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1. SCOPE

This document summarizes types of heat sinks and considerations in relation to the general requirements of aircraft heat
sources, and it provides information to achieve efficient utilization and management of these heat sinks. In this document,
a heat sink is defined as a body or substance used for removal of the heat generated by thermodynamic processes. This
document provides general data about airborne heat sources, heat sinks, and modes of heat transfer. The document also
discusses approaches to control the use of heat sinks and techniques for analysis and verification of heat sink
management. The heat sinks are for aircraft operating at subsonic and supersonic speeds.

2. REFERENCES
2.1 Applicable Documents

The following publications form a part of this document to the extent specified herein. The latest issue of SAE publications

shall apply. The applicaale—mofcﬂm—pubhtaﬂmﬁhaﬁmh?mm-eﬁecrmﬂmiateﬂ-ﬁ purchase order. In the
event of conflict betwgen the text of this document and references cited herein, the text)¢f this document takes

precedence. Nothing inthis document, however, supersedes applicable laws and regulations-unlgss a specific exemption
has been obtained.

2.1.1 SAE Publications

Available from SAE Intefnational, 400 Commonwealth Drive, Warrendale, PA 25096-0001, Tel: 87|7-606-7323 (inside USA
and Canada) or +1 724{776-4970 (outside USA), www.sae.org.

AIR64 Electrical and Electronic Equipment Cooling in Commercial Transports
ARP217 Testing|of Airplane Installed Environmental Control\Systems (ECS)
ARP780 Environmental Systems Schematic Symbols

AIR1168/3 Aerothgrmodynamic Systems Engineering’and Design

AIR1168/8 Aircraft [Fuel Weight Penalty Due to Air Conditioning

AIR1277 Cooling| of Military Avionic Equipment
AIR1811 Liquid Gooling Systems
AIR1812 Environmental Control Systems Life Cycle Cost

2.1.2 ARINC Publicatjons

L . NalaVaYal FWaVaVal -
e A4 I0-200-4000, Www_arimc.com.

@

N>

'—A

&

[«))

H
1

Available from ARINC, 255 RivaRoacAnmapotis, v
ARINC 404A  Air Transport Equipment Cases and Racking
ARINC 600 Air Transport Avionics Equipment Interfaces

ARINC 628P7 Cabin Equipment Interfaces Part 7 Cabin Equipment Cooling, General Specification
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2.1.3 FAA Publications

Available from Federal Aviation Administration, 800 Independence Avenue, SW, Washington, DC 20591, Tel: 866-835-
5322, www.faa.gov.

FAA Advisory Circular AC23-1309-1 (EASA respective document - Copy Rick Gains EASA reference style): "Systems
Safety Analysis and Assessment for Part 23 Airplanes"

FAA Advisory Circular AC25-1309-1: "System Design and Analysis"
FAA Advisory Circular 29-2C: "Certification of Transport Category Rotorcraft"
2.1.4 Code of Federal Regulations (CFR)

Available from the Unit Tt iCE, i ; ; hington, DC 20401, Tel:
202-512-1800, www.gp®.gov.

U.S. Code of Federal Regulations, Title 14, Federal Aviation Regulation, Part 23 - "Airworthingss Standards: Normal,
Utility, Acrobatic and Cgmmuter Category Airplanes”

U.S. Code of Federal Regulations, Title 14, Federal Aviation Regulation, Part 25 "Airworthinegs Standards: Transport
Category Airplanes”

U.S. Code of Federal Regulations, Title 14, Federal Aviation Regulationy Part 27 - "Airworthiness Standards: Normal
Category Rotorcraft"

U.S. Code of Federal Regulations, Title 14, Federal Aviation Regulation, Part 29 - "Airworthinegs Standards: Transport
Category Rotorcraft"

2.1.5 Applicable References
Coons, L.L., (1986), "Prppulsion Challenges for Hypersonic Flight," AIAA Paper No. 86-2620, Octgber, 1986.
Fluegel, K., (1997), US Patent No. 5,702,073, Modular Liquid Skin Heat Exchanger.

Franklin, J. and Leonafd, C., "Thermal (Characteristics of Standardized Air Force Avionic Enclpsures,” SAE Technical
Paper 831103, 1983, dqi:10.4271/831103.

Howard, R.W., (1989), US Patent/Np. 4,819,720, Skin Heat Exchanger.

Humphries, W.R., (1974), Performance of Finned Thermal Capacitors, NASA Technical Note TN D-7690, July, 1974.

Humphries, W.R. and Grigys, 1, (1977), A Desigm Handbook for PhaseChange T hemmat-Cortrol and Energy Storage
Devices, NASA Technical Paper No. 1074, November, 1977.

Kays, W. and London, A.L., (1984), Compact Heat Exchangers, 3rd Edition, McGraw-Hill, New York, 1984.

LeClaire, R., (1975), "Evaluation of the Overall Fuel Mass Penalty of an Aircraft System", Aeronautical Journal, May,
1975.

Letton, G.C., Jr., (1979), "Air Versus Liquid Cooled Avionics," Air Force Planning Conference - Avionics: Survivability,
June, 1979.

Magnus, A.E., et al., (1981), A Computer Program for Predicting Subsonic or Supersonic Linear Potential Flows About
Arbitrary Configurations Using a Higher Order Panel Method, NASA CR-3251, -3252, -3253, -3254, 1981.


http://www.faa.gov/
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Schultz, H.D., (1965), Thermal Analyzer Computer Program for Solution of General Heat Transfer Problems, NASA
CR-65581, 1965.

Sheffield, J.W. and Wen, C., (1989), Phase Change Materials for Spacecraft Thermal Management, AFFDL-TR-88-2133,
WPAFB, Dayton, Ohio, February, 1989.

Smith, J.R., (1983), SINDA - Systems Improved Numerical Differencing Analyzer User's Manual,
TRW Report 14690-H001-BC-00, Revision 3, March, 1983.

Swain, E.F. and Letton, G.C., Jr., (1979), "Thermal Control for Pod Mounted Avionics,” ASME Paper No. ENAs-2, July,
1979.

Wiese, D., "Thermal Management of Hypersonic Aircraft Using Noncryogenic Fuels," SAE Technical Paper 911443, 1991,
doi:10.4271/911443.

Woodward, F.A., (1980), USSAERO Computer Program Development, Versions B and C, NASA ¢R-3227, April, 1980.
3. THERMAL MANAGEMENT CONSIDERATIONS

Heat sink thermal management requires the consideration of several factors to achieve the desirdd temperature and heat
rejection rate, without jeppardizing aircraft design goals such as:

o life-cycle cost;

e performance;

e weight;

o reliability;

e maintainability;

e operating envelope;
o safety.

Achievement of these goals requifes-an appropriate match of the heat sink and the maximunj allowable heat source
temperatures. As the al}solute value of these temperatures approach each other, the driving forcg available to reject heat
decreases exponentially, leading to significant integration challenges.

The use of heat sinks ipfluences the design and performance of aircraft. Typically these influenfes are considered and
integrated with the aircraft's major systems during the design process. These effects are most often associated with
aerodynamic drag, propulsion system performance, weight, and size of the aircraft and are minimized through the
application of thermal management integration techniques.

Many factors must be considered when selecting a heat sink:
e heat sink thermal properties, transport capability, environmental and safety aspects;
e temperature level;

e thermal control requirements.
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Additionally, for heat sources, the following factors must be considered:
duty cycle;

rate of required heat rejection;

temperature level;

heat transport method;

thermal control requirements.

