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The paper describes the principles and testing of the air cooling of

the pod-mounted Orpheus day and night aerial reconnaissance system, since
1974 operational with the Royal Netherlands Air Force.

At ramair temperatures up to 4™ C, cooling is provided by ambient
air entering the pod t.rough a flush air intake in the nose, and leaving
it through slots in the jod belly. In low level flight at high subsonic
speeds, with ram air tempe:atures up to 7§' C, the cooling air temperature
is kept below 50’ C by spray:ng an automatically controlled amount of
water into the airflow near tie intake.

During the flight tes@ing unexpected cooling problems were encountered,)
that could be shown to originate in the NACA flush air intake. By chauging
to a flush air intake with parallel side walls the cooling system could be

made to perform to entire satisfaction.

1 T
| < vAl z/aoz%//’ M’

AVAIL. and /o

Dist.

. -

i




AR

12-1

THE COOLING OF A POD-MOUNTED AVIONIC OSYSTEM

I. d2 Foer
National Aerospace Laboratory HLR
Anthony Fokkerweg 2
Amsterdam 1017
Netherlands

SUMMARY

The paper describes the principles and testing of the air cooling of the pod-mounted Orpheus day ard
night aerial reconnaissance system, since 1974 operational with the Royal Netherlands Air Porce. The ped
ajrconditicaing system was developed by the nod manufacturer Fokker-VFA and flirht-tested by the Nationai
Aerospace Laboratory NLR.

At moderate airspeeds (e.gs 400 kts), with ram air temperatures up to -u‘. Cy cooling is provided by
ambient air entering the pod through a flugh air intake in the nose, and leaving 1% through slots in the o
pod belly. In low level flight at high subsonicospeeds (eege 600 kts), with ram air temperatures up to 7%
Cy the cooling air temperature is xept below 50 € bty spraying an automatically controlled amount of water
into the airflow near the intake,

During the flight testing of a pre-production reconnaissance system, unexpected cooling problems were
encounterede These problems, which had .0t becn experienced during previcus prototype tests, could be
shown to originate in the NACA flush air intakes By changing to a flush air intake with paraliel side
walls the cooling system could be made to perform to entire satisfaction ir the series.

1. INTROUCTION

In the first half of 1975 ‘he original aerial reconnaiggunce equipment of the Lockheed RR-104 G air~
craft of a Royal Netherlands Air Force squadron, comprising 3 day-light cameras, wag replaced by an ad-

»d pod-mounted day and night reconnajssance systems, This so-called Orpheus-system had been designed,
in co-operation by the "0ld Delft® Optical Industry and Fokker-VFW, to meet air force requircments for a
tactical reconnaissance system, providing aerial reconnaissance capatility during day and night, at hign
subsonic speeds and at low to medium altitudes.

The requirement for a pod-mounted sysztem originated from the fact that the cpace available inside the
RP-104 G aircraft was clearly insufficient for the cocngiderable enlargement of the reconnaissance equip~
ment and also from the condition 4hat the aircraft had to remain serviceable and thercfore could not bte
grounded for substantial modificationse. A detachable pod provides a solution for these problems and offers
the additinnal advantages of easy maintensnce and repair of the pod equipment mnd, by replacement of the
reconnaissance pod by another external store, of miasion versatility.

2. ORPHEUS AERIAL RECONKAISSANCE SYSTEM

The Orpheus reconnaissance equipsent was developed by the "0id Delft™ Optical Indur ry and the pod
structure and aircraft installation by Fokker-VPW. Pigure 1 shows the Orpheus pod attactad o the standard
ceiitre=line bomb rack of a RP-104 G. The only other connection with the aircraft is by way of an electri-
cal connector for power suppl: lir:s and remote control by the pilot. This connector hag been designed to
permit jettison of the pod in case of emergency. Figure Z gives an impression of the rather densely packed
pod interiors It contains from noze to tails

