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SUMMARY

This paper describes tests made to investigate a cabin insulation
scheme and to determine cooling air distribution requirements for a super-
sonic (M 2.2) passenger transport aircraft. Thermal conditions of flight
were simulated in a ground rig with e section of aircraft fuselage equipped
as & cabin.

Several methods of introducing air into the cabin were tested. That
employing the principle of Jeot cntrainment was found to be the most economical

in cooling air mass flow, to provide overall passcnger thermal comfort,

The insulation and cooling scheme for the cabin wall was evaluated and

the amount of heat lcakage in the tcst specimen established.
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*Replaces R.A.E. Technical Report 66118 ~ A.R.C. 29102
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? INTRODUCTICH

In supersonic transport aircraft it is more difficult to achieve a
comfortable environment for crew and passengers than in subsonic aircraft,
because of the high temperature of the aircraft skin induced by aerodynamic

heating1.

In order to provide a comfortable environment in the passenger cabin it
is necessary to minimise the heat entering the cabin from the hot skin (e.g.
by means of thermal insulation) and to distribute cooling air to remove the
incoming heat and the internally generated heat, the major part of which is

the passenger metabolic heat outputg.

The cooling air requirements and the amount of insulation necessary to
maintain a given cabin environment are interrelated, i.e. a decrease in
insulation would have to be balanced by a greater supply of cooling air., The
best combination is that which gives a minimum combined weight penalty for
the insulation and air cooling and distribution system, taking account of the
power to drive the system. An important saving of space and weight may be
achieved by a systemof wall cooling which intercepts some of the heat enterin
the aircraft before it reaches the cabin. Cabin cooling air requirements may
thus be reduced, with consequent reduction in air velocities and temperature
gradients; furthermore cabin wall temperatures are reduced, At aircraft
speeds of about M 2 it is convenient to use cabin discharge air for wall

cooling.

The British Aircraft Corporation (Filton Division) designed a supersonic
(M 2.2) aircraft passenger cabin in connection with their studies of the
Bristol 198 project. A representative section of the passenger cabin, 20 ft
long and 12 £t in diameter, was constructed for testing in the R.A.E. Cooling
Systems Laboratory. The specimen was designed to have insulated walls

incorporating cooling air ducts.

The bagic aim of the investigation was to develcp a suitable cooling
air distribution scheme to give overall passenger comfort throughout the
cabin with maximum econcmy of cooling air. Air flow requirements and total
heat loads were to be investigated, and the installed transmittance of the
primary insulation determined. The effect of aircraft structure and structural
attachments (i.e. heat leakage) on the effectiveness of the insulation was to
be assessed. In the event the tests provided valuable information to assist in

the design of the Concord.

S



2 THE TEST FACILITY

The tests were made in the Mechanical Engineering Department Cooling
System Laboratoryq. Essentially, a radiant heating array wes used to heat
the specimen skin up to the required temperature, and cold air supplies with
mass flow and temperature control were vrovided. A number of che tests were

made in the large altitude chanmber,

3 THE CABIN SPECIMEN
3.1 General

The specimen was built up from two sceciions of fucelag: structure of a
Britanie aircraft and was 2¢ ft long by 12 £t diameter. The section was
terminated with wooden bulkhcads which werc enclcsed by domcd ends in steel
(Figs.1 and 2). The skin structure was modificd slightly by the inclusion of
sub frames, as craclk stoppers, between tine main frames (these were required
to meke the structure thermally reprcesentative - since at that time this type
of construction was considered likely on the Concord). The walls of the
specimen were lined with a compesite ilnsulation (Para. 3.2). The spccimen

had no windows.

The cabin was Fitted with representative furnishings, ineluding hat
racks, carpeting, and twelve nw*‘s of aircraft scats. Purther details ore
given in Appendix A,

Passengers in most of the Laber tests were ciwulated by 24 two dilmen-

sional neated dummies each of 11CW cutput (sce Para. 9.1 and Fig.6).

3.2 Wall-insulation

As cruising speed and conuequentL" aircraft skin tanperature inercases,
the thickness of insulation required tb produce reasonable cebin wall terpera-
tures become impracticable both from we eight and 3pace considerations, Cne
method of achieving satisfactory wall tTwecrtouras 1s 0 uae o woll cceling
system, in which a fluid is vaszed through a spece in the insulation ard
removes much of the hest which has entered the wireralt from the ski n’ his
type of wall cooling, using cabin discharge air os tue cooling fluid, was
employed in the test specinmen, |

The insulation used in the test spceimen was developed with the eid of
tests made in a guard box conductivity rigﬁ, Details of the insulation arce

given in Fig.8
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For convenience, the inculation between the cabin skin and the wall

aflective insuletion, glass

—a

o

cooling duct, comprising a (still) alr suucc,

3

fibre blanket and foamed polyvinyl chioride, 1s called the primary insulation,
while that between the wall cooling duct and the cobin proper, consisting of
thin glass fibre board, either uninsulated or only lightly insulated, is

called the secondary insulation.

L RANGE (F INVESTIGATION

4 Genersal

The basic aim of the investigation was to develop e suitable air distri-
bution scheme for an insulated supersonic (M 2.2) aircraft cabin, copable of
giving overall passenger comfort throughout the cabin with maximum economy of
conditioning air. The investigation may be broadly divided under a number of

headings.

4,2 Air distribution system

Six different methods of introducing the &ir into the cabin were tested.

These are described in Section 5.

4.3  Air flow requircments

With the exception of thc carliest scheme, the air flow inlct tempera-
ture combinations to give comfort to a scated possenger were determined, In
the early schemes the conditions to give comfort to seated Dassengers were

frequently incompatible with comfortable conditions in the ailsle.
4.4 Heat loads

In addition to the known internal heat load, a considerable quantity of
heat cnters the cabin from the hot ocutside skin. Heat enters through the thin
secondary insulation and influcnces cabin conditions, but the major pert
coming through the primary insulabion incrcascs the temperature of the wall
cooling air. In some applicaticons the wall cooling air may be partly recircu-
lated to the cabin, while in other applications it may be required to do
further cooling clscwhere (c.g. cquipment) before being discharged from the

aircraft. In either case it is nccessary to know the temperature of the

exhaust air.

4.5 Teat leakage

The insulation scheme used in the construction of the test speclmen was

based O theoretical considerations supported by experimental work wivh small
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heat transfer SPecimens’. Experience has shown, that in practicel applica-

tions there usually exist discontimuities in the insulation (structural
attachment points, insulation junctlons, etg.) which may considerably degrade
the overall effectivencss of the insulationb. The additional heat flow
contributed by these discontinuities is called heat lecakage and it caonnot

readily be calculated.

For design purposes it is desireble to know the installcd overall trans-
mittance of the aircraft insulation, and if possible, to determine the manner
in which the heat lcakage occurs. Later tests of the series were arranged to

provide this information,

5 THE AIR DISTRTBUTICN SCHEMES

5.1 Scheme A (Figs.3 and 4(a))

The cooling air was introduced into the cabin through grilles located
in the cabin wall just below the hat rack at about head level of a sceted
passenger., Air was fed to the grilles, vie discrete ducts enclosed in the
wall cooling duct, from two moin inlet ducts below the passenger compartment

floor.

Air was exhausted from the cabin vie discharge grilles in the roof and
at the foot of the walls (cailled "floor discharge™ hercafter), The air
discharged through the roof cxit was vassed down the wall gap to a collection
area at the bottom of the specimen from whence it was ducted from the speci-
men., Floor discharge zir was dischorged via stub pipes, egain encleosed in

the wall cooling gap, to collcctor pipes in the baggage comportment.

5.2  Scheme B {Pig.k(b))

The first major modification was the provision of e hollow hat rack
which was fed with air from what had previously been the cabin air inlet
grilles, in the manner shown in Fig. b(b). The air was fed into the cabin
through perforations in the under surface c¢f the hat rack (3/16 inch diameter
holes at 3/4 inch pitch).

5,3 Scheme C (Fig.5(a))

This scheme was similar to Scheme B except thet the alr was supplied to
each hat rack from a longitudinal duct loceted above the racks in the manner
shown in Fig.5(a). Connections between these ducts and the mein inlet ducts

in the baggage compartment was by means of vertical pipes (risers) in one of
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the domed ends of the specimen. The discrete ducts which had previously
been used to fesd alr to the grilles, and later to the hat rack, were dig-
connected abt both ends and ailowed 1o pass wall cooling air (it was not

possible to remove them at this stage

5.4  Scheme D (Figs.5(b) and b)

This major modification was introduced when a major overhaul of the
specimen became necessary because of deterioration of the insulation. This
scheme was introduced following a supgestion that cabin racks might be
dispensed with to save space and welight. The perforated racks were removed
and replaced by the arrangement shown in Figs.5(b) and & in which air was

fed into the cabin through perforated ducts on each side of the cabin.

5.5 Scheme E (Fig.7(a))

This scheme was a modification of the provious scheme to determine
whether it was feasible to distribute cabin air by means of high velocity
air jets, relying on the entraimment of cablin air to provide good mixing.

The perforations in the side ducts were sealed and the ducts used as
manifolds supplying air vo the nozzles, located immediately below the hat
racks which had been refitted as shown in Fig.7(a). This method of intro-

ducing alr scemed promising and led to the development of Scheme F.

5.5 Scheme P (Fig.7(p))

Scheme F was a refined version of Scheme E. The perforated ducts were
removed cxposing the inner Teed ducts which were scaled and insulated and

used to feced nozzles located just below the hat rack.

6 INSTRUMENTATION (Sec also Appendix A)
6.1 Externally recorded instrumentatiom

Over 100 thermocouples were welded to the outer skin of the specimen
and connected to an automatic data recordsr in the Cooling Systems Laberatory
control room. Selected thermocouples were monitored to give a continucus
check on the spceimen skin tarperaturce, control of the radiant heat intensity
being either manual or sutomatic (controlled by a thermocouple outputb).
Specimen inlet and outlct air temperatures were measured hy thermocouple

grids also connectved te the Control Room data recorder.