4. HEAT SOURCE CHARACTERISTICS

are waste heat from systems installed on the aircraft, metabolic heat fror
heat transferred through the airframe from the ambient environment, ‘s
and stagnation effects on the airframe. Much of the heat generating.equipment in aircraft requires
heat sink management to maintain proper operating temperatires. [The quantity, rate and
t to be rejected to a heat sink are determined by the heatysource and by the capacity and
E sink system. Some heat rejection rates vary as operating conditions of the aircraft change.

n crew and passengers,
plar heat load and heat

The major heat sourceg
heat from the engines,
generated by air friction
cooling and, therefore,
temperature of the hed
effectiveness of the hea

\ssified as occupied or
bleed air; vapor cycle

at sources are presented in this section and each heat source is cl3
At sources include personnel; electronic (avionic)<equipment; engine
power systems such as hydraulics, pumps, enginge*lubrication; electrical power systems such as
verters; unoccupied zones with temperature “Sensitive equipment and fuel. Typical design
ons for initial heat sink matching to heat seutces are found in Table 1, and are discussed in the

Brief discussions of he
unoccupied. These he
refrigerant; mechanical
generators, motors, in
temperature considerati
following sections.

4.1 Cabin or Cockpit (Occupied Areas)
with some variation in
eat is both sensible and
canopies, windows and
ment within the cockpit

Personnel occupied vglumes (cockpit and cabin) require temperatures near 70 °F (21 °C),
temperature permitted gnd even desired. Personnehheat sources are metabolic rates. Metabolic h
latent (evaporative or pgrspiration). Cockpit and cabin heat also is due to solar heating through
windshields; aerodynanjic heating through external surfaces; and electrical and electronic equig
and cabin. Cabin heat Iq

Heat rejected from the
heat loads of different a
4.2 Electronics Heat {

Electronic components

ads vary considerably-depending on aircraft size, speed, and internal equ
hydraulic and avionic systems may add to the compartment heat load. T
rcraft types areishown in Table 2.

bource

n avionic equipment are limited to minimum and maximum semiconductor

magnetic material opers

class equipment are al

ting temperatures WhICh depend on the class of equment CommerC|a

ipment heat dissipation.
pical cockpit and cabin

junction, insulation and
I, Industrial and Military
nent system should be

designed for the specific class of equipment it is servicing.

Avionics units are cooled with air or with liquid. In the early 1980s most avionics were being cooled with air as discussed
in Franklin and Leonard (1983). Generally, however, liquid cooling is becoming a more accepted practice, especially in
high power systems, such as long-range radars and electronic-counter measures (ECM), are cooled with liquid. More
avionic systems are being cooled with liquid to maintain lower maximum component temperatures to reduce equipment
failure rates and improve system reliability (Letton, 1979). The type of equipment cooling approach employed is
dependent on avionic component temperature limits, temperature shock tolerance, equipment packaging density, heat
dissipation rate, duty cycle, and reliability requirement. Avionic equipment is normally located throughout an aircraft, in
pressurized compartments and in unpressurized areas such as radomes, wheel wells, fairing compartments, and external
pods on aircraft. Air-cooled avionic equipment in large transport aircraft normally is located within a pressurized
compartment. The avionic equipment heat may be rejected to the cabin environment, or it may be rejected as a heat load
in a separate compartment (pressurized or unpressurized). Special mission aircraft may have dedicated cooling systems
and heat sinks for mission equipment.
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Avionic cooling requirements depend upon temperature limits of the equipment being cooled. For air-cooled avionics, flow
rates between 2 to 10 Ibm/min per kW (0.015 to 0.075 kg/s per kW) are used. The low rates are used normally if cold, dry
air is available, and higher flow rates are needed if air supply is hotter and maximum allowable electronic part
temperatures are low. For liquid cooled avionics, flow rates range from 3 Ibm/min per kW (0.023 kg/s per kW) for water-
glycol mixtures to 6 Ibm/min per kW (0.045 kg/s per kW) for coolants such as polyalphaolefin (PAO). More information
about the specific requirements and solutions can be found in AIR1277and AIR64.

Power electronic equipment is a concentrated heat load that requires active cooling.

Permanent-magnet electrical motors generally require power electronic motor controllers for startup and control of inrush
current, and to control motor speed.

These motor controllers contain solid-state switches (usually a type of bipolar transistor). Motor controllers also usually
contain input and output fllterlng Fllterlng dewces can be passwe (mductors and capautors) or actlve (digitally controlled

semi-conductors). Motof€e
communicate with other{aircraft systems AII the parts listed above are temperature I|m|ted and ma

Power electronics can be air cooled or liquid cooled. For aircraft applications, air-cooled, power

not practical above a rating of approximately 10 KW due to spatial considerations and’limitations
Liquid cooled equipment requires a cooling system that circulates a liquid coolant. The‘heat sink fq
ram air, with provisions|for inducing air flow for static conditions. The coolant is usually circulate

r power electronics and
y require active cooling.

plectronics are currently
on available cooling air.
r the coolant is typically
d by means of a pump,

which itself will also be @ heat source.
4.3 Bleed Air
Engine bleed air is used

radome anti-ice syste
Generation Systems (O

as an air source for a number of aircraft utiliti€s including air cycle coolin
Mms, pneumatic systems, and On-Board‘llnert Gas Generation Syst
BIGGS/OBOGS) systems. The bleed airlis extracted from one or more st
section of the turbine propulsion engines. The bleed air temperature varies with compressorn
compressor efficiency, ¢ngine power setting, altitude and ambient temperature. Bleed air temperatures for current design
aircraft can range up t¢ 1,250 °F (675 °C). For most applications, this air needs to be cooled [to a lower temperature
before it is supplied to the using system. An air-to-airheat exchanger (pre-cooler) near the enging can be used to reduce
the bleed air to a tempefature which allows more convenient ducting materials or will reduce potential airframe damage in
the event of a large ble¢d air leak. Ram air or_fan air is typically used as the heat sink for pre-co¢lers and ram air is also
used for ECS heat exchangers downstreamsfuel has been used as an additional heat sink on supersonic aircraft where

) systems, airframe and
ems/On-Board Oxygen
ages of the compressor

design pressure ratio,

bjects this heat plus the
vapor cycle system is
(The selection of the
e desired.) Ram air is the

refrigerant is driven by the-he
common heat sink for aircraft vapor cycle systems, except for high performance military flghters (e.g., F-22), where the
cold air supplied from the ECS is used as an intermediate heat sink. The main sources of heat on VCS are fans and
compressors.

4.5 Mechanical Power Systems

Mechanical power systems that may need cooling include hydraulics, flight control actuation, electric motors and accessory
drives. Hydraulic systems typically operate with hydraulic oil temperatures as high as 250 °F (121 °C). However, steady state
design point temperatures are more typically 160 to 200 °F (71 to 93 °C). For example, in one typical transport aircraft there
are four separate hydraulic systems. Each system contains two engine-driven hydraulic pumps, each rated at 60 gpm
(4.4 l/s) and 3,000 psia (20.7 MPa). Each system rejects 132,000 Btu/h (38.7 kW) at 10 gpm (0.73 I/s) case drain flow and
250 °F (121 °C) oil temperature. Hydraulic systems typically are designed for a baseline steady state heat load and an
intermittent peak heat load.
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Accessory drives are typically cooled by lubrication oil. Oil temperatures at the outlet of the accessory drive are typically
275 °F (135 °C). Electro-Mechanical power components number and dispersion throughout the vehicle typically increase
with the trend to more electric aircraft.

Electric motor driven hydraulic and liquid cooling system pumps can be located throughout the aircraft as loads,
interconnecting plumbing and service access allows. Thermal management is typically accomplished through the use of
the pumped fluid to transfer the heat to the fluid heat sink. The temperature range of the fluid of -65 to 300 °F (-54 to
150 °C) is normally within the operating temperature range of the electric motor components.

Electro-hydraulic and electro-mechanical actuators for flight control actuation places these components in remote
locations such as outer wing sections and fuselage tails. Access to heat sinks that are reliably available throughout the
flight and operating condition envelope can provide a challenge. Installation ambient temperatures can range from the low
temperatures seen during high altitude cruise to an increase over local ground ambient temperatures due to solar and
self-heating inputs. Potential candidate heat sink locations include installation compartment, if ventilated, skin surface and
fuel tanks. Locally instafteg-eentrot-ane-pewer-etectronies—eanrarrow-the—atowable—EHA-erEMA operating temperature
range.