a forward looking samera( (1) ¢ mounted in a fixed position

- two sideways looking cameras (2 and 4), also in a fixed position
= 4wo more lateral looking cameras (5 ad 6) that can be placed in high-oolique or spiit-vertical posi-
tions. In the split-vertical position these cameras, together with the sideways looking cameras, men-
tioned before, provide lete horigzon-to-horizon coverage.
- an infrared linescanter (7) with interchangeable detector package and a total field of view of 120°,
roll-stabilized in the vrrtical and 30° oblique positions
- a control-coupler unit (-0) that houses the system interface equirment and the automatic control of
camera frame rate, linescamner film speed and airconditioning
~ & vertical gyro (12) provi a reference for scanner stabilization
- a static !‘requcnq ocmnrtcr 13) that converts the aircraft power supply of variable frequency into
fixed frequency
- » water-tank (14 fo. the air cooling systea
provisions (3 and 9) for the inatallation of a radar altimeter, if a true height sigmal cannot be ob-
tained from the aircraft (not needed for the Netherlands RP-104 G).

In order to benefit fully from the pod configuration, the system should be as self-contained as possitle.
This implies that the aircraft airconditioning system cannot be used for the pod interior and consequent-
1y, in most cases, a separate pod system will be required. Deperding on the operational fiight envelope,
the pod airoonditioning systex may havo to provide cooling at high temperature conditions as experienced
in high speed, lov level flight, as well as haating during crulaing flight at high altitude. Only the
Orpheus oooling system will be discussed hereafter.

3. COCLING SYSTEN CONCEPT

Acoording to the envirommental specification the Orpheus~systes had to be capable of contimuous oper-
ation at ses level, with sustained true air » p to 600 XTAS {knots true air speed) and ambient tem-
yztﬂtw up to 30° C, Due to comprassion and Vrh,tign of the air nauigg past the pod, the temperature of

nost of its skin rises wocording <o the relation AT{"C)w0,00012 (KTAS) . From this foreula, which could
x&ﬂd during flight testing, it tenmotht the tempersture rise at the maxinun speed of KTAS
u 43 Co it an atmospheric tempersture of 30 &, this eomlponh 10 & pod skin tesperature of 73 Ceo
From thess figures and a maximum air tesperature of 50 C for cooling the infrared scanner and cameran, as
demanded Yy the manufacturer, it follows that a pod cooling system was callad for,.
The pod manufacturer Fokker-VMW undertook to develop an airconditioning mystem providing cooling air
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with a maximum initial tlerperature of 50° C and a minimum mass flow at this temperature of 0.125 kg/acc.
The minimum zirflow requirement was based upon a total heat dissipation nf thg reconnaissance system
equivalent to 24500 W and a maximum final air temperature after cooling of 70° C. During extensive ground
tests it could be shown that at these temperatures this airflow was just sufficient to warrant proper con—
tinucus functioning of the reconnaiscance equipment.

With the intention to provide a simple cooling system, needing as little pod volume as poseible,
Fokker-VFPW chonc %o design an open airflow cooling system, using atmospheric air routed through the pod
and kept below S50 C 1n1*1ally by cvaporating an automatically controlled amount of water near the air
intakes This wethod of cuoling the ventilating air is made poseible by the temperature rise due to coum-
pression at the intake, which causes the air to achieve a very low relative humidity permitting cufficient
water evaporation for the desired coclinyg effect,

1+ COOLING AIR FLOW

Rigure 3 shows the sereral lay-out of the pod air cooliwy systems Ambient air enters the gystem
through a flush air intake (1), lucated ut the top of the pod nose and subsequently passes through a pri-
mary filter (2)s This so-called fly-filter 15 intended to stop insects and coarde particles. It can be
easily removed for inspection or replacement through the camera compartment. Downstrean of the fly-filter,
twe water spray nozules {3) are installed in the air duct. Evaporation of the water takes place in an
evaporator unit (4) consisting of twe light alloy honey comb parts with a gecondary Iilter in between,
This secondary, ur main f1i‘er collects fine dust and smell particles that passed the primary filter (2).
These fine particles are largely washed out during flight in rayn and during operation of the water spray
rozzless A water separator (%), with drain to the pod skin, 18 located downgtream and partly below the
evaporatores It gerves to remove rmin and the emall quantity of water which may not have evaporated at this
point of the air cooling processe Boyond the water sepuratur the air passes over a cluster of 4 tempera-
ture sensors (6), two of which are used for the cooling prucess coutrol and the other two for pod heating
control and ground measurementse. Downstream ot the temperature sensors the airflow 1s divided into 3
directions to provide cocling in the separate compartmenis nf camerag, infrared scanner and frequency con-
verters After passing the cameras the air is routed backward to the common exhaust through the scanner
port, if open, or ¢o the outlet slots in the converter compartment. Distilled water for the cooling system
is stored in & T.6-liter water-tank in the pod tail cone.

