5ECS WECS (18)

4. RDT&E costs are represented as

5RDTE 5RTA + 5RTAV + (19)

where ii a fixed “avionics” RDT&€ cost and is assumed to include both EP and SC
systems. Xtrfranie and engine RDT&E costs are given by, respectively

A
ETA

5RTA ~RTA 
(W
8

- V5 
- Wf) (20)

~RTP ”~~RTP ’
~~ 

(21)

t. Operations costs are approximated as

5ops — (1cn~j ~~~ + ~opc N + $
~ N)(~~) (22)

where is a “fixed” operation s cost per unit aircraft (determined by curve fits of
data frcun several sources) , N is the number of aircraft to be produced , and Yr is the
average number of year s of operation for each r c .  is a prop ortionately con-
stan t betwe en op.rat ions costs and aircraft procurement costs and accounts for size
effects , maintenance •f f e c t i , etc. Also, the procurement costs over N unit. is

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~—~~~-~~.“ _ _ _ _ _
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5ACT — (Sr + 5e + $Av )N~~
b 

+ (SEL + $EcsY
818 

23l + b  .848

where

b-
Lm Z.

F — a “learning-curve” factor (reduction in cost each time the
experience doubles)

The total aircraft fleet life-cycle cost is then

$ — $  + 5  + 5  (24)
T ACT OPS RDTE

Typical constants for advanced fighters are given in Table 1.

Table 1

TYPICAL AIRCRAFr SIZ ING CONSTANTS

CONSTANT VALUE CONSTANT VALUE

A
w5 Variable RTA 1

A
Wr 4700 Sf 80

0.14 $opc 4.88E6

8.6 Yr 10

0.18 0.383

0.1 WECS 20

$AV 3.8 x 1o: 0.2

3.44x10 W~~ 4
A A
R 0.603 SECS 1720
A

2900 Kw0 5

0.694 ~~ fIPEC S 2.90

SEL 390 Pf EL 1

F 0.87 ECS 0.817
A

N Variable Wf .3(variable)

~RTp 5.9356 T/W Variable

R~?P 0.435 W/S Variable

5RTAV lOOE6 
~RTA 60700

I
REFERENCE

1. Anon. 1974 , “F-16 System Design Trade Study Report , Vol . 29 , Environmental Control
Subsystem Design” , General Dynamics Report FZN-401-147, Fort Worth, Texas.
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COOLING OF ELECTRONIC EQUIPMENT IN RELATION TO COMPONENT TEMPERATURE
LIMITATION S ABD RELIABILITY

By

C German C.Eng; M.I . Mech E
• !~~D Procurement Executive

Royal Signals & Radar Establishment
Malve rn Worce UK

SUMMARY

The rapid growth in the application of electronics in military aircraft has created a situation
in which the heat dissipated by electronic equipments can impose a penalising demand on the aircraft for
cooling supplies if the requirements for equipment reliability are to be met. Basically the problem is
one of maintaining the component parts of an equipment at a level of temperature consistent with
perf ormance and reliability. This paper reviews some of the problems and the cooling techniques affecting
avionic equipment design.

The temperature limitations of electronic components are discussed together with the influence
- - 

of temperature on the reliability of the equipment and its component parts. The thermal performance of
two representative avionic desi gns are compared and the influence of continuing solid state device
developments on future equipment heat loads is considered. The limitations of air as a heat transfer

are examined and a comparison made with liquid cooling.

Concluding coninents highligh t some of the factors which will undoubtedly influence developments
in the cooling of future avionic systems . The importance of sound therma l design is stressed and a
recoim~~ndation is made that future equipment design specifications should includ e a better definition of
the actual temperature environment for the purpose of design and reliability.

INTRODUCTION

The temperature conditions in an aircraft are one of the more significant operational environ-
ments affecting avionic equipment reliability . Operation under conditions that result in an excessively
high temperature for the component parts can seriously degrade this reliability. In an aircraft these
high temperatures can arise from several causes such as a high ba~ tamperature, deployment in a hot
climate, a large avionic heat load, inadequate cooling supplies , unsatisfactory thermal desi gn, etc.