Typical design temperature considerations for initial heat sink matching to heat sources are-found |n Table 1:

Table 1 - Typical characteristics of several airborne heat‘sources

Heat Source Coolant Design Temperatlire Considerations
Cabin/Cockpit Air Human Comfort
(Occupied Zone) (typical area temperature 59 t0.86 °F (15 to 30 °C), typical supply
temperature 32 to 158 °F (0't0 70 °C)
Avionics Air Minimum supply temperatture above the dewpoint (les$ than 100% R.H.)

for moisture sensitive equipment
Maximum supply.temperature is equipment specific

Avionics Liquid (EGW, | Minimum liquid temperature typically 50 to 68 °F (10 t¢ 20 °C) with fluid
PGW, PAO, | viscosity andx¢ondensation as considerations.
etc.) Maximum supply temperature is equipment specific.
Engine Bleed Air Air Wide yariation of bleed air temperature (up to 1,250 of) 675 °C )
Ram air’'stagnation temperature
Vapor Cycle Air or Liquid Refrigerant condensing temperature typically needs to be a minimum of
Condenser (Fuel) 18 °F (10 °C) above heat sink temperature

Condensing temperature dependent on refrigerant selection and
maximum system pressure!
Mechanical Power Air or Liquid | Oil Temperature (typical -40 to 275 °F (-40 to 135 °C)

Systems (Fuel) Fuel Temperature is upward limited by maximum allowable fuel
temperature at the engine interface
Electrical Power Air‘or Liquid Minimum supply temperature above the dewpoint (les$ than 100% R.H.)
Systems for moisture sensitive equipment
Maximum supply temperature is equipment specific
Fuel Air Maximum allowable fuel temperature
Weapons (DEW) Liquid (EGW, | Application Specific
PGW, PAO,
etc.)

!Condensing (or evaporating) temperature and pressure are interrelated for a given refrigerant. Which variable is the dependent variable and which is
the independent variable depends on the application limitations. For example, the heat sink temperature may set the condensing temperature with a
resultant condensing pressure. However, if an evaporating temperature (and pressure) is required by the application, and the compressor pressure ratio
is limited by design considerations (like available power), then the condensing pressure is fixed, with a resultant condensing temperature for the selected
refrigerant. The design will have to provide a suitable heat sink which temperature is lower than that condensing temperature.
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4.6 Electrical Power System

Electrical power systems are a source of waste heat generation for aircraft. The electrical power systems include
equipment for power generation, wiring and equipment needed for distribution of electrical power to the aircraft electrical
loads.
4.6.1 Power Generation

Power generation includes electrical generators and generator drive systems. Generators are typically driven by main
engine accessory gearboxes and auxiliary power units. Generators require cooling. The upper temperature limit of
generating equipment is generally based on the insulation on wire-wound stators and rotors, and magnet material in
permanent-magnet generators.

Generators are typically oil-cooled but can also be air-cooled. For oil-cooled generators the oil is often shared with the

gearbox to which the g

Generators can be vari
(CSD) transmission thaf

lubricating oil for the transmission also serves to cool the generator. This oil then rejects heat

(typically a liquid-to-air
mounted. Variable-frequ
4.6.2 Power Distributi
Electrical power is distr|
wiring is an aircraft hea
used to isolate or conn
buses. These switching
located on electrical pan
4.7 Engine and APU

Engine heat sources in
engine structure. The ¢
avionics. Hydraulic actu
coking temperature of

Pneumatic actuators c

afterburning turbojets mpay be cooled-for supersonic military aircraft, the structure heat load of

aircraft can become vs
rejected with oil temper
cooling however the cod

+ H e ! (= =) H Iy H T ! ol al 'H HA Y H)
ICTAUN 15 AllaCLliTU. TTITS UIT T tartris ycericiaily COUICU WILIT a TTYuUiu=tu=all 119

hble-frequency or constant-frequency. Constant-frequency machings-use
is usually combined with the generator to form an integrated drive_genera;

heat exchanger) or the IDG can share its oil with the enginé accessory
ency machines do not have a transmission so the only heat.source is the

on

buted from the generators to the loads via a nétwork of wiring and switg
source that is a function of electrical resistance and current being carrieg
ect generation sources to aircraft electrical* buses, and connect or isolg

els, and therefore these panels can require active cooling. The cooling mqg

clude controls, actuators, (structure, and lubrication. Controls operate at |
pntroller uses electronic components with temperature limits much the sa
ators that are fuel cooled or use fuel as the working fluid operate at tempg
the fuel which is-about 300 to 350 °F (149 to 177 °C) for traditiong
AN operate much~hotter at temperatures above 1,000 °F (538 °C).

ry large, @s discussed in Coons (1986). Heat generated by the lubrica
htures, limited to 225 °F (107 °C). Engine high pressure bleed air may be
ling.of this air to usable temperatures can be a large heat source.

at exchanger.

a constant speed drive
or (IDG). In an IDG, the
into a dedicated cooler
gearbox to which it is
jenerator itself.

hing devices. Electrical
. Switching devices are
te loads to the various

devices can be either electro-mechanical or solid state. The switching devices are generally

dium is generally air.

bwer temperatures than
me as those in airframe
eratures well below the
| kerosene base fuels.
\Vhile nozzles of some
engines for hypersonic
tion system typically is
used for internal engine

4.8 Fuel

Fuel is commonly used as a heat sink for other systems but may require a heat sink itself if temperatures can exceed
maximum allowable fuel temperature. In some fighter aircraft, fuel flowing to the engine is used as heat sink for power
systems. The fuel flow rate from the tanks may be increased to be greater than required by the engine in order to provide
sufficient local heat sink capacity to all heat exchangers. Fuel flow in excess of that required to meet current engine power
demands is recirculated back to one or more of the fuel tanks. The returned fuel may be cooled by a ram air heat
exchanger prior to return to the fuel tank to reduce fuel temperature in the tank. Some aircraft require minimum
operational fuel levels based on the heat transfer rate from the fuel to the airframe and subsequently to the ambient air.
These transfer rates decrease with decreasing fuel level.
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4.9 Example Heat Loads

Typical cockpit and cabin heat loads of different aircraft types are shown in Table 2. The loads are estimated values or
derived from published design data. The methods to obtain the figures may differ, resulting in different heat load values for
similar listed heat load areas. The heat load for a specific aircraft and mission should be measured or estimated in detail
to establish cooling system requirements. More information about cabin and cockpit heat sources can be found in
AIR1168/3.

Table 2 - Sample aircraft cabin or cockpit heat loads
compiled from multiple sources with multiple assumptions

Not for relative comparison

Heat Load Heat Load
AircraftFype HeattoadArea {Btufh) (kW)
Military Fighters
Crew 400 0.12
Avionics 4,700 1.37
Electrical 1,700 0.51
Heat transfer through 9,000 2.64
structure
Solar heat load 8,000 2.36
Avionics Cooling Fan 7,200 2.10
Total 31,000 9.10
Military Surveillancg - Large transport
Cockpit Crew (3)
Occupant heat load 1,200 0.35
Electrical Heat Load 3,300 1.00
Solar Heat Load 600 0.16
Structural HeatL'oad -5,200 -1.50
Cabin Occupants (19)
Occupant-heat load 5,200 1.50
Electrical'Heat Load 158,200 46.4
Solar'Heat Load 2,900 0.85
Structural Heat Load @ -84,800 -24.80
Mission Altitude
Military Surveillance - Business Jet
Cockpit Crew (2)
Occupant heat load 800 0.23
Electrical Heat Load 10,100 3.00
Solar Heat Load 1,100 0.33
Struetural-Heat-Load 5,200 15
Cabin Occupants (8)
Occupant heat load 2,200 0.64
Electrical Heat Load 143,500 42.0
Solar Heat Load 0 0.00
Structural Heat Load @ -17,000 -5.00
Mission Altitude
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Table 2 - Sample aircraft cabin or cockpit heat loads

compiled from multiple sources with multiple assumptions (continued)