\O
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Flow measurement was by means of a calibrated orifice plate in the
specimen outlet duct. The associated pressurce gurges were located in the
Control Room,

6.2 Internal instrumentation

Over 200 thermocouples had been installed through the depth of the
insulation during the manufacture of the specimen. Thesc were confined to
a small portion of the specimen about mid length. (The locations and identi-
Tication of the thermocouples arc given in Fig.8.) The thermocouples were
connected through appropriate switching to three strip chart reccorders in the

cabin,

Initially wall duct air tewperatures were recorded by mcans of mercury
in glass thermometers inserted thrcugh the secondary insulation at verious
points in the mecasuring secvions (i.e. two frame pitcncs). Iater a much more
extensive survey of wall duct air temporaturcs was made on the port side

using thermocouples (Appendix C, FTig.C2).

6.3 Cabin air temperaturcs

Cobin air temperatures were mcasurced extensively using a "sling
thermoneter” or by fixed mercury in glass thermometers. Typieal locations
are given in Fig.9. Apart from gencral tomperature surveys, temperature
wag sensed at a "control point™ using a nickel wirce resistance thermometer:

the associated indiecator was located in the Control Room.

Globe temperatures7 were recorded at about the centre of the cabin and
at chest (secated) level above one of the aisl. seats.

Humidity was measurcd by wet and dry bulb cquipment, and cabin air
velocities by means of o Hastings porteble air velocity meter.

7 PROCEDURE

7.1  General

The test procodurc was broadly similar for the whole teost ssries, Most
tosts were made outside the albtitude chamber under ground level conditions,
and in all these tests observers were present in tha cabkin (usually two or

three).

After cntry of the observers the required number of dummy passengers

were switched on and the wooden inncr door ond the specimen outer door were
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secured. Rodiant heat was applied to the outside skin of the specimen, which
was heated to the cquilibrium tempcrature, corresponding to the aircraft
crulse condition, as quickly =s possible (5 min) if stable conditions were the
test requirement, Thercafter this skin temperature was maintained by auto-
matic control. TFrom the sbart of the test the cabin was supplied with the
desired air mess flow, the inlet temperature being adjusted to a pre-selected
value, or more usually to maintain a nominated control temperature,

After a suitable "settling"

time the observers commenced recording
conditions in the specimen, o comprchensive survey of cabin temperaturcs
being made every 15 minutes for the remainder of the test run. At the same
intervals the chart recorders werc switched on to print a complete cycle of
thermocouple readings (insulation and wall duct air temperatures). Simul-
tanecously Control Room readings were recorded, adjustment of air flow and
temperature being made if therc was any deviation from the required test

condition.

Thermal stability, which was a requirement of the majority of test
runs, was judged from the recordings. For stable inlet alr conditions the
best criterion of stability was o constant specimen outlet temperature. 1In
gencral it was found that a test run of lcss than 3 hours duration was unlikely
to rcach stable conditions over a half hour period (i.e. thrce successive

recordings).

7.2 Subjective comment

Certain test runs, particularly in the carly phascs of testing, were
very largely subjective, i.e. the main purposc of the test was to determine
the degree of comfort afforded by o particular sir distrihution scheme under
certain nominated conditions. Comfort obscrvations ideally rcquired secated
non-working passcngers end additional observers were usually carricd for

this purpose.

An 2 limited number of occasions the opinions of the observers were
checked against those of a full compliment of pesscngers who were tested

under identical conditions.

7.3 Flight plan lests

The procedurc in thesc tests was virtually the same as chat for the
stable runs except that the skin tomperature and cooling air supplies were
varied to a preset progrommc. Recordings were made from commencement of

the test.
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7.4 Altitude tests

A number of tests were made to determine whether the heat balance would
be affected by altitude. TFor this purpose the cabin specimen was installed
in the laboratoryt!s large altitude chamber. No observers took part in these
tests and operation of the chart recorders was by remote conirol. A less

extensive survey of alr tempcratures than previously was made by mecans of

thermocouples,
8 RESULTS
8.1 Presentation

The tests of the early eir distribution schemes (Phases 1 to 3) were
to a large extent subjective, leading to the development of Scheme D, and

c58’9’10. However, pertinent derived

have been recorded in detail in Test Not
date from these carly tests have been summarised in graphical form in
Appendix B, The rcmaining phases of testing, which were more extensive, are

described in Appendices as follows:-

Appendix C - Phase 4 tests. Scheme D, Hoa! transfir data obltaincd

from steady state tcsts under ground level conditions. Heat leakage included,

Appendix D - Phasc 5. Tests of Scheme D under altitude conditions.

Results compared with those of Phase 4.

Appendix E - Phase &, Schemes E and F (nozzles) tested. Flight plans

simulated including part system failure,
Appendix F - Complete system failure represented.

8.2 Derivation of heat transfer coefficients

In the simplest case of a specimen without wall cooling, the heat
entering the outside skin of {hc specimen would equal tue heat entcring the
cabin interior and, in keeping with common practicc, 1t would be convenient
to express the heat flow as a heat flow per unit arca, per degree of tempera-
ture difference from the outside skin to the cabin interior (i.c. as a heat

transfer coefficient).

With a wall cooling arrangement sucn &s thot used in the test specimen,
only a small portion of the total heat intake inbto the specimen actually
penctrates into the cabin, the greater part being removed by the wall cooling

air. Howcever both thc total hcat entering the specimen and the fraction of
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the hea* entering the cabin are of importance, the former because it con-
tributes to the total heab load toe be dealt with by the aircraft cooling
system, and the latter because it reflects the efficiency of the complete
insulation schome ineluding the wall cooling. Again, it is convenieat to
express these heat quantities in the form of heat transfer coefficlents
(called recpectively the specimen overall heat transfer coefficient and the
cabin overall heat transfer coefficient) as defined below,

The heat flow into the specimen is dependent on the effectiveness of
the primary insulation scheme and it is pertinent to evaluate the primery
insulation in isolation. This iz best done by examining the transmitiance
of the insulation in the usual way, where the heat flow per unit arca is
expressed per degrec of temperature difference across the ilasulation (in
this case from the outside skin to the wall cooling gap). Two main values
are used in the present conbext, a value corresponding to the installed
primary insuletion transmittance which includes leakage hcat and a basic

-

value which does not include leckege hest,

P

b

8.2.1 Spccimen oversll heat transfer coefficient

The specimen overall heat transfer cocfficient ( ) relates the total
heat flow into the specimen from the oubside skin to Lh emperature difference

betwecen the specimen skin and the cabin' as follows:i-

B o= ofa, (Ty - T,) CHU/or £t% o¢ (0
where @ = heat btakeon in through speeimen walls = QT - Qint’
QT = the hecat gain of too eir in passing through the specinen®,
Qint = the total specimon intcrnal load,
As = gurfece area of gpecimen oxcluding the domed onds,
TS = spccimen mean skin temporatiurs,
TCM = cobin mean air tormperature.

Cabin mean temperature is taken asg the arithmetic mean of the cabin inlet and

outlet temperatures with proportionste adjustment if both floor and roof dis-

charge are used, i.e. if a fracbtion of x of the total cazbin cooling alr leaves
Ze,

as floor dischar then the effective mewn temperature was talen as

* Note - the specimen is defined as the cylindrical portion between the end
(wooden) bulkheads. An allowaence has been made for heat pick up in the domed
end.



T = + ( - ,
Tt (T3 (1-x) 1, +x TL,FA)/EZ (2)
where T3 = cabin inlet temperature,
T4 = roof discharge temperature,
TQA = floor discharge temperature (as shown in Fig.2).

8.2.2 C(Cabin overall heat transfer coefficlient

The cabin overall heat transfer coefficient (HC) relates the heat which
enters the cabin interior to the temperature difference between the specimen

outer skin and the cabin interior in the following manner,

By = Qu/Ag (Tg - Ty s (3)
QC = heat flow into cabin through walls and floor,
= Qe = Yne(o)
QTC = total cabin heat pick up,
Qint(C) cabin internal heat load.
[AS and (TS - TCM) are defined above.]

8.2.3 Installed primary insulation transmittance (i.e. including
leakage heat)

The installed primary insulation transmittance (U;) relates the total
heat flow into the specimen through the insulation and structure, to the
temperature difference between the specimen skin and the centre of the wall

cooling gap, in the following manner,
" = - !
U = afag (1g - Ty (%)

Q and AS are defined above, while (TS - TG)M = the mean tempecrature difference
between the specimen skin and the centre of the air gap over the whole

specimen,
More precisely,

n -
U= no/bhg (Tg = To)y (La)

where (TS - T is the mean temperature diffecrence over the areaz&As.

G)M
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Strictly, logarithmic mcen tcmperature differences should be used.
However, in the detailed analysis of Phase 4 results (Appendix ¢) in wnich
the specimen was divided into scctions in the enalysis, arithmetic rather
than logarithmic mean temperature differences were used in exoression (4a).

The error so introduced was negligible (less than 19).

The value of primary insulation transmittance calculated in this way
does not include the external (merodynamic) heat transfer cocfficient to the
skin, which was not represented in the tests. Inclusion of this coefficlent
would modify the transmittance value by approximatcly 1% only in the aircraft

cruisc case.