The cooling of electronic equipment is basically a twofold problem. To the equipment designer
it is one of transferring heat from power dissipating components and parts to a suitable sink, either the —

aircraft atmosphere or its cooling services , so that the temperature of all components whether heat
dissipating or not , are maintained within a range compatible with performance and reliability. To the
aircraft designer it is one of providing an aircraft atmosphere or cooling service compatible with the
equipment’s needs.

The means of achieving acceptable thermal performance depends largely on the type of equipment
and the function it has to perform. An equipment containing a large number of components each dissipating
a small amoun t of power (eg a computer containing many integrated circuits mounted on boards) presents on

• 
4 entirely different type of design problem than does a high powered radar or ja nuner where heat dissipation

is high and from several concentrated sources namely the transmitting components. Many other factors can
influence thermal performance, for example, the constructional features of the equipment whether pressur—
ised enclosed or of unsealed design and also the location of the equipment within an aircraft whether in
a pressurised or unpressurised zone.

:1 This paper reviews some ~f the problems and techniques of cooling electronic equipment , the
emphasis being given to systems using air as the cooling medium.

COMPONENT DEVELOPMENT ABD POWE R DISSIPATION

- 

• 
The development of solid state technology over the last two decades has resulted in a major

reduction in the electrical power required to carry out a given circuit function and it has accelerated
the process of miniaturigation. These trends and the application of digital data processing has greatly
extended the use of electronics in aircraft.

Avionic equipments can be broadly classified into two main functions , data acquisition and data
processing. It is in the field of data processing that solid state techno~ogy has had most impact.

• Acquisition functions, particularly high powered RF equipments , have seen no corresponding improvements
and the thermal efficiency of RF power generating components has shown little change. These components
are the major sources of waste heat in many military aircraft. The overall effect is that avionic heat
loads over the past two decades have shown an increasing growth pattern, and although new solid state
device developments such as CMOS technology , low power Schottky , etc may result in lower power dissipation ,
the potential for even greater miniaturication gives no reason to suppose that the future growth pattern J
will show a marked change. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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ELE CTRONIC COMPONENT LIMITATIONS

The temperature boundaries which are significant in the operation of an electronic equipment
are shown diagrameatically in figure 1. The equipment must be capable of functioning over the temperature
range of the operational environment, as indicated by the hatched area to the left of the diagram. The
component parts should never at any time exceed their safe upper limit temperature, represented by the
hatched area on the right. Improved reliability is obtained by dc—rating as shown in the centre of the
diagram. The temperature range between the environmental boundary and the derated limits is that in which
the temperature gradients needed to carry out the cooling process must be fitted.

A list of components typically used in avionic equipments together with their normally accepted
upper temperature limits is given in Table 1. These limit values are either the internal hot spot
temperature , the case temperature , or the maximum ambient in which the component can safely operate; the
ambient or case temperature are the ones normally specified by the component manufacturer. For semi—
eonductor devices the hot spot temperature relates to the junction whereas the case or ambient temperature
is determined by the electrical loading.

With few exceptions it can be seen that the maximum airbignt air or case temperature at which
components can safely operate is within a range of about+85 to+l25 C. These temperatures are maximum
limits and prolonged operation at these levels would seriously affect reliability .

EFFECTS OF TEMPERATURE ON RELIABILITY

The data in table 2 gives examples of typical failure rates related to temperature for some
coimnonly used electronic components ; the temperature reference is that of the component surface, the
data source is MIL—STAN—217B. Figure 2 is the same data0processed and presented in graphical form toshow relative failure rate against temperature, using +25 C as the reference. The slope of each curve
shows that the failure rate progressively increases with increase in temperature , each component having
a different characteristic. A bipolar digital device for example shows little change with increasing
temperature whereas a bipolar linear device or hybrid integrated circuit exhibits a large change.