Not for relative comparison

Heat Load Heat Load
Aircraft Type Heat Load Area (Btu/h) (kW)
Business Jet
Cockpit Crew (2)
Occupant heat load 1,228 0.360
Electrical Heat Load 3,207 0.940
Solar Heat Load 3,958 1.160
Cabin Occupants (8)
Occupant heat load 1,774 0.520
Electrical Heat Load 4,282 1,255
Solar Heat Load 9,537 2.795
Total 23,986 7.030
Military Helicopters
Combat Hel|copter Crew (2) 1,100 0.34
Cabin electronics 6,800 2.00
Heat transfer through 3,400 1.00
structure
Leakage 1,700 0.50
Solar heat load 6,800 2.00
Total 19,800 5.84
Naval Helicgpter Crew (3) 1,700 0.5
Cabin electronics 34,100 10.0
Heat transfer through 13,700 4.0
structure
Leakage 9,400 3.0
Solar heat load 9,400 3.0
Total 68,300 30.5
Civil Airplane Transports Crew (2)
Cockpit Qccupant heat load 500 0.17
Electrical heat load 4,600 1.34
Solar heat load 5,200 1.53
Total 10,300 3.04
Cabin Occupants (317)
Occupant heat load 82,000 24.0
Electrical heat load 76,000 22
Solar heat load 22,900 6.7
Total 180,900 53.0
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Table 2 - Sample aircraft cabin or cockpit heat loads
compiled from multiple sources with multiple assumptions (continued)

Not for relative comparison

Heat Load Heat Load
Aircraft Type Heat Load Area (Btu/hr) (kW)
Civil Helicopters
Light twin helicopter Crew heat load (2) 1,200 0.34
Occupant heat load (5) 2,000 0.60
Cabin electronics 2,000 0.60
Heat transfer through 5,100 1.50
structure
Leakage 1,400 0.40
Sotarfreattoad 6;860 2-06
Total 18,500 5.44
Transport helicopter Crew heat load (3) 1,700 0.50
Occupant heat load (27) 11,100 3.24
Electronic Heat Load 17,100 5.00
Heat transfer through 13,600 4.00
structure
Leakage 10,200 3.00
Solar heat load 10,200 3.00
Total 63,900 18.7

5. HEAT SINK SYSTH

There are two general
temperature and heat ti
In addition, the requiren
These items impact thq
commercial aircraft. Heg

M DESIGN OBJECTIVES

requirements for heat sink design. Theifirst is to match the capacity d
ansfer rate of the heat sources. The §econd is to optimize the design to minimize aircraft impact.
nents for heat sink design include chigh reliability, easy maintenance, and
aircraft's ability to meet mission-cycle requirements, which are importa
it sink design objectives are . simmarized in Table 3.

f the heat sinks to the

high damage tolerance.
nt for both military and

Table 3 - Heat Sink Design Objectives Summary

OMljectives

Factors

Match heat sinks to hegt sources

Temperature and power capacity of available heat sinks
Temperature and power of heat sources
Duty cycles and soak back of heat sources fand sinks
Available aircraft power
Resulting design conditions
Consider growth capability

12

Optimize systems to miri

AV.WNPN Y rac tmnant An Araraft aarfara A s

B

Impact

bt/ +
vv eI tiagrpact oo cran peromancT

Power extraction effect on engine performance
Cost of ownership (procurement/maintenance/logistics)

Maximum component reliability

Failure rates
Need for redundancy
Operating and storage life

Minimize systems maintenance

Accessibility
Operational test capability (built in test and other failure detection)
Corrective maintenance

Systems Safety

Primary and secondary damage effects

Minimize system and aircraft damage

On heat sink related systems
On other aircraft systems
Due to enemy threats
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5.1 Heat Sink and Source Matching

Guidelines for matching heat sources and heat sinks, and factors to be considered in selecting systems that transport
heat between them, are reviewed in this section.

Optimum matching of heat sources and heat sinks requires determination of heat source and heat sink characteristics as
a function of aircraft operating parameters. These parameters include ground operations, flight time, speed, altitude and
mission (commercial, military, transport, fighter, helicopter, etc.).

Other required characteristics are:

heat source heat rejection rate and operating temperature;

e temperature limit, capacity, and availability of heat sinks;

duty cycle or flight pgrofile in which the system will operate;

type and quantity offpower available to operate the system.

Examination of these data usually leads to several specific operating conditions that\become the [ritical design points for
the system.

5.2 System Optimizatjon
Different methods for transferring heat from sources to sinks should ‘be compared in the progess of varying system
parameters for optimizéd aircraft performance. Weight, power usage, complexity, and cost afe all parameters to be

considered.

A key parameter used |n optimization trade-off studies is the ‘aircraft takeoff gross weight (TOGW) penalty. The TOGW
penalty has a strong impact on aircraft performance and epérating cost.

The impact of each system on TOGW requires determination of:

o weight of the installed system and the inctease in the weight of structure or other equipment required to support the
system;

o fuel weight necessary for system power (extracted from aircraft engine or APU);

o fuel weight necesdary to carry the weight of the equipment, increased structure or equipment to support the
equipment and fuel;

o fuel weight necessayy1o overcome the aerodynamic drag increase due to ram air use in heat gxchangers.

The sum of these parameters is the TOGW penalty of the system. TOGW analyses provide insight into the system impact
on aircraft fuel economy or operating range. It should be noted that penalties for power sources (engine bleed air or shaft
power extraction), ram air usage, and weight induced drag vary significantly with aircraft type, the engines used, and flight
speeds and altitudes.

Another very useful optimization comparison is system cost. It is the total cost of ownership for the system configuration. It
includes procurement cost for initial system hardware and its installation, maintenance requirements and their costs, and
spare costs based on expected useful equipment life.
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5.3 Reliability

The choice of specific heat sink, identified in Section 6, impacts the system reliability. The reliability of a heat sink, as of
any other system component, is related to it failures modes and how does it affect the system overall failure rate and
consequent availability for the system to perform its function. Normally a system specification demands the requirements
from where the type, shape, location and other general design characteristics are defined. The following are examples of

failures that should be ¢

expendables: leaks,

onsidered when designing heat sinks:

ambient air (ram air): hail, volcanic ash, ram air door, ducts, sensors, fans, ejector;

fuel: leaks in a liquid to liquid heat exchanger, pump, valves;

valves;

thermal storage: led
ECS coolant: fluid 14
fan air heat sink: FQ
5.4 Maintainability

Heat sink system desig
component accessibility,
heat exchange surface
personal (blade guards,
Provision for built-in-te
performance or to isolal
Maintenance messages
5.5 System Safety

The typical system safe
and consequences of j
component should be id
be quantified. Exampleq

heat sink ducting m

ground deice fluid in

ks, valves;
ak, fans, compressors, sensors, ducts, pumps, ACM issues;

D, leaks, fans.

should include requirements for easy maintenance.“Maintenance require
especially fill and drain ports, cleaning of heat exchangers and ram circu
s for optimum heat exchange, fluid replenishment (liquid loops) and
noise, etc.).

5t (BIT) and fault isolation may be -required to indicate potential failur
e failures that have occurred. Sensing of critical system performance p3g
due to filter clogging.

ly process includes a failure mode, effects and criticality analysis (FMECA
ossible damage on-flight essential functions. Primary and secondary d
entified, and the(impact on the system in terms of total failure, or degrad
of system failures and respectives effects particular to heat sinks are:

ght be affected by HX failure;

gestion through ram air circuits;

ments include maximum
ts, skin surface and fuel
safety of maintenance

bs and out-of-tolerance
rameters is possible as

) to evaluate the effects
amage effects on each
ed performance, should

monitoring of outlet
alternate or backup

bird strike.

location of fuel and hydraulic drains respective to heat sink inlets;

fluid leakage can provoke fire in the HX;

circuit for high temperatures and automatic system shutdown;

heat sink on critical load systems;
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6. HEAT SINK TYPES

Characteristics, capabilities and limitations of the different types of heat sinks are discussed in this section.

A key characteristic in the classification of heat sinks is the duration of their use. Extended duration heat sinks include ram
air and fuel; shorter duration heat sinks are expendable liquids and thermal storage materials.

6.1 Ambient Air

Ambient air can be utilized as a heat sink in two ways: ducted into the aircraft as ram air or used to transfer heat directly

from the fuselage.