8.2.4 Primary insulation transmittance (corrected for leakage heat)

The installed primary insulation transmittance Ug as delined above may
differ substontinlly from the ideal value beceuse of “short circuiting” of
the insulation by structural atiachment points which pass through the insula-
tion, the main source of heat lcakage being the floor beem attachments in

the case of the specimen tested,

Part of the floor beam heat lecokage passcs into the wall cooling duct
and eppcars as an air tempercture rise as the air crogscs the floor beem
attachments (see Appendix €). The valuc of primary insulation trensmittance

corrected for this leakage has becn called Ué, where

&

4 = 0 - m . 5

QLD = floor beom heat leoakage into the cooling air duct, and the

other quantities are as defined abvove,

The valuc of primary insulation transmittence still diffcrs from that
Zz
~

i
obtained from tests of & 3 £ sguare panel in & guard box conductivity
apparatuss, reproduced in Fig.13. This is due to additional heet leakage,
via the floor beams, directly into the cabin, This heat quantity wes not
determined in the 20 £t specimen tests. The velue of insulation transmittonce
from tiic pencl tests5 has thereforc heen cccepted as the basic valuce (Up}.

Applied to the specimen,

U, = (8- Ay - Qped/ag (Tg - Ty ()
where QLC = floor beam heat leekege directly into the cabin,

Remaining syrbols are defined gbove,
fe)
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9 DISCUSSION

9.1  Dummy passengers

The sensible heat cutput of a seated resting subject2 in an effective
ambient temperature of 24°C is approximately 80 watts. In practice a sub-
stantial time may be required before the metabolic heat output is reduced to
this value, the time depending on the degree of activity beforehand. 1In
addition the metabolic heat production increases during and after a meal,

It is therefore likely that the sensible heat ocutput from an average aircraft
passenger over a flight period will be greater than 80 watts.

In the very early tests of the series, 100 watt electric light bulbs
were used at each seat position to represent the passenger sensible heat out-
put. Iue to the high filament temperature, radiation effects on observers
were pronounced. Another limitation was that the effect of passenger bulk on
the air distribution was not represented. The bulbs were therefore replaced
by two dimensional dummies of representative dimensions in side elevation
(but not volume), each containing an electric element of 110 watts output.
The surface temperature of the dummies was 45°C. Radiation effects were
considerably reduced but, as a precaution, cbservers commenting on cabin

conditions were careful to avoid sitting adjscent to hot dummies.

From a heat balance aspect it was important to know the total internal
heat load, and the possible error in estimating its value became greater with
a greater mmber of cbservers. ilowever in most hert balance tests the number

of observers was small.
9.2 Comfort

The indications were that at the prevailing level of humidity
(15%-25% R.H.) and provided that the air velocity over the passengers was
moderately low (less than 30 ft/min), the majority of subjects appeared to
be comfortable at a globe temperature of 24°/25°C,

A given globe temperature at any point mey be achieved in theory by a
wide range of inlet air mass flow and temperature combinations. In practice
there are well defined limits. The upper limit is that flow above which
passengers are made uncomfortable due to the high air velocities (i.e.
the passengers complain of "draughts"). There are in fact good reasons for
reducing the air flow as much as possible (e.g. duct pressure losses are

reduced). However, reduction in air flow, with corresponding reduction in
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inlet air temperature, can result in large temperature gradients and
possibly lecally excessive cooling of the passenger, emphasised by the
temperature gradient. Also there may be a lack of air penetration resulting
in inadequate ventilation of some parts of the cabin. The tests illustrated
how the minimum air flow at which such undesirable effects occurred, varied

with different air distribution schemes.

Examples of cabin temperature distribution, compatible with overall
comfort, are shown in Figs.10(a) and (b). These particular combinations of
temperature were recorded during transient tests of Schemes E and F. It is

not implied that identical conditions are necessary for comfort.

It is importent to note that throughout all the tests the relative
humidity of the air was low. Should the air be artificially humidified in
the case of an aircraft then somewhat lower ambient temperatures would be
required to produce the sane passenger effective temperature. (Effective

. - e . . 2
o scaic of subjective confort determined experinentally. )

151

temperature 1

s

9.3 Comparison o>f air distribul

[N

on schemes

In Scheme A (Figs.3 and 4(&)) the inlet grilles were such that at
moderate air flows, necessary for good penetration intc the alsle, passengers
adjacent to the grilles were made uncomforbable due to the high air velocities.
Reduction in air flow resulted in lack of ventilation at the aisle scats. In
addition the momentum of the incoming alr was so reduccd that the cool inlet
air tended to "fall" down the cabin wall rcesulting in differcntial cooling of

I

the wall scat passengers. The scheme showed little promise and tests were

therefore linited,

Scheme B (Fig.h(b)) was designed to provide a more even air distribution
over the passengers. However duc to the cold air inlet feeds enclosed in the
wall duct there were local arcas of c¢ool cabin btrim which caused discomfort
to adjacent passengers, (At the lower oir fiows the cobin wall temperatures
varied by up to 10°C over a framec pitch.) Partly for this rcason it was
found that thc Lower limit of alr flow was approximately 55 1b/min, This
effect was eliminated in Scheme C (Fig.5(a)) and it was found possible to
produce comfeortable conditions for seated passangers at reduced alr flows;
however conditions in the aisle, cven with ventilation from the end of the
hat racks, were such that the lower 1limit of eir flow necessary ©2 give

overall comfort in the cabin were 1littic bebter than previously.
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Scheme D (Fig.5(b)) was introduced following the reinst

specimen (Appendlx C) and represented o riethod of int

cabin in the absence of hat cocks, The contiourat’on

was such that the alsle was better ventilaled and, in

were more distant from the passengers. Overall
flows reduced to 40 Ib/min - again

the aisle.

The moat effective method of ventilation was bthat used in Sch

1letion of wne

roduecing eir into the

>f ventilatisn holes

general, thc holes

confort wos achieved with

the timit wes inposed by conditions in

E

ames

and T (Figs.7(a) and (b)) in which the cabin cooling and ventilating alr

was introducced through nozzles al o rela

ment was relied on to "pre-hec
a temperature little different

Appendix E). Unlike Schcme 4,

due to the enmtraiimens actiocn, rather than o

because of the initiall gh Jct velocity,

improved, and better overall conditicning resulted.

was found possible bto maintain comfortable overall co

as low as 25 1b/min,

3

xamples of conditions during tesbs of
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9.4 Heat transfer
9,4.1 Specimon overall lLicet transfer coc fficient
&

The specimen overall heat transfer coeflicicnt gives an indicatinn of
the heat which the cocling system Las to rumove to producc a given condition
in the cabin. The coefficient dopends 52 a groot extent oa the effoetiveress
of the primary insulation and tn o lesger oxtent on the sceondary insulation

and the cabin ianternal heat tronsfor pro

.

The values of overall heat transfer cocfficient
agrce feirly closcly, both differing from
the primary insulation was cxtensively ropaired after
seems likely that the difference is ler
occurred due to partial exposurc of sume of ta

of the foamed plastic insulation (sce Appendix C).

agreement between the Phace 2 and 3 values it secem

heat leakage occurred carly in the test serics.

21y due to dirccet beal
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Alsu becau

s likely that

for Phases 2 and 3
volues (Fig.11). Since
the Phase 3 tests, it
leakage which
rames due to shrinkage
3c of thec closc
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9,4.2 Cabin overall heat transfer coefficient

»

The cabin overall heat transfer cocfficient is of interest because
it indicates the effectiveness of the complete insulation scheme including
the wall cooling scheme. Dueto the method of calculation ( .e. a small
heat flow is determined by differcnce between relatively large heat quantities)
there is substantial scatter in the results (Fig.C17 Appendix ). The mean
value over the range of mass flows for Phase 4 (Scheme D) was approximately

0.05 CHU/h °C per squarc foob ol specimen curved surfacc area,

9.4.3 Primary insuletion transmittances

The difference in performance »f the primary insulation before and
after repalr is emphasised by comparing the installed primary insulation
transmittance for Phases 3 and 4 (Fig.12). The partial rvepair of the primary
insulaticn resulted in approximately 20% reduction in heat flow into the

spceimen over the range of mass flows tested.

9.5 Healt leakage

Heat leaskage duc to deteriorstion of the insulation or ite imperfect
installation may be considerable, as discusscd in the previous paragraphs
and illustrated in Fig.12. However with this source of lealkage larzely
eliminated, there still remains a substantial difference between the
practical value of primery insulation tranemittance (Ug) and that of the
bulk primary insulation itsclf. Some of this Jdiffercnce is attributable to
the fact that the skin structural members (frames and crack stoppers) partly
penctrate the insulation, thus reducing its effectivensss. Values of
primary insulation transmittonce (Un)’ including the effect of skin structural
nembers were obtained from the resuits of testa on 3 ft square panels made in

5
a guard box thermal conductivity apparatus” and from elzctrical analogue

investigations‘l. mcse results heve boen extropolated (Fig.13) to cover the
range of air flows used in the 20 £t specimen tests,and these extrapolated
values are included in Fig.12. It can be seen that the frames and crack stopbers
increasc the theoretical Lulk primary insulation heat flow by 20 to 30% for

specimen air flows of 30 to 60 1b/min.

An asscssment of heat lcakage through the floor beam attachments into
the cooling duct is made in Apvendix C, In addition tests on representative
floor beam attachment in the guard bex thermal conductivity rig showed that

there was floor beam heat leakage dircctly into the cabin, It has been
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assumed that this additional leakage accountsz for the differcnce between U?

and Ub, the ideal transmittance obbained in the guard box conductivity rig.