5. WATER COOLING SYSTEM

Figure 4 schematically presents the operation of the water cooling systems An elgetrically-~driven
pusp is fitted to the water—tank. The discharge of this pump is connecled to two solenoid operated liquid
valves, commanded by temperature sensors in the air duct downstream of the water separator. The solencid
valves pass the water to the spray nozzles upstreas of the secondary filter. The pump discharge also has
a return to the tank by way of a pressurc relief valve, which permits adjustment of the water supply pres—
gure. When the pump is operating, while both solenoid valves are closed, full pump delivery is returned to
the tanke The pump circuit is energized when the air temperature reaches the setting of either of the two
gensors of the tomperature control channels. A time delay reiay keeps the pump running fcr one ainute
after both tempersture control channels have reverted to the de-encrgized condition, thus preventing un-
necessary punp switchinge.

The primary temperature control channel energizes the pump and opens the primary solenoid valve at a
sengor temperature of 48° C, and closes the valve zt a temperature which is 1 to 27 C lower. If the air
tezperature at the intake ia »nly slightly above .mc C the water cooliag will function intermittently. As
temperature and airflow iusrease, for instance due to increasing flight Mach number, the spraying of water
will continue for a greater percentage of time till the point where the water evaporgtion cannot any
longer lower the temperature below the de-activution temperature of approximately 42° C. The primary
nozzle then ig spraying continuously. The secondary temperature control channe: opens the secondary sole-
noid valve when the texperature at_the corresponding sensor rises to 48 C, and closes the valve at a
sengor temperature which is 1 to 2° C lower. Operation is similar to that of the primary channele During
intermittent operation of the gecondary channel, the primary channel remains continuocusly activated.

4. PROTOTYPE TESTING

For the development of the cooling system, a closely intevrelated series cf ground and flight tests
had to be carried out. The flight testing started with a dummy pod, without reconnaissance equipment, to
locate the best position and dimensions of the air intake for aeeting the minimum cooling airflow require-
mentse The dummy pod contained an air-duct with resistances to sisulate the cooling unit and reconnais-
sance equipment and was instrumented 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 used in
teat rig experimcnts for the detail design of the water cnoling systen.

The test rig consisted of a complete cooling unit assembled in a representative duct with flush air
jntake and provisions for pressure and temperaturc measurements at several points in the airflow, Aft of
the cooling unit, the undersids of the duct wag constructed of a transparent materizl to enable dotection
of possible free water in the airstreams A temperature contrclled air supply to the flush intake of the
duct was provided by a Roots blower and electric heating elements. The airflow was measured with a cali-
brated nostle.

During the test rig expariments it proved to be rather difficult to find the right solution for the
herdling of the large range of possitle airflows {0.10 to 0.18 kg/sec) and temperatures (40-72 C)e Por
instance, with a nozzle configuration providing sdequate cooling capacity at marimm flow and teapersture,
sonetines mmall amounts of frec water were detected at minimun flow and at switch-over from operation with
one to two nozsles. Eventually, iowever, the correct combination of waterpusp pressure, nogsle sisi> and
swiiching temperatures was attained and employed in the cooling sys‘sa of the Orpheus prototype. In orier
tc schieve the same cooling performance in flight ag on the ground, the airflow in the prototype had to be
sdjusted to equal the rig test values. During the first fex flights with the scmplete Feconnaizsance
equipsent installed snd operating, this was accomplished Ly adaptation of the resistance of a grating bor-
forated stesl plate)fitted for that purpose in the air intake.