6.1.1 Ram Air

Ram air is used as a h¢

environment via a heat
duct penetrations into a
scoops, flush (NACA) i
system design calculati
the true ram recovery p
scoops, avoid locating
designed to withstand

fluid is rejected to the
exchanger. The heat exchanger |s usually installed in a non-pressurizeédiarea to avoid large ram
pressurized compartment. Ram air can be introduced into the heat‘exchgnger via protruding ram
hlets. The stagnation temperature of the air at worst case conditions should be used for initial

bns. Local pressure coefficients (Cp) and ram recovery factors (Rr) must

essure, which can be significantly less than the free stream %otal pressure
he inlet in the boundary layer, as this will reduce ram flow ‘performance. |
high air velocity and acoustic vibration and may require turning vanes

distribution across the face of the heat exchanger. Ram outlets should incorporate exhaust louverg

turning the exhaust flov

into the ambient air stream, thereby reducing exit pressure losses. Plu

outer skin must be quantified to determine if a steel or titanium "patch<is’needed to prevent dam

composite skins. The pl
air results in drag pena
direction in the ram duct
6.1.2 Skin Convectivd
When the ambient air rq
reject heat directly to the
6.1.2.1 Skin Convect
The overall heat transfe
the environment. The

coefficient (hi) and skin
Insulation inside the cal

Lime analysis will also be used to determine thé effect on the aircraft IR si
ties from the inlet/exhaust flow disturbances: (external drag) and from a g
(internal drag).

/Conductive Heat Transfer

P environment using skin convective/conductive heat transfer.
ve/Conductive Heat Transfer Using Air Loop

r coefficient (U).must be increased as high as practical to improve heat tr

g$kin externakheat transfer coefficient (ho) is very large compared to th

conductivity,"Therefore, any effort to improve the external coefficient will h
hin can<beremoved to increase the conductivity through the skin. HoweV

important factors must
above the desired cabi
stringers may "sweat" f

be considered; (1) During low altitude operation, where the ambient rec
temperature, the heat transfer into the cabin will increase and (2) The i

be obtained to calculate
When using protruding
Ram inlet ducts must be
to ensure proper flow
or a shroud to assist in
me impingement on the
age to the aluminum or
jnature. The use of ram
hange of air speed and

bcovery temperature is below (he desired cabin temperature, the aircraft fuselage can be used to

ansfer from the cabin to
e internal heat transfer
ave diminishing returns.
er, when doing this two
bvery air temperature is
nner skins, frames, and

Excessive corrosion to

cabin substructure can result and efforts should be made to dry the cabrn air so that |ts dew pornt is below the expected
inside substructure temperature. Air barriers/liners should be attached to the aircraft frames, separating the cabin from the
skins where a fan circulates dry air through the air barrier and air distribution ducts to improve the internal convective heat
transfer coefficient (hi) (see Figure 1).
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Aircraft

Cool

Heat Heat
Rejected <€—— Rejected
%
< Avionics Avionics T~
[ N Fan Fan ,»\
‘\ Equipment Equipment /‘
Racks Racks
Warm

Figure 1 - Skin convective cooling with fan (space saver)

Skin heat exchangers dan be used in lieu\of airflow directly over internal skin surfaces to further increase heat transfer
efficiency and minimize the area of uninsulated substructure. One such alternative system, showr] schematically in Figure
2, uses avionics compailtment exhaust:air as a heat transfer medium and the aircraft internal skin surface as the heat sink.
Pressurized air from an|avionics suétion manifold is circulated through the cavity between the compartment liner and the
fuselage inner skin surface. A-contoured liner, comprised of flexible interlocking sections, is cpnfigured to maintain a

constant, thermodynamically ©ptimal airflow passage height.
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Avionics Bay

-

Skin Heat Exchanger

Using air as the heat tr
has a low specific heat
systems to achieve satig
of plate-fin elements &
convective heat transfe
parameters would other
provide supplemental cq
6.1.2.2  Skin Convect
An alternative skin heat
3. Liquids have signific
coefficient, typically on
systems (typically 20 t
reduced.

fan
Figure 2 - Air-to-air skin heat exchanger

hnsfer medium presents limitations to the overall system_ efficiency and o
ber unit volume, consequently, large temperature changes are required in
factory performance. Overall skin heat exchanger effectiveness can be im
onded directly to the inner skin surface with:xgonductive epoxy. The
r surface area while inducing turbulence. In situations where the ambien
wise fail to provide adequate skin temperatures, conditioned air augmenta
oling along with provisions for venting hot\avionics exhaust air overboard.

ve/Conductive Heat Transfer Using.Liquid Loop
exchanger configuration using liquid as the heat transfer medium is showr
antly higher heat capacity per unit volume than gases. Moreover, the i

the order of 5 to 10 Btu/(h:ft2.R) (30 to 60 W/(m2.C)) for air systems, i
b 60 Btu/(h.ft2.R) (180:to 350 W/(m2.C)). Consequently, total heat exc

Control Valves

Y

perational envelope. Air
air-to-air heat exchange
proved with the addition
fins provide increased
t temperature and flight
ition may be required to

schematically in Figure
nside film heat transfer
5 much higher for liquid
hanger surface area is

— — b
£ e
f Pump
Skin Skin Skin
Avionics HX HX HX
Heat
Load |
5)
— 3 X

Figure 3 - Liquid-to-air skin heat exchanger

) N

l Connectors
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The modular liquid coolant heat exchanger system cross-section, shown in Figure 4, is compatible with semi-monocoque
fuselage design, and incorporates an arcuate planar heat sink with integral liquid coolant circulation pathways.

LINER

< MOUNTING CLI

Figure 4 - Liquid-to-air skin heat exchanger cross-section

Liquids suitable for this|configuration include ethylene glycol/water, propylene gly¢ol/water, or pdlyalphaolefin (PAO). As
with air-to-air systems, however, cooling augmentation may be required if ambient conditions fail tp provide adequate skin
heat sink temperatures (ref. US Pat. No. 4,819,720 issued to Howard, US Pdf No. 5,702,073 issuéd to Fluegel).

6.1.2.3  Skin Convect
A heat pipe offers the 4
concept adds an evapo
heat exchanger) (see F
vicinity of the heat sourq
6.2 Engine Fan Air H{
Air from a turbofan eng

available any time the ¢
ground static operation.

\ve/Conductive Heat Transfer Using Heat Pipe

dvantage of high heat transfer coefficients“of liquids, but without the neeg
ator to absorb heat from the cabin or avionics via a fan loop and transfer
gure 5). An even more efficient systemi-integrates individual evaporators (
e, negating the need for a fan loop-

bat Sink
ine is a commonly used heat sink. One advantage of using fan air is th

ngine is running. Thus; ground fans or ejectors are not needed to induce
A disadvantage ef\using engine fan air is the impact on engine thrust. THh

for a liquid pump. This
t to the condenser (skin
lirectly in the immediate

at the engine fan air is
heat sink air flow during
ere are two methods of

implementing an enging fan air heat sinks’(1) fan air ducted to a separately mounted heat exchanger, and (2) fan duct

heat exchangers.
6.2.1 Separately Mounted Heat Exchanger
In this implementation d a a port downstream of
the engine fan prior to t changer is often located
near the engine upstream of the engine firewall and is used to cool engine bleed air. In this embodiment, the heat
exchanger is termed a precooler. A valve is usually used to modulate the fan air to control temperature of the hot side
stream and to minimize the penalty associated with the use of fan air.

f engine fan air as a heat sink, fan air is extracted from the engine fan v

he-discharge-nozzle—The-ai-is-dustedto-the-heat-exchanger—The-heat-ex

6.2.2 Fan Duct Heat Exchanger

Heat exchangers may be imbedded inside the engine fan duct and use fan air as the heat sink. Benefits associated with
this concept are a corresponding reduction in the use of ram air heat exchangers, thus reducing the penalties in aircraft
drag. Additional benefits of fan air heat sinks are low observability (reduced infrared signature) and addition of heat
energy to the fan duct stream. However, fan air temperatures are generally somewhat higher than the ram air
temperature. Therefore, fan duct heat exchangers may not be as efficient and could get heavier, particularly if high
temperature materials have to be used for their fabrication. The heat exchangers also add to the pressure drop in the
engine fan duct, reducing engine thrust. Airframe companies have to make their assessment of fan duct heat exchangers
at the air vehicle level for any given aircraft.
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6.3 Fuel

Fuel is used as a heat S
a low penalty factor (or
aircraft.