In the folliowing table, informatiocn from Fig.12 is expressed in the
form of heat leakage factors (F). These relatce the actual heat flow taorough
the primary insulation, taking into account "heat leakage', to the thcoresical
heat f£low through the bulk ingulaticn, at varlous heat flows, The data is

expressed in the form of transmittance values,

Table

Swecimen total air flow - 1b/min

30 ‘ 4o | 50 I
i

(o]
fxj

-

i  PRulk insulation |0.095 - 10,09 - | ".09
theory

2 Bulk insulation |0.115]1.21 {0,120 1.25]0.12k | 1.2
plus frames 5
(panci tests”)

Lo
()

N
—Q

1.30

no
p)
D
N
A
ny
no
AN
<o
ny
N
Q

3 As 2 but all heat| 0177 1.96 | n. 1821 2.¢7 2.36
leskage (mainly
vie four beams)
included }

4 As 3 but includ- | £.22 | 2, 0.252 1 2,621 ¢.277 | 2.371 2.2%5

ing additional

hecat leakage

due to insula-
tion | }
deterioration ! i ]

\d
rn

.G

N

U = trensmittance in CHU/hr £t° o,

The above heat leakege Factors (F) apply strictly to the specimen tested. The
overeil heat leakage Tactor in an alreraft may be substantially greater Aue

to additional heat leakege sources as discusse’ below,

9.6  (ther heat leakage sources

9.6.1 Door frame heat lrakage

Tnstalled in the wall of the specimen in later tests weas a 3 £t length
of structure, thermally representative of a door surround. ina.ys's of the

test results (Appendix C) showed that leakage through this structure waes small
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compared with the total primary insulation ncat {low (]““S than 2%) and
therefore it has not teen appliod as a correction in Fig.12, However, a
complete door frame (of 1¢ £t perimcter) in proporilion, would contribute
from 10 to 20 CHU/min (air flov per 20 £t from 30 to {0 1t/min). Due to
the tempcrature rise in the air duct over the door it is thought that
substantial proportion of this heat will cnter the cabin itselfl unless the

secondary insulation is increascd to prevent it,

9.6.2 ¥indow heat lcakace

cebin heat loads would be incomplete without an attempt at cvaluating their

contribution to the total cabin hcat load.

Toghs werce made to determine cobin window heat loads using guord box
. 13 . .
conductance test cquipmens ). The results of the tests are =ummarised in

2

Fig.l4. TFor a 100°C differcnce between the aircralt outer surface and mean
wall duct tewmperature, the heat flow per window would be s, CHU/hr at

30 1b/min (specimen) air flow and 123 ciu/ur at 60 1b/min. Apart from the
heat which cnters the cabin through the inner (pcrspcx) Cransnarcacy, a

substantial proportion of whe total windorr heat flow may Dass into the cobin

J

through the gccondary insulation bolow the window, duc to the air gop Tempera-
ture rise, unless precautlions arc taken to avo.d it.

9,7 The cffect of cabin altitude

The results of a limived number of tests to dotermine whether tosts
made under ground lcvel conditicns arc revrescntative of the flight casc,

are discusscd in Appendix D.

An incidental but important conclusion was that there is a necd for a
properly designed means of cabln pressure relief.ocrcss the primery insulation

.

to cope with cabin eltitude ¢hange. Reliance on pressure rcliel by leakage

at insulation joints is incorpatible with good lusulation practice, particularly
.
1)

if the joints are above frames, as was “he coge in the test specimen,

Because of failure of the primary insulation due to the development of
pressure differential acrogs the insulation with change in cabin altitude,
many of the later test resulis werc invalid, the heat pick up being con-

siderably increased.
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The limited number of valid tests indicated that the specimen heat
balance was not affected by a cabin altitude chnange from ground level to
6CO0 ft, a conclusion supported by cvi cc from other tests 4. No evidence
was available on the effect on comfort. However, since cabin air velocities
arc deliberately kept low, some of the heat transTer from the passengers will
certainly be by a natural convection process, which will be affccted by albtitude
change. At 6C00 ft cabin altitude natural convecticn coefficients will Le less
than those at sea level, which may heve a minor effect on vagsenger confort

(pos51bly equivalent to a 1° to 2°C rise in cabin arbient terperaturc).

9.8 Transient tests

9.8.1 Flight plans

Tests were made in which flight plans were represented from take-off
to the start of descent (Appendix E). Equivalent syccimen air flows considered
appropriate to the Coencord (20 to %0 1b/min) were used and it was assumed
that the aircraft would be conditioned pre~flight to the desired contirol
temperature (24°C) before entry of ihe passensers. Under these conditions
it was found possible to programme thz carin aly inlet vemperature to maintain
a constant globe temperature until the end of cruise. Longitudinal tempera-
ture scatter was less than approximately 1.5°C over the 20 ft length for most
of the "flight", and vertical scatter considerably less. Apart from the
greater range of inlet temperaturc reguired it is considered that cabin
temperature control (to allow for variations in pascenger metabolic heat
output and variations in sclar radiaticn intensity during flight) would be

no more difficult than that of subsonic aircraft,

<-

It was found that at the critical end of cruise/beginning of descent period
when the inlet air tomperature momentarily increases due to the throttling tack
of the engines (IO°C tamperature rise assumed), ambient temperaiurces rose
momentarily, but duc to the thermal inertia of the cabin furnishings, passenger

clothing, etc, little passenger discomfort was cvident.

9.8.2 Part system failure

At the time of testing the cooling alr refrigeration system of the Concord
was to bc a quadrupled system., Tests representing failure of one of the four
systems showed that under these circumstances cabin ambient temperature will
stabilise at about 5°C higher than its valuz before failurc after about one
nour. The tcmperaturce level of 29°C to 30°C does not appear t2 be excessive

for an emergency case.
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9.8.3 Complete system failure

A test representing complete system failure had been conducted earlier
(Appendix F) and further evidence was available from an inadvertent failure
of air supplies during a later test (Appendix T). In both caces full passenger
load was represented and the specimen skin temperature was maintained at
cruise value alter failurc. The tests showed that complete system failure
would not be catastrophic from & thermal aspect, and indicated that adequate
time would bc availablc for corrective action (after 16 minutes the air
temperature at a seat position had risen to 35°C frow an initial value of
23°¢)., If foamed plastic material similar to that of the specimen was used
in the aireraft primary insulation such o failure of alr supplies might

result in permenent deterioreition of the insulation.

9.8.4 Effcctive cabin thermal capacity

In the tests, cabin temperature control was cxercised nenually, whereas
in an alrecraft the conbrol would be autumatic. In order to be able to design
an cffectivs cebin Lemperoture control system, and to nredict cabin tempera-

5 essential to know the effective thermal

[
}—J-

tures under transient condidions, o
capacity of tho cabinm.

N

A special test was arranged in which the terperature history of the
cabin air was determined after simulated Tedllurce of the alr supplies during
cruise, The temperaturce history was then simulated with an electrical
analogue;, from waich o velun 58 offective thermal capacity was determined as
0.22 CHU/hr *C per cubic foot of passenger compartment volume, The signifi-

4

cance of this Peffcctive theiniel capacity” and its possible application to

other eabins is described fullyr clsownere .

9.9 Application of recults fto Concord

"L

G.9.1 General

The bulk insulation of the Concord is cxpected to be basically similar
to that used in ths 20 £U test opocimen except that instead of glass fibre
blankes and foamed plestic, glass fibre planiet clone 1s used in the primary
insulation scheme. Crack stoppers, in the form of sub frames, are dispensed

with.

Primary insulation transmittance values applicable to the Concord arc
estimated below for & wall duct air flow of 25 lb/min for a 20 £t length of

cabin,
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9.9.2 Bulk primery insulation transmittance

Assumed equal for the 20 £t specimen and the Concord = 0.095 CHU/hr fé2°C.

9.9.3 Transmittance including frames

Reference to Fig.12 shows that at 25 1b/min air flow the transmittance of
the primary insuletion, including frames and crack stoppers was C.112 CHU/hr

ft?°C composed of 7.995 bulk insulation contribution plus 0.017 due to structure.

Electrical analogue testsH show that the crack stoppers contribute 359
of the combined structural heat flow. If the crack stoppers are dispensed

with the structural heat flow is reduced from 0.017 CHU/hr féz'C to 0.011 CHU/

hr ft2 °C.

Expected primary insulstion transmittance (including frames)
= 0.095 + 0,011

= 0.106 CHU/hr £t2 °Q.

9.9.4 Overall primary insulation transmittance (including floor beam)

An overall value of primary insulation transmittance including floor beam
heat leakage may be estimated if the alrcraft floor beam attachments are

assumed similar to those of the specimen used in the tests.

The Concord cabin dismeter is approximetely 10 ft, compared with 12 ft
for the 20 ft specimen, the curved surface areas therefore bteing in the ratio
of 1 ¢ 1.2, The contribution of floor beam hest leakage per square ft of

surface is therefore greater in the Concord.

Total contribution of floor beam heat lcakege to the apparsnt primary
insulation transmittance in the 20 ft specimen tests was 0,055 CHU/hr £ o
(Fig.12). The contribution is likely to be proportionately greater (1.2 : 1)
in the Concord being 0.066 CHU/hr £ °C. The total transmittance will there-
fore be 0.172 CHU/hr £t °C for a wall duct air flow of 25 1b/min per 20 ft
length of cabin. This value does not allow for door frame and window heat

flows (Para.9.6 refers).

9.10 Conditions wibthin the Concord cabin

It is considered that the reduction in area of cross section of the

Concord will result in a marginsl increase in the gaoncral level of air velocity.
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However the velocity in the later tests was very low and it is thought
that this slight change would have a ncgligible effect on cabin conditions

when the test results are related to the Concord cabin,
10 CCNCLUSIONS

The tests showed thet with cabin wall temperatures maintained only
a little (5 to 6 °C) above cabin air temperatures (by means of wall cooling),
and with relative humidity between 15% and 25%, a globe temperature of
24°/25°C in the vicinity of the passenger appearcd comfortable to the majority
of observers provided that the air velocity over the passengers was low
(i.e. less than 30 ft/min was achicved in the majority of tests)., Passengers
were quite sensitive to diffcrential radiation from "hot spots™ on the cebin
wall, a window inner surface tcmperature of 8°C atove the general level of

cabin wall temperature being uncomfortable to adjacent passengers.