The significance of these failure rate characteristics on the overall reliability of an equip-
ment will depend upon the types of components used and the quantities involved and a component which shows
a large characteristic change may have little overall effect if it is used only in small quantities . A
curve produced by the reliability group in one of the UK Defence Establishments is shown in figure 3,
this indicates the change in the relative failure rate of military electronic equipments with temperature.
It has been derived from published failure rate data for the component parts and is representative of
a component population typical of many avionic equipments; experimental and service ~xperience has

• largely substantiated this characteristic pattern. The shape of the curve below —30 C and above +80 c
shown dotted , is less certain since it has been extrapolated from available information.

The temperature relates to the mean internal ambient , that is the temperature of the air in
which the components are operating6 It can be seen that optimum reliability is0achieved0when thistemperature lies between 10 and 20 C but for all practical purposes a range —20 C to +50 C would be
acceptable.

The temperature conditions in most military aircraft will vary over a wide range determined by
the external environment, the temperature and quantity of the cooling supplies , the power dissipation

• within the aircraft and the aircraft ’s operational state at the time. The effect of these temperature
changes on reliability depends upon the accumulated time at different levels of internal temperature and
provided an equipment is maintained for moss of its operating life with the internal ambient within the
range of optimum reliability (ie —20 to +50 C) occasional excursions of temperature up to the limi t levels
for the components may have little overall effect.

For many equipments the cooling air provided by the aircraft is the most critical factor
determining internal temperatures . The flow rate and temperature of this cooling air will vary widely in
service use depending upon engine speed , flight speed , outside air temperature , altitud e , etc. and in a

• high performance aircraft it is not uncommon for the mass flow to change by a factor up to times 3 or more - •

and the temperature by+20 or+3O°C. The more adverse cooling situations often occur for limited periods
for example , when the aircraft engines are idling (during taxying, awaiting take—off , or in an idle descent)
or when the aircraft is being serviced on the ground in a hot climate. In order to avoid excessive equip— - •
ment temperatures it is important that these phases of operation should be restricted to short periods and
they should not accumulate to a significant proportion of the equipment ’s operating life.

EQUIPMENT DESIGN IN RELATION TO COMPONENT TEMPERATURE _ i i  - -

The actual temperature attained by a component within an equipment is largely determined by the
• effectiveness of internal heat transfer processes. Fi gure 4 shows in diagrammatic form two types of

construction often used for avionic equipments. The diagram marked (a) represents a convection cooled
unit where the components are mounted on boards and the heat dissipated is partly conducted but largely .

•
convected to the equipment cover which in turn is cooled by air passing over the outside surface . The
interfaces are numerous and thermal impedance particularly at surface to air interfaces can be large ~.. -~~~

-
* 

resulting in a high component temperature , as shown in the temperature gradient diagram. The equipment
• represented by (b) is a design achieving more effective cooling, the heat from the component(s) is trans—

ferred by a designed conduction path directly to a cold plate integral with the equipment. Thermal
impedance is greatly reduced and a number of surface to air interfaces , normally producing large gradients ,
are avoided. This construction is representative of an equipment where particular attention has been
given to thermal design using for example metal cored pcb ’s or boards fitted with thick copper strips
which in turn are thermally coupled to the wall of a cold plate . Internal forced air circulation in place
of the designed conduction paths can often achieve similar standards ~f thermal performance.
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A point worth stressing which is a co~~~n misconception is a belief that an increase in the
quantity of cooling air will give a corresponding decrease in the component temperatures. The effect is
to reduce only the temperature gradients external to the equipment, gradients within the equipment are
unchanged and the overall effect is often a marginal reduction in the temperature of the components.

The cooling of an equipment is also dependent on the external area scrubbed by the cooling air.
In many aircraft installation s equipments are closely packaged and air movement over a large proportion
of the external surface is impeded. In long narr ow aircraft bays the air passing through the bay can tend
to laminar flow with inadequate turbulence. Both these effects can reduce cooling and raise component
temperatures.

FACTORS ARFECTINC COOLING REQUIREMENTS

The cooling requirements for an avionic equipment are determined by a number of factors including

a the operating temperatures of component parts for safe and reliable performance.

b the amount of heat dissipated.

c the temperature and type of coolant.