There are two basic m
powerplant or APU to b

Figure 5 - Skin"cpohvective cooling with heat pipe

ink in most turbine’engines and for many airframe heat sources, is readily
sometimes a‘benefit) to the aircraft. However it is important to consider the overall impact to the

bthodS/of implementing fuel heat sinks. In one method, fuel that is bein
e consumed, is typically passed through a fuel/oil heat exchanger which

available and presents

p delivered to the main
nas the dual purpose of

ps. The increase in fuel

cooling the engine oil

temperature results in improved engine efficiency.

hile’ raising the temperature of the fuel being delivered to the fuel nozzl

The other method of fuel heat sink utilization is where heat is transferred from aircraft systems into the fuel in the fuel
tank. One example of this method is using a fuel/oil heat exchanger as described above except that the fuel flow is greater
than the fuel consumed by the engine - in this case the warmed fuel that is not used by the engine is recirculated back to
the tank. Another example involves placing a heat exchanger in the fuel tank whereby a systems fluid (such as hydraulic
fluid) transfers heat directly into the fuel tank.

Transferring heat into the fuel tank will result in increased fuel tank temperatures. The temperature of the fuel has an
influence on fuel tank flammability. The impact on fuel temperature and fuel tank flammability should be evaluated when
considering using fuel as a heat sink.
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At the aircraft level, the impact of fuel heat sink utilization includes the weight of components and controls needed and the
unusable fuel in added fuel lines and heat exchangers or minimum fuel requirements if recirculation to tank is used. There
is no drag penalty associated with a fuel heat sink, unless it is cooled by ram air by a heat exchanger. The capacity of fuel
as a heat sink is limited by the type and amount of fuel available and by engine and fuel tank limitations as described in
AIR1812 and Wiese (1991). Higher speed aircraft which may use cryogenic fuels will have both greater heat sink
capacities, due to lower fuel temperatures, and greater heat sink requirements, due to greater heating at the higher
speeds, as described by Coons (1986). Fuel heat sink capacity is limited at the end of the flight simply because the fuel
consumption during the flight has reduced the quantity of fuel available and reduced effective heat transfer area of the fuel
tank walls.

An alternative method to using fuel as a heat sink will be required if heat sink capability is required on ground when the
aircraft is stored in confined areas such as the hangar deck of an aircraft carrier. The heating of the recirculating of the

fuel will result in the venting of fuel vapors which would be a safety as well as a health hazard in the confined space.

6.4 Expendables

Expendable heat sinks,
stored, expendable liqu
or short duration loads|
duration of use. Expend
of vaporization of the lid
limiting temperature of
capacity.

Limitations of expendab
provide adequate liquid fi
must be added or resef
completely drained at th
Alternatively, a represen
since water and antifreeZ
6.5 ECS Coolant
Liquid coolant such as t
indirectly as a heat sin}
offer capability to cool
pump heat up to the hot|

A limitation on the use of
uses bleed air from the ¢
cycle refrigeration syster
cabin or cockpit cooling

typically used in spacecraft and special mission aircraft, utilize the{laten
ds, which after vaporizing are vented to the atmosphere. Theseh€at sin
for selected portions of a flight envelope, since their weight.s almost

uid. To be of value, the expendable boiling point temperature of the heat
the heat source being cooled. Sensible heating of thg liquid or vapor

es are the weight of the expendable liquid and ‘its’container, servicing and
pr each flight, and corrosive or toxic properties of; these liquids. If water is us
\voir and plumbing heaters added. If antifréeze is added, the water-antifre
e end of flight before refilling it in orderito assure that the mixture is of
ative sample can be tested to determing~the composition of the remaining
e evaporate at different rates and the.remaining mixture can be of unknown c

nose provided by an air or vapor cycle refrigeration system, may be used

via use of intermediate loops or from ECS exhaust from other heat loa|
h heat source to temperatures below the temperature of an available he
ter heat sink.

ECS or refrigeration system air is that it imposes a power penalty on the en
ngine arfrom a separate compressor. Electrical power, via a power takeoff §
ns. The, power use increases engine fuel consumption and decreases eng
hnd pressurization is then used for cooling of another heat source, it will hav|

heat of vaporization of
s typically handle peak
directly proportional to

able heat sink capacity is calculated as the product of the mass of liquid ysed and the latent heat

sink must be below the
may provide additional

logistic requirements to
ed, an antifreeze solution
pze container should be
the correct composition.
ixture. This is necessary
bmposition.

Hirectly as the heat sink,
ds. Refrigeration cycles
at sink, using power to

jine. An air cycle system
shaft, powers most vapor
ne thrust. If air used for
b small additional aircraft

penalties. However, the

mperature range of heat sources cooled by ECS air is higher because it has

previously been used for

another heat load.

6.6 Thermal Storage
Thermal storage heat sinks may consist of phase change, non-expendable materials, or the aircraft structure. Their
duration of use is limited, and their heat sink capacity per unit weight generally is less than for expendables.

Phase change materials generally provide an added sink during limited portions of the flight envelope, when the normally
used heat sink temperature is too high. The thermal storage heat sink temperature is the melting point of the material,
assuming that the heat capacity of the material is not exceeded. Thermal storage materials normally are solids which melt
to provide the heat sink capability. Major physical properties of thermal storage materials are high thermal capacity and
high latent heat of fusion. Disadvantages of phase change materials are the weight of the material and its heat transfer
device, gradual degradation of thermal physical properties of some materials, and added maintenance. High thermal
power may require design considerations to mitigate the typical poor thermal conductivity of phase change materials.
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Aircraft structure may become the heat sink for short time transient heat loads. Heating of structure should not cause it to
exceed safe temperature limits. Advantages of the structure as a heat sink are low weight penalty and no added
maintenance.

7. HEAT SINK DESIGN

7.1 Heat Transfer to Heat Sinks

Generated heat may be transferred directly or indirectly to a heat sink. Direct heat transfer occurs when a heat sink fluid
flows adjacent to the heat generation source. Indirect heat transfer occurs when an intermediate fluid transport loop
transfers heat from the heat source to the heat sink. Generally, heat exchangers are required for indirect heat transfer.
Basic considerations for selecting the fluid heat transfer technique to cool heat sources, and examples of direct and
indirect heat transfer designs, are presented in this section.

The sizes of fluid heat t dependent on fluid flow

rates, inlet temperature
lines are sized for fluid
smaller, lighter compong

Convective heat transfe
4 depicts five basic rang
these coefficients. For
inversely proportional tg
For fluids whose density

difference (ITD), allowable pressure drop, and physical properties of the‘fl
velocities resulting in turbulent flow. This results in better overall fieat
PNts.

r coefficients depend on the fluid used (air or liquid) and the heat transfer s
es of heat transfer coefficients. System pressure loss is an‘important sizin
any systems, the pumping power that is required to~force the fluid flow
the density of the fluid and directly proportional to thevpressure loss of th
changes with altitude, such as air, the pumping power required can be v¢

ids involved. Generally,
ansfer coefficients and

urface employed. Table
g factor used to achieve
through the system is
e heat transfer surface.
ery much greater at high

altitude conditions.

Table 4 - Basic ranges of heat transfer coefficients

Heat Transfer Heat Transfer
Coefficient Coefficient
Coolant [Mode of Heat Transfer| (Btu/(h.ft?.°F)) (W/(m2.°C))
Air Natural Convection 1to5 51to 28
Air Forced Convection 5t0 110 28 to 630
Liquid Forced\Eonvection 110 to 2,500 630 to 14,335
Liquid Condensing 2,500 to 7,000® | 14,335 to 40,140
Liquid Evaporating 750 to 4,700@ 4,300 to 26,950

@ The coefficient ranges provided for the condensing and evaporating modes are dependen
on fluid physical properties and driving temperature difference. The coefficients listed are for|
water, ‘Use of other fluids will reduce these coefficients somewhat.