The effcct of cabin altitude (6000 £t) may be to reduce the coefficient
of heat trensfor from the passenger; in addition, embicnt humiaity may be
artificially increascd in the cesc of an aircraft cabin. It may therefore

be appropriate to aim for a slightly lower globe temperature (say 22°/23°C).

Cf the cabin air distribution schcmes tested, that in which alr was
injected into the cabin through nozzles just below the hat rack (Fig.7(b))
was found to be the most cconomical in air supplics, good overall condition-
ing being achieved with an air flow of 1.25 lb/min per foot run of cabin,
Typical cebin temperatures achicved with this ventilation schcme are shown
in Fig.l0. (The case shown is for1.5 lb/min per foot of cabing) Provided
the proportion of wall duct cooling air is not allowed to become too omall,
discharging some of the air through grilles at the foot of the cabin walls

does not appear to greatly affect cobin conditions,

With the final ventilation system (nozzles) and an initial total air
flow of 1.25 lb/min per foot run of cabin, fallure of onc out of a possible
4 systems declivering the air would causc no great discomfort and the £light
plan could be maintained, the globe temperature stabilising at 29°C (from an
initial 23.5°C) after 1 hour. In the event of complete failure of air supply
to the cabin the rate of tamperature rige is such that 15 minutes may be
considered a reasonzble time Lo cormplete corrective action such as modifica-

tion of the flight plan to rcduce the aircraft skin temperature.
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Tests showed that little

or no passenger discomfort will result from

the momentary cabin alr temperature rise at the end of cruise.

Heat flow analysis showed that the overall heat transfer coefficienl of

the specimen (including all hest leakage) was 0.15 CHU/hr £E2°C at an air

flow of 30 1b/min (i.e.

1.5 1b/min per foot length).

The corresponding overall

primary insulation transmittance (from skin to the centre of the alr gap) was

0.177 CHU/hr ££2°C. The cabin

overall heat transfer coefficient was of the

order of 0.05 CHU/hr °C per square foot of specimen surface area.

The importance of heat leakage and its dependence on air flow was

illustrated (Fig.12).

After reinsulation of the specimen, with en air flow

of 30 lb/min, the heat entering the specimen from the skin was approximately

twice that which would be expected from theoretical considerations of the

bulk primary insulation (i.ec. a heat leskage factor of 2)

25% of the additional

heat flow was due to partial penetration of the insulation by the frames and

sub frames, the remainder being attrihutable mainly to heat 1

floor beam,

some of which entcrs

n

eekage at the

the wall duct, the remainder passing directly

into the cabin via the floor bveams,

A further source of heal

cousing the overall hcat leakage

bulk insulation tronsmittance)
air flow, This incrcascd heot
of the foamed plastic material

insulation. High temperaturcs

leakage was expericnced in the early tests,

ractor (based on the theoretical value of
to increcsce from 1.96 te 2.3 at 30 1b/min cabin
ircetly from the inadcgquacy

r leyers of the primary

4

ot e joints in the

e
5

material (at the framcs)

is believed to have caused initial local shrinkage with ropid accumalative

demage.

avold this type of damage which can give rise

heat lezkage.

Iimited tests made in an

e healt balance aspect,

in a cabin maintained at €000 ft altitude.

sion from the tests wus that

gap (between the aircraft skin

It is important that any insulating ma

meens of pres

1s be
to cxtensive and unpredictable

teria thoroughly checked t

nJ

altitude chamber (Appendix D) showed that, from

the ground level tests were represeatative of conditions

An incidentel but important conclu~
sure rclief between the static air

and the primary insulation) and the wall cooling

air gap should be provided to prevent damage to the insulation from (inadvertent)

rapid cabin altitude chang:.
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If the specimen results are related to the Concord, it is estimated
that for a wall air flow of 1.25 1b/min per foot run of cabin, a total
primaery insulation transmittance (from aircraft skin to the centre of the wall
duct) of 0.172 CHU/hr £t o might be expected., Additional heat leakage through
door frames (Appendix C,Fig.Cl4) and windows (Fig.14) are estimated to be
respectively, 9 CHU/min for a door of 16 ft perimeter, and approximately

1.8 CHU/min for a window,
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Arvvendix A

DESCRIPTION OF SPECIMEN AND TEST RIG

A.l Specinen

The specimen which was designed and built by B.A.C. Ltd consisted of a
20 £t length of Britennia fuselage. This was 12 ft in diameter with a 16 swg
light alloy skin with frames 3.0 inches deep at 20.5 inches pitch and stringers
1.0 inch deep at 4.0 to 7.0 pitch. To make construction similar to that for
the then proposed supersonic transport aircraft, crack stoppers of 2 inch
depth were Fitted midway between frames. No windows were fitted and no door

structure was incorporated.

At each end of the svecimen insulated domed ends were fitted, one
incorporating an access door and the other an emcrgency escape hatch. The
domed ends were scparated from the 20 £t parallel test section by weans of
wooden bulkheads containing sccess doors. The Tlcor of the specimen wag of
% inch plywocd except for epproximately O inches al acent to the wall and out-
board of the seat rails which was of 5 inch durestos. The floor was covered
with representative asircraft cerpeting. Access was provided to the cabin under-
floor area by means of an 18 inch trapdoor in the cabin fleor . The cabin
underfloor arca was itself [loored wita % inch plywood to roproscnt a haggoge

compartment,

The interior of the cabin was finished with trim cloth., A dizgrarmatic

illustration of the insulation schewe is chown in Fig.8 of the main report.

The specimen as delivered was fitted with a representative luggage
rack to which were attached 12 X 15 watt lempe to simulate reading lights.
Six striplights of 80 watt power each were mounted centrally in the cabin
roof. Ex B.0.A.C. passenger seabs were fitted by the R.AL., these were
D.C.7 aircraft seats and were not fixed to the scat rails bub bolued to
metal strip to enable easier movement. The final cabin layout wes as
shown in Figs.Al and A2, Originally it had teen intended to test a
number of air distribution schemcs and for this reason alternailive supply
ducts were incorporated within the zpecimen walls during menufecture. The
scheme in the specimen as supplicd was to supply the ventilating alr to the
cebin through grilles at hst rack level by meens of risers incorporafted in

the 1.0 inch gap in the insulation. These risers were supplicd from COmmon



Avpendix A 29

mains on elther side of the luggage bay. The two main supply ducts Jjoined
in one domed end and entered the specimen at a common connection., Each

supply duct incorvorated a 5 point thermocouple grid just downstream of the
Junction, each duct was insuleted with a nominal % inch thickness of glass

fibre.

The majority of the cabin ventilating air was collected in a central
rocf duct, passed round the cabin wall through the air gep in the insulation
and collected in a manifold in the luggage bay. A ccmmon line discharged
all the air from the collector box through the spscimen domed end and it
incorporated a 7 point thermocouple grid. The rcemainder of the cabin ventilat-
ing air was discharged from the cabin at oot level being collected in ducts
in the luggage bay which connccted to the wall cooling alr manifold. The foot
discharge air ducts wore arranged to give sufficient straight length to incor-
porate orifice plates to B.S,S8.1042 and 5 point thermocouple grids cn each
side. During the initial tesgts daifficuliy was expericnced in getting the
required flow through these foot discharge ducts under ground level conditions
so 24 volt aircraft fans were fitted to the ducts before they entered the
ccllector box. To reduce the regtriction the orifice plates were replaced by
pitcet static heads for flow meas ment, The electric fans were later
removed as they were nolsy and inefficient, and the ducting rodified to dis-

charge the foot airflow dircetly wverboard.

tted £o the dntericr of the specimen to

[

¥

An industrial TV camera wes f
enable control room staff to obscrve the pcouponts of the speeinen, A
duplicoted three way communicetion systom between the specimen, test rig area

and contro>l room was also fitted.

A.2 Description of test rig

The specimen was mounted within an oven of radiant heacters on its own
bogies. The radiant heater framework was 13 ft in diameter and 20 £t long.
It consisted of 18 inch pitch stainless steel frames 4 inches deep with 2 inch
wide stringers also at 18 inch pitch. The reflector plates which were of
18 swg commercial light alioy were bolted to the stringers from the outside.
The radiant heaters were wountced oun 1% inch porcelain insulators bolted
through the reflector plates at 4% inch pitch, Each refiector plate therc-
fore carried 4 radiant heaters which were at right angles to the longitudinal
axis of the specimen., The cxception to this arrangemcent was the position

of the reflector where the specimen support rails were fitted. At this point
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the plates were 18 inches by appreximately 13 inches to allew for the rail

and because of the interference from the specimen wheels only 2 radisnt heaters
were fitted per plate, mounted parallel to the longitudinel exis. The heater
structure was constructed in this manner in order to bs able to remove
reflector plates relatively easily, from the exterior ~f the rig to repliace
any radiant heaters that failed. 1In practice during the whole scries of tests
there were only 3 failures in the asscably of 1400 heaters. There were a
total of 27 rows of reflectors, 24 of which were connected to the 860 kilowatt
infra-red regulator, while the 2 rows of reflectors opposite the specimen
wheels and the bottom central row of heaters were connected to the 400 kilowatt
regulator. The inclusion of the bottom central row in the 400 kilowatt suppiy
was in order to cbtain balanced loads on the regulators without too much
wiring complication. The heaters comnected to the 8C0 kilowatt supply were
wired with 2 heaters per plate in sceries, these were connccted te the miniature
circuit brezkers in the control room so that there were four circuit breakers
per reflector row. The heaters could therefore be selected in the front ox
rear half of the row, or cvery other heater could be sclected which in effect
doubled the pitch., The wiring arrangement was intended to give as much
flexibility as possible within the limitatlions of two sources of variable
voltage supply. The maximum amount of power required by the rig was of the
order of 45n kilowatts. Farly in the tests it was found that with uniform
heating and operating the rig outside the altitude chember, the temperature
scatter as measured by the thermocouples attached to the inside of the skin

in the instrumented centre section was of the order of 30°C. By halving the
intensity of the heaters by meens of the circuit breakers over the top part

of the specimen the scatter over the measuring scction was reduced to about
10°C in steady conditions. The temperatures as recorded on the 108 evenly
distributed external skin thermocouples were lower abt the ends presunably due to
the fin effect of the domed end support flanges, this 1led to =2 scatier along
the length of the specimen of about #10°C with the lower values towards the
ends and underneath the specimen. There were larger variations around arcas
such as support wheels. Witk the revised selection of hcaters this maximum
power demand was reduced to 320 kilowatis - a mean intensity of just under

0.5 kilowatts/fte. This power supply cnebled the specimen skin to be heated
to approximately 129°C from ambient in about 4 minutes. To maintain the skin
temperature constant the power supplicd then had to be reduced to about

2
120 kilowatts, or an intensity of 1/6 kilowatts/ft .