The operating temperature limits of the component parts are determined by the materials used and
the author is unaware of any technological developments that will significantly change these present limits.
What may be of significance however is the development of low power dissipating devices such as CMOS and
the influence of L.S.I technology. Whether these techniques will have any impact in arresting or reversing
the trends in avionic heat loads, is one of conjecture. Data from a recent survey in the UK covering a
limited range of avionic units would indicate a potential for increasing growth. Figure 5 plots the overall
power density for the units covered by the survey against the design date; eleven of the units use TTL/IYXL
technology, the other two a proportion of CMOS. Although the sample size is small the trend is marked and
shows increasing power density for the same technology. The two units employing CMOS devices have approxi—
mately maintained the power density of the 1967 vintage TTh/DTL units.

No firm conclusions can be drawn from these survey results which may simply indicate a continuing
trend to increased packaging density and therefore greater miniaturisation. Rovever, should the space thus
saved be utilised to accommodate more electronics, the implica tion is a continuing growth in the heat load .

EQUIPMENT COOLING

The problem of cooling equipment is not only concerned with the transfer of heat within the
equipment but also of transferring this heat from the equipment and rejecting it from the aircraft. To—date

• except for a few liquid cooled systems , air has been the medium used for cooling avionic equipment. It
has several disadvantages: a relatively low specific heat, low density at sea level and even lower density
at altitude. The removal of 1kW of heat with a mass air flow of 1kg/mn will raise the tempera~ure of the

• 

• 
cooling air by about+60°C and this is coupled to a volumetric flow at sea level of about 0.8 N /minute.

Figure 6 is included to show the cooling performance achieved in some current radar/avionic
equipments where except for one, liquid cooled unit air is the coolant. The temperature rise , the hori—
zontal scale , is that of the surface of selected critical components above the coolant inlet temperature ;
the quantity of cooling air is given on the vertical scale and is expressed as the flow rate per unit
power dissipation . The equipments included are generally considered to be of a good thermal design
standard , using either internal forced air circulation or conduction path cooling in conjunction with a
heat exchanger or cold plate.

A number of observations can be made but it would be misleading to attempt to draw general
conclusions since only a limited number of equipments have been considered and of theae two are radar
systems which include concentrated heat sources.

These observations are

• I there is an obvious exponential increase of component temperatures with reduced
air flow as would be expected.

2 for the equipments considered, cooling air of flow rate lower than about 1.5 to
2 Kg/min/KW would result in high component temperatures which could seriously affect
reliability. Even at this flow rate good thermal design is essential if component
temperatures are not to be excessive.

3 Comparison of the two f l i gh t  conditions covering the same radar equipment is of
interest , increasing the air flow rate from 1.5 to 2.8 Kg/minlwJ reduces component
temperatures by about 10°C. The effect of wider change, in the flow rate have been
estimated and are shown by the dotted ling ; an increase to 6Kglmin/KW is expected to
reduce component temperatures a further 5 C whereas reducing the f 1gw rate from 1.5
to 0.75 Kg/min/KW wot’ld increase component temperatures by about 20 C. This support ,
the point made earlier that increasing the quantity of cooling air does not necesaarily
achieve a corresponding reduction in component temperature.. For this particular desi gn
of equipment there is l i t t le  to be gained by increasing the cooling supplies above

-
• 3 Kg/nin/KW .

— 
- - -~~ -~~~~~~- - - ~ ~ l
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• OOOLING BY LIQUID

Should avionic heat load, continue to rise and the packaging trends indicated by figure 5 reeult
in equip ment of higher power density , then the use of air as a coolant in high performance aircraft could
become unacceptable or uneconomical . Liquids such as silicate ester based fluids and fluorochemicals
have major advantages as coolants , and although the specific heat of these fluids is not significantly
different from that of air, the density and conductivity characteristics make it possible to use smaller
heat exchangers operat ing with a higher coefficient of performance . Figure 7 illustrates the relative
effectiveness of a fluorochemical coolant as compared with natural and forced air convection; in its
convective mode a fluorochemical liquid has a heat transfer coefficient at least one order better than
air.