Important physical propertres-which-affect-system—size-are-fluic-specific-heatcapacity;thermatconductivity, and viscosity.
If a phase change takes place in the system, the latent heat of vaporization or heat of fusion also are factors. The strength
and weight of material used also must be considered.

Discussion of tradeoffs between different heat transfer means and area.
Optimum system heat transfer design involves using fluid properties to achieve the best system at a minimal penalty.

Generally, weight, volume, and power consumption are major concerns. Further design information is found in AIR1168/3,
AIR1811, and Kays and London (1984).
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7.2  Ambient Air

The entire speed and altitude envelope of expected aircraft operations shall be evaluated when considering the use of a
ram air heat sink. Density variations and temperature effects of adiabatic compression must be considered. The resulting
system is sized for the most severe condition. It can be oversized for many conditions, and this imposes high penalties on
the aircraft. However, controls that modulate the flow of air to minimum requirements reduce the adverse effects. The
additional complexity of the controls should be traded against drag reductions.

The maximum Mach number of most aircraft flight envelopes initially increases with increasing altitude. Although ambient
air temperature decreases as a function of altitude, the maximum stagnation temperature can increase as altitude
increases due to the increasing maximum Mach No. of the flight envelope. This is evident by the following temperature -
Mach No. relationship for air:

Tt = Ts[1 + 0.2M2] (Eq. 1)

where:
Tt = Stagnation or t¢tal air absolute temperature (K or °R)
Ts = Static or freestfeam ambient air absolute temperature (K or °R)

M = Mach number

Therefore, high ram air
to satisfactorily cool the|
considered to pump hg
components, power con
may be needed to dis
increased. In many cass
speed operations. Othe
High altitude/low indicat]

more than negate the aglvantage of low temperature;

Moisture condensed fro
in high ambient humidit|

Stagnation temperatures, as speed increases, may.not provide heat sink te
heat sources. If ram air temperatures are too high, a heat pump or refri
bat to the hotter ram air heat sink. Disadvahtages of a heat pump ar
sumption, more weight, and higher aircraft drag due to a larger ram airfloy
Sipate the added inefficiencies of the-heat pump system unless the di
s for military aircraft, only ram air is_.used on the ground and during subs
r sinks, such as fuel or expendableyliquids are used during the high-spee
ed airspeed flight creates special design challenges since the low ambien

M air in a refrigerationunit sometimes is used to increase the effectivenes
y conditions. Moisturgenters the refrigeration unit as vapor and is conde

mperatures low enough
jeration system may be
e increased number of
rate. More ram air flow
scharge temperature is
bnic and low supersonic
d portions of the flights.
air density will typically

s of a ram air heat sink
nsed during air cooling.

The condensed moistur
the moist cooling air p3
capacity is now the late
the available liquid wate

b is separated from'the air by a water extractor, then is injected into the ramn air cooling flow. When
sses through a heat exchanger, the condensed moisture is partially re-gvaporated. The ram air
Nt heat of vapotized water plus the sensible heat of dry air. This heat sink feature is proportional to
r which nermally decreases with altitude.

7.3 General Discussion of SUbsonic Ram Air Intake Design

The large majority of allstbsenicintakes-can-be-divided-nto-two-categores—hese-are-rese-ntets and side inlets. Nose
inlets include forward fuselage, wing nacelle, or wing pod configurations. Side inlets include wing root, scoop, and flush
configurations.

As a general rule, successful intake design should consider the following objectives:
a. The inlet total pressure recovery should be the maximum attainable without unreasonable compromise in other areas.
b. Airflow distortion (unequal flow distribution) and associated drag penalties should be minimized.

Inlet total pressure losses associated with subsonic intakes can be divided into four broad categories. These are entry
loss, diffuser loss, change-of-cross-section loss, and friction loss. Entry loss includes the combined effect of all losses
involved in establishing axial, internal duct flow. These include internal separation losses due to high mass flow ratio or
high angle of attack operation, entry friction losses, and scrubbing losses resulting from other aircraft components forward
of the inlet. Thus, the principal entry effect is flow separation, which has traditionally required comprehensive 3-D flow field
simulation tools and experimental data for accurate assessment.
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Diffuser loss, the next major item contributing to inlet total pressure drop, represents a combination of separation and
friction losses. For a given area ratio and intake Reynolds number, there exists an optimum wall divergence angle. Wall
divergence angles greater than 15 degrees in any one plane and diffuser bends greater than 10 degrees should be
avoided. However, when length considerations necessitate compromise, acceptable performance can be obtained with
boundary layer control devices. These include vortex generators, suction slots, and injection slots.

Change of cross-section at constant flow area does not cause severe losses when the general rules of good duct design
practice are carefully followed.

Two examples of ram air heat sink design are shown below in Figure 6 and Figure 7.

| Controller

Heat 1
Bypass
Bleed = — —» Bleed
(350F) (>60F)
I remp;
Fan(faf ground or low speed fligh
HEAT
EXCHANGER

g N N i

EXHAUST

Figure 6 - Ram air heat sink with fan augmentation

Controller

Heat Exchanger I |
Valve

gl

Bvpas

Bleed ——e Bileed

(350F) r=60F)
l Temp Sensor
N T
\’z%: —" Eiectors (for eround or low speed flight
HEAT
EXCHANGER

\\

Figure 7 - Ram air heat sink with ejector augmentation
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Generally a supersonic application does not differ from a subsonic regarding Heat Sink design aspects. However in
general a flush inlet would not allow performance to be met at supersonic speeds. The design would need a scoop, which

might be designed to ca|

pture air out in the free air stream vs inside the boundary layer.

7.4 Engine Fan Air Heat Sink

Fan air heat sink system design is generally similar to ram air system design. The principal differences are:

Fan air pressure, and consequently flow, is available whenever the engine is running. Ram air flow depends on

aircraft forward airspeed or, for ground operation and low speed flight, addition of a fan or ejector, as shown in Figure

6 and Figure 7.

Fan air flow (and pressure) increases with engine power setting, while ram air flow (and pressure) depends on aircraft

forward airspeed. The fan air pressure and flow availability with increased engine power is proportional to the increase

in engine bleed air |

Ram air systems th
air inlets do not req
heat of compression

7.4.1 Bleed Air Coolin

Fan air can be extracted from a port on the fan air duct and routed to a bleéd air heat exchanger.

air duct should be chos
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While the flush 90 degr|
space is available in the
the fan air dynamic preq

Figure 8 illustrates a f4
bleed air temperature cq

Fan air is always bd
and exhaust design
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bing extracted regardless of heat exchanger cooling requirements. Even
this results in a constant loss of engine thrust.

e 9 has sevéral disadvantages when compared to the system in Figure 8.
results.in a pressure drop on the bleed air side of the heat exchange
ed. In“gddition, the system in Figure 9 has thermal losses due to cond
bn when there is no fan air flow. These thermal losses may be unaccep

hate non-icing inlet. Fan
ment and the additional

Port location on the fan
from the bleed air heat
available in the engine

AN air static pressure. If

b fan air duct wall, a recessed port, similar to ram air inlets, could be used to recover a portion of

the heat exchanger for

vith efficient fan air duct
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uction, convection, and
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————————————————————————— Controller

Temperature

Bleed Air —»

— Controlled

Temperature
Control Valve

~

T Bleed Air

Heat Exchanger |:>

Fan Air Exhaust

N

Fan Air Duct

Fan Air

Figurje 9 - Fan air extraction system with fan air modulation temperature cantrol

7.4.2 Fan Duct Heat Exchangers

Bleed air heat exchangers may be installed directly in the fan. air,duct when there is limited space jn the engine cowling. A

typical system is shownl|in Figure 10.