»
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A3 Air supply

Cold air was supplied to the specimen from the high altitude test
plant by means of an & inch duct connected to the supply line connection in
the large altitude chamber bulkhead, The duct incorporated trimmer heaters which
consisted of radiant heaters mounted inside the duct. There were 2 heaters of
total power 10 kilowatts, and one of 9 kilowatts. The 1N kilowatt heater was
arranged so that 6 kilowatts was controlled by means of off/on switches and
the remaining 4 kilowatts by means of a Variac. The 9 kilowatt heater was
purely switched on/off. The main air discharge ducts passed immediately
underneath the reflector assembly to give sufficient straight length to incor-
porate orifice plates to B.S.S.in42 and to bring the discharge air clear of

the specimen skin.
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Appendix B
PHASE | T0 PHASE 3 - SUMMARISE. RESULTS OF TESTS
OF SCHEMES A TO C
8,910

Relevant results of early tests are given,

Specimen overall heat transfer coefficients for cooling air distribution
Scheme B and Scheme C are given in Figs, Bl and B2 respectively, while the primary
insulation transmittance for Scheme C is shown in FighB3{a). These heat transfer
guantities have been recaleculated cn the same basis as later results, A com~
parison of Figs.B3(a) and (t) shows, as an example, the difference in values of
primary insulstion transmittance when calculated on the new ond old bases,

A common inlet sir temperature/moss flow characteristic for Schomes B and

C to give a constant control temperaturc of 25°C is shown in Fig.Bh,
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PHASE 4 - HEAT TRANSFER AND THERMAL CCMFORT TESTS
OF SCHEME D

C.1 Preliminary inspection of spccimen

Following Phase 3 tests the cabin secondary insulation was removed
to permit inspection of the primary insulation., The condition of the primary
insulation was such that any further testing without first undertaking
extensive repairs would be of doubtful value for heat balance purposes. The
damage to the insulation was due to shrinkage and general distortion of the

foamed PVC insulation layer (see Fig.Cl).

The secondary effects were as follows:-
(a) Possibly direct air leakage from the first (static) air gap to the wall
cooling gap,

(b) variation in the width of the wall cooling air gep maeking the air flow
non uniform within inter-frome pops and botween different gaps,

(c) distortion of the insulation causcd leakage between the inlet air duct
(i.e. the feed to the hat rack) and the wall gop in the measuring scctlions,
where thermocouple leads were brought through into the cabin from the
specimen structure.

It was evident that extensive repairs to the insulation were nccessary.

C.2 Repalr of specimen

The method of repair of the specimen was largely governed by the need to
continue testing at the earliest date, and the non-ovailability of improved

materials.

The Scheme D air distribubtion system required that the luggage racks be
removed, thus lcaving the cabin secondary insulation exposed and readily
removable, In the baggage compartment the removal of the secondary insula-~
tion was not possible without first stripping out the flooring and the exten-
sive inlet and outlet air ducting with their assoclated feeder ducts and
instrumentation. Repairs werc therefore confined to the cabin area.

o

Basically the method of repair was to £111 the gnps, which had opencd
y .L') é¢) Ex
ool

Ling compound and, then, to positively
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joint the lap joints and cover strips with a cold setting epoxy resin adhesive.
(This was not intended to be a practical solution for the aircraft since

inspection of the skin was not thereafter possible.)

A small area of insulation in the roof (directly above the roof discharge
grille) was replaced, using a variant of the foamed PVC and a somewhat different
method of attachment.

The original secondary insulation was reused.

C.> Specimen modificotions

€.3.1 Scheme D air distribution system

At this time, the sbolition of luggege racks was belng seriously considered
as a means of saving both space and weight. Scheme D thereforc dispensed with
the racks and thus required a substantial change in the method of introducing

ailr into the cabin.

The Scheme D air distribution system is shown in Fig.C2, Air was intro-
duced into the cabin through perforated bulges in the cabin wall just above
head (seated) level. The air was fed intu the region from two perforated
oval sectioned ducts, encloscd by the perforated trim. The r¢lative total
area of the perforstions in the inner duct and those in the ™rim" were such
that the main pressure logss occured cver the former,

Also enclosed in the "bulges™, which were of tain translucent material,

were the strip lights which had been located previously rear the roof discharge

grille.

Air was supplied to the oval feed ducts from the main inlet alr ducts
in the baggage compartment by two "riser" ducts in one of the domed ends of

the specimen,

C.3.2Additional medificavion

Since the primary insulation was exposed for repair the opportunity
was taken to incorporate, in one inter-frame sectlon, structure thermally
representing a 36 inch length of door frame o investigate heat leaksge
through this type of structure (Fig.C3).

c.4 Object

The object of the test series here described was:-
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(l) To investigate the cabin air distribution following the removal of the
luggage racks which had been used previously tc distribute the conditioning
alr,

(2) to investigate, in greater detail, the heat transfer into the specimen,
(5) to assess heab leakage pgenerally,

(4) to assess healt leakage through typical door frame section,

C.5 Instrumentation

Initially instrumentation was similar to that for previous phases of
testing except that the cabin inlet alr temperature was meacured at the surface
of the perforated trim cloth, first by mercury in glass thermometers wired
to the surface, and later by thermocouples which could be better located in

the actual plane of the inlet perforation.

Control temperature (TC3 was measured near the roof outlet. This and

other temperature measuring points are indicated in Fig.C2,

Leter in the series cwpnacis wes Dlaced on more genzsral measurement of
wall cooling air tcemperatures. In order to make as detailed a survey as
possible the wall duct instrumentabion was concentrated in the port side on
the assumption that the measurcments would be cqually representative of the
starboard side (i.e. that £low would be equally divided between the port and

starboard wall gaps).

Due to the frame "cover strips™ the wall gap was divided into discrete
ducts on each side. However, because of distortion of the primary insulation
no single duct could be considercd typical, and thercfore wall gap instrumenta-
tion, which right well have becn concentrated in a limited number of ducts,
was necessarily dispersed to make as wide a temperature survey as possible,
Apart from o few locations where more dctalled surveys were madgc single
thermocouples were located at the centre of the ducts, being distributed as

shown in Fig.CZ2,

c.6 Results

Except for a few cxploratory tests early in the serics, the emphasis
was on stable conditions for heat balance purposes.

Summarised data, recorded during the stable period of heat balance

runs are recorded in Tablce 1 bo 5. The tables include some derived
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data, e.g. primary insulation transmittance, Further experimental data is
presented graphically in Figs.C5 to C9,

Phases LA and 4B refer respectively to tests made before end after
instrumentation of the wall gap.

.7 Discussion of rcsults

C.7.1 Comfort

Initially some time was devoted to modifying the arrangement of ventilat-
ing holes in the perforated trim cloth to minimise the slight scnsation of
draught which occurred under certain conditions, i.e, at the low and high
limits of air flow. The initial and final arrangement of the perforations

are shown in Fig.C4.

With the final arrangement of inlet perforations it was found that the
minimum air supply to maintain comfortable conditions could be reduced to less
than 40 1b/min, As with the provicus arrangement (Phese 3 tcstslo) the
onset of discomfort at low air flows was first felt in the aisle. A cabin
control temperaturc of 24°C was considered to be comfortable. Temperature

distribution within the cabin is summariscd in Tables 3 and 4,

C.7.2 Graphical presentation

Due to the thermal ineriia of the cabin and associated equipment the exact
setting up of specified conditions could be very protracted, and in practice,
if conditions appearcd to be approaching stability near those nominated, no
further adjustment of air flow or temperature was attempted, This gives
rise to some scatter in control temperaturc, ard hence in the dependent
quantities, For this reason temperatures have been plotted in some cases as

temperature differences or cven percentage temperature rise (e.g. Fig.C7).

The idealiscd wall air temperatures given in Fig.C8 are derived from the
information of Fig.CT, assuming a "lovel"™ temperature of 27°C which inspectio..
showed corrcsponded to a roof exit temperature of 25.5°C. The derivation of
the overall heat transfer coefficients and primary insulation transmitvance

is indicated in the main text,

C.7.3 Assessment of heat lcakege and primary insulation transmittance values

Wall air tewmperature measurements (Figs.C7 and C8) indicated that between

levels 4 and G (i.e. sbove and below the floor beam attachments) there wes a



Appendix C 37

sudden discontinuity in temperature rise, indicating that in this locality
there was a substantial increase in heat flow into the air gap. Since the
primary insulated structure was uniform except at the floor beams it was
assumed that elsewhere the rate of increase in wall duct alr temperature
would be influenced mainly by the particular arrangement of secondary
insulation, and except where a change in the latter occurred, the wall duct
temperature rise has been assumed to be approximately linear for the purpose
of heat flow analysis. The unbroken lines of Fig.(8 were therefore drawn

using the idealised date of Fig,(7.