The use of liquid coolants in high performance aircraft has increased over the last 10 years
with their application to high powered military radars where the heat flux density of the RE comp onents
has been so high as to make air cooling impracticable. In general liquids have been used only where it
has been essential. It would however seem a logical step in those aircraft where a liquid system

— already exists, to extend its application to the major avionic systems . The sealing of quick release
fluid couplings if used on a larger scale then hitherto nay give rise to user problems although this no
doubt could be resolved by development. However , the use of liquid cooled “cold plates” permanently
installed in the aircraft could be an attractive alternative with the equipment clamped to the plate

• and cooled by conduction. This would eliminate the need for quick release couplings but would require
the development of suitable clamping arrangements giving good thermal conduction.

COMMENTS AND CONCLUSIONS

1 It is difficult to predict the course of future developments in the cooling of
aircraft equipment because of the many unceytainties. A number have been mentioned in
this paper , for example the future growth of avionic heat loads , the impact of solid
state developments and the need to maintain equipment temperatures at levels compatible
with reliability. Additionally other influences which will have some bearing on these
developments are the quality of aircraft power supplies , the impact of integrated packag—
ing as outlined in the ARINC Installation Proposals , and the economics and penalties of
providing large quantities of cooling air.

2 A high standard of thermal design could alleviate many cooling problems and should
avionic heat loads continue to increase or even remain at present levels with air retained
as the prime coolant, then this could be the only practicable solution for many avionic
equipments.

In any event improvements in the standard of thermal design need to be actively
• encouraged if the demands on the aircraft cooling services are to be minimised. Ideally

the requirements for thermal design should be given status in the Equipment Design
Specification rather than the current practise by implication in the reliability and
environmental requirements.

3 The time spent at different levels of temperature is an all important consideration
for purpose of reliability. It is norma l practise in the equipment design documents to

• specify only the design limit temperatures representing the more extreme conditions in which
an equipment has to survive and operate . These conditions invariably have only a low

• probability of occurrence and are therefore of limited use for reliability development. In
order that an equipment designer may have a better appreciation of the operating conditions
the design specification should ideally include information indicating the actual temperature
environment expressed on a probability basis.

4 Good thermal design can have implications on costs, weight and mechanical complexi ty
and these need to be justified on the basis of cost and technical effectiveness. A danger

•; is one of unnecessary sophistication in design for those equipments where effective cooling
is possible by simple means. Many electronic equipments, particularly ground based
installations make use of direct cooling where the air is blown over the components; cooling
can be effective without elaboration of design. It is suggested that there are many avionic
equipments where this simple form of cooling would be acceptable, particularly those installed - -.

in conditioned zones of an aircraft. The quality of the aircraft atmosphere and the cooling •

supplies and their effects on reliability may need investigating as would the validity of some
of the requirements of general design specifications . In general these specifications imply
an atmosphere unacceptable to exposed electronic parts for example in respect of salt , moisture ,
dust , fluid contamination etc. In many cases these requirements relate to teats which are • - ‘~

either accelerated or time compressed and their effects can often be misleading. •..~~~; • t;:
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lOT SPOT MAX. CASE OR
TEMP ~MBIENT TEMP

SEMI-CONDUCTOR Transistors 150/200°c typically 125°C
(silicon )

DEVICES. .
l .Cs Hybrids 175 C 125 C

Monolithic 150 °C 125 °C

R.E POWER Magnetronsi 120 
~Klystrons )‘ ‘~l5OC

DEVICES. Twi J
Gunn Diodes 70°C
Solid State Diodes ‘50/2rJr,~°C depends on load

DISPLAY Tubes (display s storage) 150°C
Solid State (L.E.D’s) 100°C
Scan Convertor 90°C
Vidicon 70°C

MISC. Resistor Fixed Film 150°C 70°C(max.load)
Capacitors Ceramic 8~, 125 or 150°C
Plastic and Glass 125°C
Tantulum 85 or 125°C
Electrolytic 85 or 125°C

I

Connectors 25,150 or ~ 70°C max.
200°C load current

Table I Examples of Upper Temperature Limits for Electronic Components.