Temperature
Control Valve

P Controller
1

Fan Air

) Temperafure
Bleed) Air —» — Controlled
Bleed Air
Fan-AiBuct
Heat Exchanger Fan Air Exhaust

Fan Air

D

Figure 10 - Fan duct heat exchanger with bleed air modulation temperature control
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The pressure available to force fan air through the heat exchanger is only the fan air dynamic pressure since the cooling
air exhausts back into the fan air duct. The fan air dynamic pressure will generally be less than the fan air static pressure
rise that is available to a fan air extraction system that exhausts overboard. The limited effect of the lower fan air dynamic
pressure will be somewhat offset by the lack of pressure losses of the fan air extraction system required by the systems in
Figures 8 and 9.

The fan duct heat exchanger installation shown in Figure 10 has the disadvantage of causing engine thrust losses due to
the obstruction of the heat exchanger into the fan duct regardless of whether or not bleed air cooling is required. This can
be reduced by recessing the heat exchanger partially into the fan air duct wall as shown in Figure 11, or completely as
shown in Figure 12. The diverter door opens to allow fan air flow through only as necessary to cool the bleed air to the
target control temperature. Fan duct heat exchangers can be used without the door mechanism.

A potential practical disadvantage of use of a diverter door for temperature control is that only a portion of the face of the
heat exchanger will be exposed to the fan air when the door is partially open. This can result in large thermal gradients
and stresses in the heatexchangereore—which—-wottd-be-apphed+epeatediy-due—to—normal-fungtion of the temperature
control system. This shquld be considered in heat exchanger design and qualification.

————————————————————————— Controller

Temperature
Bleed Air —» — Controlled
Bleed Air

o (]

| S

Temperature —a I
Control Actuator

Diverter Door :
%_ Heat Exchanger | ~.__ FanAirbuct
@ $ Fan Air E

Fan Air haust

Fan Air

Figure 11 - Parfially recessed fan duct heal exchanger with fan air modulation temperature control
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7.5 Fuel Heat Sink

A limitation of a fuel hed
Engine fuel delivery ten
The limiting fuel tempel

loads to avoid reaching

Currently fuel temperat

temperature limit of fuel
alternate sources such
been developed and prq

Llly recessed fan duct heat exchanger with-fan air modulation temper

y recessed fan duct heat exchanger. installation will depend primarily on
and fan air duct for the heat exchangetr, diverter door and actuator, inlet a
the engine thrust capability.

it sink is the maximumttemperature that the fuel is permitted to reach prio
hperature limits are”based on engine use of the fuel to assure satisfactg
ature is determined by accounting for all heat transferred to fuel by the
the coaking temperature of the fuel.

ure limits_at the engine interface range from 160 to 240 °F (71 to 1
suppliedto engine combustors is 300 to 325 °F (149 to 163 °C), howeve
as Fiseher-Tropsch fuels can increase the allowable temperature. Fuel,

ature control

whether there is space
nd outlet ramps, as well

r to entering the engine.
ry engine performance.
hircraft and engine heat

16 °C). The maximum
additives and fuel from
such as JP-8 +100, has
b °F limit. The difference

vides increased fuel stability at temperatures ~100 F above the typical 321

in temperature reflects t

€ heat input from engine Iube oil, hydraulic oil, and engine Tuel pumps.

The maximum allowable fuel temperature in the aircraft fuel tanks is another limitation associated with using fuel as a heat
sink. In some designs, the fuel flow required by the engine is insufficient for cooling aircraft and engine heat without
exceeding the engine temperature limit. To cool the heat load with fuel, while maintaining fuel temperatures below engine
limits, flow rates are increased above engine requirements. Excess fuel flow is recirculated to the fuel tanks, adding heat
to fuel in the tanks. The increase in bulk fuel temperature in the tanks must be determined throughout critical flights. All
heat transferred to fuel, including heat from pumps and through tank walls, must be considered. End-of-flight fuel
temperatures, in particular, must be evaluated, since less fuel remains to absorb heat added by recirculating fuel.
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The temperature of fuel in a tank is a concern to prevent fuel from boiling. The boiling temperature is a function of the
vapor pressure of the fuel and pressure of ullage in the tanks. Fuel tank pressurization is required to prevent boiling of
high vapor pressure fuels, such as JP-4. Tanks are pressurized from 5 to 7 psi (34 to 48 kPa) above ambient in military
aircraft. This allows maximum fuel temperatures up to 160 °F (71 °C) in the tanks. Low vapor pressure fuels, such as
kerosene-based Jet Al or JP-5, allow maximum fuel tank temperatures up to 300 °F (149 °C). A structure weight penalty
is associated with pressurizing a fuel tank. Examples of fuel heat sink designs for several aircraft are found in Coons
(1986) and AIR1812.

Another effect of high temperature on fuels is coking of hydrocarbon fuels under high temperature. This can result in
plugging or deformation of spray patterns of fuel nozzles with solid particles.

The design of cooling system components that use fuel as a heat sink will be influenced by the fact that fuel is a
flammable fluid. For example fuel heat exchangers may require special features such as barrier passages to prevent
leakage of fuel into the cooling system f|UId Locatlons where components that utilize fuel are sited are to be designated

as flammable fluid leak
preclude ignition source

For airborne vehicles w
the fuel tanks should be
to a temperature in the
separators generally im
rates for the applicable
rates are during descen
7.6 Expendable Heat
Expendable heat sinks
Water is most common
high heat of vaporizatio
be used, is an importan

5 and to wnhstand internal explosmns

th On-Board Inert Gas Generation Systems (OBIGGS), the impagt-of hea
considered for any fuel tank thermal analysis. The inert gas supplied to th
order of 200 °F (typical material limitation within separators); the efficieng
broves with increasing temperature. Fuel tank thermal apalysis should co

and the lowest flow rates are during cruise.
Sink

are normally liquids. Heat is absorbed by the latent heat of vaporization d
y used because of the universal availability of the fluid and high thermal

N. Ammonia and alcohol are also used.“The boiling temperature of the liqu
I consideration when selecting theexpendable liquid. Thermal properties

ments levied on them to

ed inert gas supplied to
e fuel tanks is controlled
y of typical OBIGGS air
nsider the inert gas flow

light phase. Inert gas flow rates can be on the order of0.5 to 10 Ib/min; the highest inert gas flow

f the expendable liquid.
capacitance and has a
id, at the pressure it will
Df these three liquids, at

several temperatures, afe shown in Table 5.

Table 5 - Expendablejheat sink capabilities of three liquids

Latent Latent
Heat of Heat of Vapor Vapor
Tlemp | Temp Vapor Vapor Pressure | Pressure Dengity Density
Liquid °F) (°C) (Btu/Ilbm) (kJ/kg) (psia) (kPa) (Ibmft3) (kg/m3)
Ammonia +20 7. 553 1,285 48.0 332 4( 641
+40 +4 535 1,243 73.3 505 39 625
+60 +16 520 1,208 107.6 742 34 609
Methanol +50 +10 507 1,178 1.0 7 50 801
100 +38 490 1,139 50 34 A8 769
+150 +66 472 1,097 15.0 103 47 753
+200 +93 407 946 40.0 276 45 721
Water +100 +38 1,037 2,410 1.0 7 62 993
+150 +65 1,007 2,340 3.7 26 61 977
+200 +93 978 2,273 11.5 79 60 961

An example of an expendable heat sink design is shown in Figure 13. Water, as an expendable heat sink, cools the
transmitter and antenna modules of an ECM pod during periods of dash flight, as presented by Swain and Letton (1979).
The flow schematic of Figure 13 indicates that ram air is used to cool pod heat loads during normal operation. The
electronics heat loads are mounted on cold plate heat exchangers. Adjacent to the thin cold plates are water vaporizer
heat exchanger surfaces. During high speed dash flight, when ram air is hot, the polyalphaolefin (PAO) coolant is diverted
from the surface heat exchangers. The water absorbs the electronic heat load, via the liquid transport loop, and boils off at
a temperature of 183 °F (84 °C) or higher. The water contains a molybdate inhibitor for corrosion protection.
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Figure 14 - Typical transport aircraft avionics cooling system
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