Due to part obstruction of alternate ducts by the floor discharge
pipes, and due to "heat leakage™ at the floor beam (also indicated by tests
of 3 ft square panels in a guard box conductivity rigS), flow and tempera-
ture measurcments at level 5 were not considered usable in the heat flow

analysis.

However, the effcctive temperature of the wall cooling air just below
the floor beam could be determined by again assuming a linear wall cooling
air temperature rise from the underside of the floor beam to the bottom of

the wall duct (i.e. in effect, to spccimen discharge).

The temperature rise over the floor beam attachment area was substan-~
tially greater than one would expect from the primery insulation in this
arca. The excess temperature rise (QTFB) was duc to heat leakage through
the floor beam attachments into the air duct (QLD)’

i.e. Qp = MCpA‘I‘FB ) (1)

The method in which this heat leakage quantity was used in calculating
a partly corrected value of insulation transmittance Ug is shown in the main

text in Para.8.2.4.

C.7.4 Further discussion of heat leakage

In the foregoing paragraph it has been assumed that all heat leakage
occurred at the floor beam attachments, (i.e. other than the homogenous
"leakage" due to frame and crack stoppers). In earlier tests there had been
some heat lezkage near the (roof) entry to the wall duct but this had been

eliminated to a large extent by a minor modification.
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There still existed a substantial discrepancy between the values of

primery insulation transmissivity, corrected for floor beam necalt leaxage

into the wall cooling duct (U')and the values obtained from panel tests in

& thermal conductivity test rigs. This appears to be due to floor beam heat

leakage directly through into the cabin (QLC). This conclusion is borme out

by tests on a 3 £t square panel which included a floor beam, which showed that

at an equivalent specimen flow of 50 lb/min there was an additional flow into

the cabin equal to about half the leakage into the air duct,

C.7.5 Door frame heat leakage

The "door frame® section is shown in Fig.C3. Pairs of thernocouples
were welded onto the structure, but in general heat leakage estimates were

based on wall duct air temperature measurements.

Air velocity measurements made in the wall duct containing thedocor
frame" showed that the air velocity down the gap was somewhat reduced (to
approximately 85% of that for the recmaining part of the cabin). Due to
possible distortion of the air gap cross section the mass flow reduction was

estimated in the following manner,

Assuming that the mass flow alteration is not great enough to affect
heat transfer through the primary and secondary insulations above the repre-
sentative door frame, then the temperature rise between leveis 2 and 3 (Fig,cg)
in the door frame section relative to that for the remainder of the specimen
indicates the change in mass flow (i.e. M Cp AE2_3 should be the same in the
door frame section as for the remainder of the cabin). Door frame duct
temperatures were recorded and using & similar technique to that used pre-
viously, (to produce Figs.C7 and C8) idealised duct air temperatures were

derived.

In Figs_ Ci3(a) and (t) the temperature rises down the wall gap in the
door frame section are compared with those for the remeinder of tie specimen.
The increased temperature rise between levels 2 and 3 in the former case
confirms that the air flow is reduced to 85% of that for other inter-frame

sections.

In Fig.C13(b) the wall duct air temperature rise over the "door frame"
itself is compared with the rise over the same distance for the remainder of
the specimen, the former points being adjusted to correct for the reduction in
air flow. The additional temperature rise due to the "door framc" is readily

vxbracted and used to calenlate the net heat gain of the duct air expressed
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per foot of door frame in Fig ¢i4,. Also shown is a hest flow value calculated
for the metal structure of the door frame ond based on measured temperature

differentials,

Below the door frame the air duct temperature is high, which nust
result in a slight rcduction in the heot intake through the primary insula-
tion but a substantial increase in hecat flow through the secondary insulation.
The result is a decrease in the net heat goin between levels 4 and 6, i.ec.

a smaller temperature change between there levels, particularly at low

flows (see Fig.C13(a)).

Cabin trim temperatures in the region of the representabive door
frames indicated that over most of the region heat flow into the cabin through
the sccondary insulation was small, though, near the bettom of the frame, trim
temperaturcs were locally 10°C higher, indicating that over a greater depth of
door frame, secondery insulation heat flow might becone important, and that to
overcome this it may be necessary to incrceasc the secondary insulation thick-

ness locally,

€.7.6 Duct pressure losses

During one test the opportunity was taken to rocord pressure losses
P Y L

through the system. The results ere recorded in Fig,C15.

C.7.7 Cabin a2ir vclocities

Cabin air velocitics during a number of runs are recorded in Table 5.
The velocities were recorded at the top of the scat backs in a downward
direction (this corresponded approvimetely to the moaximum velocity at this
position). It was comnsidered thoo ailr movement in this location (i.e. in
the region of the head) would have a meximum effect on subject comfort ,
The variation in mcan cabin velocity measurced in the above locations is

shown in Fig.Clé.

C.7.8 Cabin overell ncat transfcr cocfficicnt

The cabin overall heat tronsfor coefficient (defined in Para. 8.2.2 of
main text) is of intcrest because it is a measure of effectivencss of the
complete insulation schome, Valucs for individuwal tescs are shown in Fig . C17.
There is substantial scatter bocause of the method of obtaining the secondary
insulation heat flow required in the calculation of the coefficicnt (i.e. by
subtraction of two reletively large heat quantisics).

The mean value over the range of moss flow is approximately

0.05 CHU/hr 2 o,
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Appendix C

Vertical (downward) velocities measurcd at top of seat backs - £t/min

e D

Tabl

Cabin air velocities - Phase 4B

Test No, 1 2 3 5 6 Z 7 8 10
Air flow 1b/min| 52.8 | 35.6 | 42.0 |51.9 | 62.5 { 50,2 | 48.6 {566
Seat No. P2A 15 | 15 '20-251 22 25 | 18 | 20 12
PaW 25.6 | 0.5 5 15 17 16 8 | 7
P3A | 15-20| 5-15] 10 | 30 | 30 | 10 | 15 |6
P3W 25-30 | 5 1 30 35 1 1 B
P4A 50 50 50 90 95 5 €5 N
P4W ho 5 il 4o 15 7 10 5
P5A bo 5-10 | 10 35 50 10 22 35
PSW 20 S=13 | 5«13{ 35 29 15 20 | 22
S1A 25 15 5 30 38 15 3 17
SIW 20 20 20 25 35 20 22 7
SeA 20 50 5 4n 3A 35 | 25-601 2¢
oW 25 5-10 | 50 | 3% 30 18 o | oo
S3A 39 25 25 | 35 35 20 50 20
S3W 20 5, 14 25 22 12 25 50
Sha 25 10 g 10 lo 15 15 25 15
sbw 15 5 15 |15 23 12 18 10
S5A MR ls00 5 {5 29 2n 20 5
S5W NR .10 |10 35 25 12 10 35

b5
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PHASE 5 - ALTITUDE TESTS OI SCHEME D

D.1 Introduction

The previously reported tests (Appendices B and C) were made under
ground level conditions, whereas in the cruise condition the supersonic ailr-
craft cabin would be maintained at a pressure corresponding to an altitude of
6C00 ft. Tests were arranged to determine whether internal heat transfer would
be affected by the change in altitude. No subjective tests were possible under

altitude conditions.

D.2 Test rig arrangement

For the altitude tests use was made of the larger altitude chamber of the
Mechanical Engineering Department Cooling Systems Laboratory (Fig.l main
report, Ref.4). This necessitated some modification of the ducts external to
the specimen and, since no observers were to be in the cabin in the actual
tests®, the switching on of the internal recording instruments, dummy men, etc,

was converted from local (internal) control to remote (external) control.

D.3 Preliminary tests

Initially tests were made under ground level conditions in the altitude
chamber to check the operation of the equipment. Some redistribution of the
skin temperature resulted from the specimen being in the chamber, This was
corrected to a great extent by adjustment of the radiant heater array but some
difference remained (e.g. the bottom of the specimen was somcwhat hotter

relative to the specimen mean skin temperature than previously).

It was also found that due to the thermal inertia of the chamber and
chamber alr, the external skin temperature and/or the power requirements

took a greater time to stabilise.

D.4 Range of investigation

Tests were made at various mass flows between 40 and 60 1b/min under
conditions representing a cabin altitude of 600 ft. The inlet tcmperature
was adjusted to maintain a control temperature of 25°C (nominal) as in the

ecarlier ground level tests,

* Note No observers were permitted to take part in the tests because of the

Jitliculty, in this case, of providing adcguate emergency escape facllities.



Appendix D 47

D.5 Results and discussion

D.5.1 General

One immediatcely evident difference in results was that in the chamber,
the specimen gir inlet temperature had to be reduced below that rcquired to
producc the same cabin conditions when the test was made outside the chamber.
This appecared to be due to the additional heat pick up in the inlct risers
in the forward domed end. The eir tenperature in the domed ends was sub-

stantially higher with the specimen in the chamber than it hnd been previously.

For the above reason, and because the "scatter" of the results was
found to be greater than had been experienced previously, tests undcr ground
level conditions were interspersecd in the altitude test scries to act as
control tests. At one stage in the test series the specimen overall heat
pick up radically increased, accompanied by o chenge in wall duct air
tempcrature distribution, The indications were that a failure of the
primary insulation had occurred somewhere near the exit end of the specimen.
Inspection showed that a foamed plastic insulation panel (and attached glass
fibre blanket) had become distorted and dcteched from its frame fixings.
This breakdown provided direct and substantial leskage between the wall duct
and the aircraft skin, which affccted the air gap tewperature distribution
over most of the specimen. It was also possible that the cffective leakage
area varied between tests and that some leakage occurred carly in the
series, A repair was made in the relatively accessible arca of damage but
the heat pick up and temperature distribution were restored only temporar:ly,
indicating that further primary insulation demage mey have occurred in some
more inaccessible area (as extensive an inspection as possible had been made
but in some arcas this required stripping out all underfloor pipework,

instrumentation and secondary insulation; this was not considered practical).