4. Failures /106 ~~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

25 50 00 125 P50°C
MICRO ELECTRON IC

DEVICES
I) Hybr ids l~8 44 l8~2 33 53
2) Bipolar Digitd 03 031 043 0’61 0~9
3) Bipolar Linear 033 037 145 4 3  16’8

TRANSISTORS F.E.T. 09 115 2’35 4 4  —

N.PN. 048 0~63 I’27 2’18 —

RESISTOR Fixed Film 0 0085 O•0l 0’0l75 0024 —

CAPACrTORS Ceramic D’OlB 0•05 037 — —
- -~~ Solid bflulum 0~04 O’052 0 152 0’48 —

CONNECTORS 0432 0’8 236 44 7’2

- - • - - ~~~~ - -—- — • - • ~~~~~ — • I~~~~~~~ *g$’&O i1 1I~~n~C ~~~~~~~~~~~~~~~~
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Figure 3 Relative Failure Rate with Temperature for Electronic Equipment.
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DISCUSSION

N L S i g ournay:

Large scale integration devices will &lwaye dissipat. more power as the speed rises. Fundamentally -
the difficulty is that the semi-conductor manufacturer tries to get the beat perfor mance/yield he can ,
often resulting in high watts per square micron on the surface. Should Avionics manufacturers linit -

the semi—conductor manufacturer’s chip dissipation?

O German: I 
-

Tb. manufacturer of 1.81 is a subject outside my field. I understand however that the design of an liSi
device is the result of a very complex compromise between a number of factors which includes chip size,
yield, cost, performanc. and the t.chnolo~~ employed. Whether the avionic manufacturers can exert a -
significant influence undoubtedly will depend upon the size of the avionic market for ISI devices. —

On. export view is that for many military applications devices based on low power technology will meet
many requirements and special—to—type high power dissipating 181 devices will be of limited number not -

having a aignificant influenc, on th. overall aircraft coding problem.
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FINAL DISCUSSION SESSION

CHA IRMAN : Mr F S Stringer

PAI*L MEMBI RS : Mr H Timmers
M rG RG ilee

Mr K Morgwi

)LPflAD eejean

? 4r G C L e t t oj , Jnr

The Chairman opened the final session by thanking the audience for their excellent timekeeping which had
made this apecialist meeting so easy to run. He then went on to introduce the Panel who would assist him
in providing the focus for this final discussion session.

He said tha t the lively question and answer periods following each of the formal sessions had indicated
the interest in the subjects and that he had received a number of questions which he proposed to use as a
basis for this final discussion period.

The first question from Mr Sigourny was in two parts:

a Ia all of the enuipsent needed”

b Can some of the equipment be switched off some of the time?

Before opening this discussion from the floor’ he said his view was : no to the first , and yes to the second .

K Jackson
- ‘ It seems to me that the need for equipment cones from the overall system effectiveness rather than the sub—

system requirement. Therefore , it is something over which the equipment designer has very little control , 4
it depends on the overall system effectiveness and cost. J

I think you obviously can and sometimes should switch of f , and that it ought to be .‘ecognised in the design
of eauipment and the ovoraU system when it is desirable to do so.

IC Morgan

- - 
The decision to switch something off is generally diff icult to ~ake. Before we decide tha t a system can
be switched off in a compact military aircraft , we must look ~t all interfaces with the other pieces of
equisment. For example , an arbitrary decision to switch of f a particular piece of equipment could
perhaps in effect switch off three quarters of the weapon system with which it interfaces.

J C K w e l d o m

The question of switching off equipment is one that has intrigued airline operators f or  some time.
About 10 year s ago we decided NOT to switch eouipment OFF, but to leave it ~~ we firmly believe that
switching off equipment and switching it on later, does much more harm than leaving it on.

Whilst I have the microphone I would like to add that though we have talked a lot about the prvblem of
cooling an electrical power arising from the increase of electronics , I have heard nobody suggesting that
there might he other ways hydraulic, or pneuma tic, of achieving the same end . Perhaps somebody should
consider a trade-off study of alternative system and technical app roaches .