After extensive flight testing in the Netherlands and some szall adjustments tc the cooling system,
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final testing took place in central Italy, where high ambiert temperatures allowed Tlight tests up to the
limits as stated in the environmental specification. Final proof of the maximum cooling capacity was cb-
tained duging 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
.imits, and the reconnaissance ecquipment functioned satisfactorily.

'« AIR TNTAKE PROBLEXS

In gummer 1973 a pre-production Orpheus system, with modified camera conf:guration but essantially
the same ~od structure and ajrcondition‘ng as the prototype, vecame available for flight testings During
the first few flights the water cooling system turned out not to be working properly. Although repeated
ground tents did nct show any deficiencies, and the water consumption in riight wae exactly as it should
ba& the cooling effect, if any, was negligible and during short runs at 600 ATAS, air temperaturas up to
707 € were reccrdcd downstream of the evaporators When, after having checked everything without finding
anyiking wrong, in a last effert the air intake of the pre-production pod was replaced by tha one of the
prototype, the water cocling renumed normal operationt A careful comparison of the air intakes only shoted
1 siightly different location of the grating used for airflow trimming. Evidently small alterations to the
:ntake configuration could be of great influence on the evaporation procese.

As it was the intention for the production series to dispense with the intake grating and to intre—
duce instead a readily replaceable fly-filter further downstream, it was decided to interrm: ¢ ihe flight
testing i1n order to first introduce this comparatively large modification.

Might testing with the proposed series intake configuration was resumed ir autumn 1973. The water
zeoling thereby proved io perform nommally without, however, attaining the same low temperatures as diring
rrototype mcasurcmentse This soon turned oul tv be caused by substantialiy higher air intake temperatures
than could be accounted for by flying speed and atmospheric temperature.

If all kinetic energy of flowing air is transfomed 3nt.) heat by reducing,its speed to zero, the ten-
perature rise due to adiabatic compressior amounts to AT( C) = 0,000132 (KTAS). The fraction of thin max-
szum temperature risc, that actually occurs at a certain location ig 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 nozzies, wes measured severzl times and consistently proved to be rw0.05.
ficw, however, with the series intake configuration, using a fly-filter instead of a grating, a recovery
factor mml. was founds At the maximuz speed of GOOOKTAS the innrease of recovery factor meant that the
water cooling system was called upon to handle a 127 © higher temperature then expacted and designed for.

Since a recovery factor above 1.0 at first seemed to ve highly improbable, quite a number of flight
tests were made, even using indecpenden: measuring systems, which, however, confirmed the first results.
The explanation for this unusual phenomenon nost probably js to be feund in the complicated flow pattern
inside the so-called KACA air intake as chosen for the Urpheus prototype. This type of air intake, shown
in figure 5, was selocted because of its ability to produce relatively high intake pressures, and its
immunity from icing upe The efficiency of the NHACA air intake is %Lased on the generation of rather strong
vortices, which, in certain circumstances, are known to be capable of producing abnormal tempersture dis-
tributions (Ranque - Hilsch effect). Also, an uneteadinens in tae airflow of the rescnance type cuild be
responsible for the tiamperature build~upe

In ordsr not to 2e forved to redesign the water cooling system, ihe testing of the Orpheus pre-
production gy stom was concentrated upon the retrieval of a low rocovery factor. Several intake configura-
tiong, with and without different types of grating and filter, weve tested in flight as well as at full
eczle in a high speed wind tunnel of the NLE. Within the limits set by time and budgoet, however, a
recovery factor 0,65 could not Ye regained consistently.