Chairman
I

Its an interesti ng question , and I have one experience of that recently, when we were able to produce a 
3hydraulic solution that was actu*lly chenner than the electroni c solution . Bet before we had finished

the work , the customer said he didn ’t want it. ‘- - 
-

-

~ ‘ 0 German

Another point about switching off loads is the difficulty of obtaining an overall benefit. For example
if one switches off a trananitter and puts it on standby, and at the same tim. a computer processing
information is left on , you cannot redirect the air from the tranemitter to the computer you have left on,
you still have ~ir blowing through the tranemitter. Switchi ng off and redirecting the air would add
considerably to the complexity of cooling systems.

IC Morgan -:

There is another factor one need, to consider , if the equipment outside the equipment hey is switched of f ,
the temperature. could easily drop below the dew point and titers would be problems due to condensation.

‘S.

- - - - - -  -- - ~~~~~~ - -— -- --—- --— - - -- -
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K P Gerrity

If we were about to adopt a policy of switching off,  then we would probably need a fairly complex ,
possibly multiplex system, to arrange for switching purposea , this in itsel f would lead to unreliability,
and we say find we have traded off a cooling probl em for another , resulting in even poorer reliability.

0 Borgonovo

I as not convinced we could make a significant saving by switching off equipment. Except in special
cases the equi pment we could swi tch off would rarely exceed 10% of the total. Also, I am of the opinion
that al*ost anything that can be done electronically is done electronically. It is clearly easier ,
for example , to cool a hydraulic switching mechanime on a camera which can tolerate temperatures up to
2000C than an equivalent electronic device which cannot tolerate a temperature of more than 6~°c.

GC L e t t o n .Jnr

In designing the BI we found that the total load with everything switched on was 180kw; but by studying
the mission profile, it was shown that there was never need for sore than 120kw of equipment to be
switched on at any one time. Therefore the SI was designed for 120kw load with a switching facility
to switch off those loads which were not required.

O W Unde rwood

Since a major problem of cooling for light military aircraft concerns the cooling of cabin equipment
whilst the aircraft is on the ground, I would like to ask if consideration could be given to the use

1 

- of an auxiliary power unit.

In the general discussion which followed it was thought that auxilIary power units were not a practical
proposition for military aircraft. For example, the provision of f uel, for long periods of ground
running would represent a major logistic problem.

Chairman

The next question I have for discuasion comes from Mr Mehrtens and concerns the temperature of air
provided for avionic cooling. Mr Mehrten s says that if cooling air at 35 to 3’,~ is provided for cock—

• yit cooling , why cannot we have vary much cooler air provided to the equipment bay? Re also makes the
point that in fact when aircraft is on the ground in a hot climate, air is going into the equipment bay
at 55°C. This could lead for example to the temperature in places such as a computer core store being
as high as 85°C.

This is a situation which the equipment suppliers are saying is worse than is being suggested here ,
and represents a problem which can be extremely expensive to solve.

K Morgan

These problems have to be treated on a case by came basis. Modern military aircraft have to be capable
of operation on a world wide basis, without the use of emergency power, or the use of cooling air
supplied by external trolleys.

Returning to the question of 35°C inlet temperature, in the case of the European Environment and adding
say 3° due to working on the air , one would expect to operate with a temperature of ~~~ right down to
minus quantities , depending on where you are in Europe. However , world wide operation is likely to
specify operations in 50°C, albeit , on a one chance in iO years basis. The point I am making is that

-* once the design requirements are agreed and accepted it is pointless asking for relaxation of the
equipment specification on the grounds that these conditions occur infrequently .

A further probl em in providing cooling air , is the deposition of moisture. Whilst it may be possible
for the air to be cooled to as Low me 10°C , cooling to this temperature could create more severe
problems due to moisture in the air , and therefore any cooling requirement of this nature must be
deal t with on a case by case basis.

- ì  CHAIRMAN

4 Clearly , the topic of cooling both the pilot and the equip ment when the aircraft is on the ground is
important . Since this relates to Mr Underwoods earlier discussion on auxilliary power units , I will
ask his to start the discussion on this topic.

0 V UND~ W0OV

Moat military aircraft spend more time on standby on th* ground than they do actuall y flying, and in an
environment that is, in its overall effect , often more severe than the flying environment, with a
consequent serious effect on reliability . The questio n is when to switch equipment on rather than
switching it off when the aircraft is on the ground.