As both the total lcss of cneling at the start o the fiight testing, and the excessive rrzovery fao-
tor experienced later on, were clearly connected with the NACA air intakr, it was finally de:ided to
change cver to a simple straight air intake as shown in figure 6, This type of air intake wath parallel
side wallo generates no vortices and is known .o produce a steady recovery factor rwl,0 under all condi-
tiong, which was confirmed during Orpheus flight and wind tunnel tests. As a conssquence the cooling capa~
city had to be increased to ccpe with the higher recovery factor, and the filter resistance had to be
decrezsed to keep up the minimum cooling airflows Eventually, aowever, a satisfactory configuration could
be attaineds

"

8. SERIES PERFORMANCE

In the final series configuration the limiting condition #-- t:» conlirg systeam ogcurs at sea level
with a sustained flight Nach number ¥=0,90 (610 XTAS) and »-. ambient tuuperature of 30 OC. The total
000ling airflow under theme concitions is 0.167 kg/sec vith an intake tewperature of 79 03 Both spray
nossles arc operating contimuously, with a total water conmmption of spproximately 2.5 ca /uc, permit-
ting 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 is increased by 15 g/kg. Co. vequently, even while flying
in a saturated atmosphore at x°c {containing 27 g/kg) he humidity downstrean of the cooling unit will
not exceed 42 &'keg, that §s 49 4 relative humidity at 50° C. Since in theory the_cvoling 0. 7.167 Ag of
air from 79° C down to 50 C could be achieved by complete svaporation of 2.1 a3 of water, the cooling
process can te said to have an afficiency, under these cuncitions, of 84 o

At a flight Mach nuzber %e0.60 {405 KTAS) at sea level nd an ambient temperature of 30 C, the
eogling airflow with the straight air intake was measured t¢ be 0.094 ke/lco with ;| intake temperature of
52° C. Internittent operetion of the primury nostle reduces this temperature to 4§ C, thus providing just
sufficient oocoling capacitye

9. CUNLUDING PEMARKS

For one and a half years now, the Orpheus reconnaissance system has been fully cperstional, During a
considerable number of sorties, in all kinds of weather, the airconditioning system worked as it vas re-
quired to doe Prox a prectioal point of view, the final configuration therefore can be said to be satis-
factorye Fros the experiences during the flight testing of the Orpieus prototypes, it can de leammed, how-
ever, that the temperature buhaviour of cooling air intakes should be checked carefully, since ssall alter-
atiors of the flush NACA intake turned out to be capable of producing rether surprising results. 4 clossly-
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reagoned explanation for this behaviour 1s st1ll muasings Therefore, the inquisitive mind of the research-
worker 1s not satisfied. He gt11} hopes, of course, to bLe given the opportunity some time to golve this
problem.

1 2 3 4 S 6 7 s ’ 10 11 12 1B W
1. FORWARD CAMERA 6. RIGHT SECONDARY CAMERA 13. TEMPERATURE CONTROL BOX
2. LEFT PRIMARY CAMERA 7. INFRARED 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 Rx ANTENNA 14, WATERTANK AND PUMP
S. LEFY SECONDARY CAMERA 10. CONTROL-COUPLER UNIT

FIG.2 LAY-OUT OF THE ORPHEUS RECONNAISSANCE SYSTEM
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1. FLUSH AIR INTAKE 4, EVAPORATOR wiTH SEC, FILTER
2, PRIMARY FILTER

3. WATER SPRAY NOZZLES

7. CAMERA COMPARTMENT
S. WATER SEPARATOR 8. INFRARED SCANNER

6. TEMPERATURE SENSORS 9. FREGUENCY CONVERTER

FI1G.3 COOLING AIR FLOW IN THE ORPHEUS RECONNAISSANCE POD
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1. SECONDARY SPRAY NOZ2LE 5. PRESSURE RELIEVE VALVE
2. EVAPORATOR AND SEC. FILTER 6. WATER-TANK

3. TEMPERATURE SENSOR 40°C 7. PRIMARY SPRAY NOZZILE
4. TEMPERATURE SENSOR 44°C 8. DRAIN TO POD SKIN

9. WATER SEPARATOR

10, SEC. SCLENDID VALVE

11. PRIMARY SOLENOIO YALVE
{2, ELECTRIC WATER PUMF

FIG. 4 WATER COOLWNG 3YSTEM
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