P M A D e s j e s n

This also applies to civil aircraft , the airbus for example for every hour of flying spends one hour on
the ground , in both cases with the equipment switched on. 

--
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O F Stevenson

You can provide fairly economical cooling on the gr ound. For example a system providing 6kw of cooling
air in a flight regime of about V~ark ~ at sea level could , with only a email, depression of the outlet
compressor of about 2 psi , meet the cooling reouiromonts with only about 5 or 5 hp to provide this 6kw
of cooling. In other words there are economical ways of providing cooling with ground equipment ,
using the same aircraft systems that are used in flight.

Chairman

I agree, but there are also requirements for hydraulics and electrics on the ground , and - even though
their requirements are also modest, this might lead to a large number of ground trucks.

0 F Stevenson

I was only addressing the question of cooling, but of course a clutter of ground trucks would be a
serious question , particularly for aircraft like the Harrier.

U German

Reliability is both temperature and time dependent , and whilst an excedence of a high temperature for a
short time might exceed a specification, it sight not be nearly as serious as a much less increase in
temperature over a long period.

I would like to see specifications which spell out a temperature versus time profile. For example the
- - 

- often quoted 500C of ground temperature only occurs at rare times in plac D6 like Death Valley in
Cn ],if ornj a.

H Timmers

Whilst this sight be true for shade temperatures , some cockpit tempereturen through perapex often exceed
— 50°C in temperature climates.

K Morgan

All of the considerations we are talking about , must be treated in the context of the directive given.
We must consider the given directive , treat aircraft case by case and then try to put into practice
what we are talking about today.

Chairman

We seem to have had a fairly full discussion on cooling problems. I would like us now to consider the
question of possible use of high voltage DC power supplies for avionic eouipment.

Newton

The suggestion of high voltage DC power supplies for systems of high power levels does not seem possible.
I believe Mr Sigourny in his Paper was only talking about low power 3kw syoteas.

The possibility of obtaining a contractor to operate at 120v at anything up to 3 or ‘,oo amp is well
beyond the state of the art , let alone the problem raised by the necessity for contractor cooling.

Also I am not sure about the possibility of weight saving in the conductors , it seems to me that thi s
Paper particular referred to another which considered 1900v DC tranmeissien systems rather than a
proposed i2Ov DC system and was not comparing like with like.

Chairman
‘~10~~

- 
- Since the future of high voltage system s does not appear very bright , perhaps we coul d turn now to the

auestion of batteries. In saying this I am not thinking of their use in high power consuming systems
•
1 such as radar , but rather the mass of low power consuming avionic equipment. Should not we be using

batteries more for a lot of this solid state type of eoui pment and ju st changing the botterien over
when they run out?

D E C  Watt

I think that primary cells would run into the same kind of difficulties as secondary calls as far as
• temprrature and environmental factors they can withstand. We are already speaking of operating

- - temperatures being a problem in basic equipment. The aircraft secondary battery has a fairly big mama
which protects it to a certain extent from rapid temperature changes , whereas I would expect snail
primary cells to be effected by such changes.
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K P Gerrity

Two points concern me about the possible use of primary cells. Firstly, the energy density of batteries
is low , and even though there has been some develooment over the last iO years , they still represent a
very uneconomical power source - not only in terms of cost, but also in terms of mass and volume.
Typically, considering the 15 minutes standby loads with all radars sad similar devices switched off ,
the secondary cells could weigh something like 35kgs. Secondly, batteries are notoriously difficult
a~d expansive to maintain. If possible I would like to see batteries done away with.

P W SMITh

I believe one use for small batteries is to maintain power to special eauipment such as computer stores
when on the ground; also systems as inertial navigation and aircraft recording. I would also like to
see the develo’,aent of sensors which would give the state of the battery and thus relieve some of the
maintenance problems.

R Timsners

I know of only one battery which will give power at above 7cP C and have not found it possible to obtain
a battery with a wide operating temperature range.

The Chairman then thanked all the participants for providing a lively and interesting discussion period
and began the formal closing ceremony. - 
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