For the above reasons, only the earlier tests of the series were

considered acceptable for any assessment of altitude effects.

D.5.2 Presentation of results

In Fig.D1(a),cabin inlet air temperaturcs, measured in the riser duct
and at the "ozzles" in the perforated trim are plotted against air flow and
compared with the values for Phase 4 tests made outside the altitude chamber.

Agreement between the Phase 4 and Phase 5 tests is close, the difference in



48 Appendix D

inlet temperatures at the perforated trim being attributable to the change

in cabin heat load (24 dummy passengers only in the altitude tests, while in

the ground tests there were additional live observers) and possibly due to

the change in thermometry brought about by the need for automatic recordings

in the Phase 5 tests. A comparison of specimen inlet air tempcratures (Fig.Dl(bﬁ
indicates the additional heat pick up in the riser ducts, in tests made in

the chamber, due to the higher temperature of the domed ends (seec Para. 5.1).

Wall duct temperaturcs (corrected to 27°C at level 1) are shown in
Fig.D2 and compared with the idealised values for Phase 4. Good correlation
was obtained between Runs 1 tc 5 and the Phase 4 results, while Runs 6 to 9
showed a departure from the earlier values. Repair of the specimen at this
stage (sec Para 5.1) restored the correlation (Runs 14 to 12) but thereafter
it was apparent that further primary insulation breakdown had occurred
(Runs 13 and 14). Later tests, not recorded, showed that still further

deterioration had occurred.

It is apparent that only Runs ] to 5 and 10 to 12 may be used with
confidence. The variation of primary wall insulation transmittance with air
flow is shown for these runs in Fig.D3(a). The departure from the Phase 4
results is attributable to the additional temperaturce rise in the riser duets
in the domed ends. Correction for this additional heat pick up produces the

points shown in Fig.D3(h),which agree well with the Phase 4 results.

D.5.3 The effects of altitude

Control tests made under ground level conditions have been identified in
Figs.Dl to D3. It can be scen that within the limits of experimental scatter there
is no detectable difference between the internal heat transfer processes at

ground level and at a cabin altitude of 6000 ft.

An attempt made to measurc the low cabin air velocities by remote instru~
mentation was not successful but it is evident that the velocities at any
particular air mass flow must be increased at the reduced ambient pressurc
corresponding to a cabin altitude of 60UO £t. No evidence was available on
the subjective effect of this combined velocity and density change, however
it is thought that to some extent the effects will tend to be self cancelling.

D.5.4 Further comments

The primary insulation breakdown experienced in the tests was dircctly

caused by the need for pressure relief across the primary insulation when the
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cabin altitude was changed. Evidently, direct alr leckage between the
outer (static) air gep in the insulation, and the inner wall gap, which was
expected in the baggage compartment where the primary insulation had no%

been repalired, was ilnsufficient.

The extent of the primary insulatlon daemage was accentuated by the

embrittled state of lhe foamed PVC inculation,

Bearing in mind thet in the 20 £ length of tae test specimen the
total volume of the outer air zep was of the order of 80 cublic ft, it would
appear essential that if an air gop is included in the primary insulation
then a suitable method of pressure relicf shorid be incorporated in the

design.
Conclusions

The tests showed that no difference in overall heat transfer in the
specimen was detectable between the ground level, and the 6000 £t altitude

tests.

No obscrvers took part in the tests but it is considered that in view
of the low cabin air velocities heat transfer f{rom the pissengers may be
mainly by natural convection processes, in which cose the change in ambient
pressure may affect these precesses and hence intluence confort. (See
Para.9.7 of the main text.)

The tests showed the need to provide some means of precsurc rclief

-

across the primary insulation if a static air gep is incorporated in the

primary insulation scheme.
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PHASE 6 ~ THE USE OF JETS FOR INTRODUCING CABIN COOLING AIR
TRANSIENT CASES - SCHEMES E AND F

BE.1 Introduction

Though it was evident that further tests on the cabin specimen
would be of limited value for heat transfer investigations, because of the
deterioration of the primary insulation, the opportunity was taken to investi-
gate o final air distribution scheme in which air was introduced into the cabin
through nozzles, jet entrainment being an important part of the cabin condi-

tioning process,

E.2 Specimen and test rig

Scheme E

For these tests a hat rack was refitted to the specimen, epproximately
30 inches wide and 5 ft above the cabin floor level. All perforations in
the perforated trim of the previous air distribution scheme were blanked off
and the duct used as a panifold for supplying air to the nozzles, Jjust below
the hat rack, in the manner shown in Fig.El(a). The starboard sidc of the
cabin was provided with diserete nozzles, %-inch diasmeter and at 2 inch
pitch with centres 5/16 inch below the hat rack. Initially the port side
of the specimen was provided with a continuous slot which could be varied
from 1/16 inch to 3/16 inch width. ILater this slot was dispensed with and

the same arrangement used as was on the sterboard side.

dn both sides "half round moulded wooden section strips werc fitted
to the underside of hat racks, as shown in Figsjﬂ(a) and (b), to induce

some turbulence and possibly induce better mixing of cabin and nozzle air.
Scheme F

This scheme was an improved version of Scheme E. The perforated trim
was removed and all holcs in the inner longitudinel ducts sealcd off,
Connection to the nozzle manifold was by 1 inch diameter pipes sufficicnt
in number to ensure choking at the nozzles. Thesc short connecting pipcs
and the longitudinal ducts were then insulated with approximately an inch

thickness of glass fibrec mot.

The strip lights, proviously located under the translucent perforated
trim cloth were removed to their earlier position (Schemes A to €) necar the air

exit in the roof.
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During the series, the %-inch nozzles were opened out first to 9/52 inch

and finally to 5/16 inch diameter.

Finally, the roof discharge grille was covered with & thickness of
woven nylon cloth to reduce radiation from that source. In most of the tests
air was expelled from the cabin from both the roof and floor discharge
grilles,

Three simulated windows, consisting of perspex panels fitted with
electrical heaters (variable) were installed to determine the effect of

window surface radiation on passenger comfort.

E.3 Instrumentation

The instrumentation was similar to that used in Phase L tests. The
control thermometer was restored to its eerly position near the centre of

the cabin.
E.4 Procedure
Scheme E

The required air flow was set up with the nominated ratio of roof to
foot discharge and the cabin control temperature raised to the required
value. This usually required supplying air to the cabin at about 35°C for
a half hour. The observers then entered the specimen and the dummy men
were switched on to give full passenger load. The contrcl temperature was
then maintained at its preselected value (by adjusting the inlet air
temperature) for onc half hour, with the specimen skin at ambient temperature,
representing the take off and climb. At the end of the period the radiant
heaters were put on to automatic control and the skin temperature raised to
approximately 115°C in about 10 minutes, representing the acceleration phase
of the flight. Skin temperature was then held constant for 2 hours 20 minutes
to represent the cruise while the cabin inlet temperature was reduced to keep
a steady control temperature. At the cnd of the cruise period the radiant
heat was switched off and readings continued for a further 20 minutes to cover

the descent period.
Scheme F

In these later tests the short term rise in air supply temperature,
which occurs when the engines are throttled back at the beginning of descent
was represented. This was arranged to occur simultaneously with switching

off the radiant heat.
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At the time of testing it was intended that in normal flight, air should
be obtained from four cooling systems operating in parallel. Should one system
feil the remaining three systems would continue to supply cooling air but
somewhat reduced in quantity. In a number of the tests, a one in four system

failure, after one hours cruising, was represented,
E.5 Results

The tests are summarised in Table 1. Results for a seiection of tests are

given in grephical form in Figs.E2 to EiZ2.

E.6 Discussion of results

E.6.] The use of nozzles

The merits of using this method of introducing ventilating air into the
cabin were substantiated by the tests. The quantity of ambient air entrained
by the jet mey be quite large compared to the quantity of "primary" air, and
as near as 6 inches from the nozzle entrainment factors may te as high as 8 : 1
(Ref.2) for conditions such as existed in the tests. Thus the temperature of
the mixed sir approasches that of the ambient (entrained) air, while its
veloecity decays rapidly. Some jet temperature and wvelocity profiles are
given in Figs.E2 and E3 respectively and in Pig.E5. The velocities are maxima

(i.e. on the jet axis), the average velccity being sbout ore third of the maximum.

The mechanism of entrainment induces a circulation of low velocity air

over the passengers while the direct jet passcs above head level.

Another advantage of this method of introducing cebin air is that the
final mixing of the air is done in the cabin. Thus a relatively small flow
of cold air is ducted to the cabin rather than a larger flow of mixed air with

its higher duct losses.

E.6.2 General comments

The test runs showed that reasonably good cabin temperature control was
achieved, using menual control based on previous experience. The indications
are that, because of the thermal capacity of the cabin, a pre-programmed inlet
air temperature would probebly be an effective means of providing a reasonably
constant cabin temperature for any given flight plan. The programme selected
would vary with the number of passengers and the initial conditions before

take off (idealky the latter should be obtained by ground conditioning). Some
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normal subsonic type automatic control might be superimposed to allow for
general variations in passenger metabolic heat output, e.g. at night the
passenger metabolic rate might be expected to decreosc wnile at meal

times one might expect a substantial increcase in mcotabolic rate.

F.6.% Comments on Scheme E tests

The first series of tests showed a marked improvement in general cabin

conditions when compared with cerlier tests (Appendices B and C).

With provious schemes the minimum alr supply capable of maintaining
satisfactory conditions overall, including the aisle, was Lo lb/min (Scheme D).
With the nozzle system, conditions throughout the cabin became more uniform
and discomfort in the aisle at low mass flows was alleviated. It was found
that with a total air mass flow as low as 29 1b/min (at a countrol temperature
of 22°C measured in the aisie) cabin conditions were comfortable throughout
(Figs.B4 and E5). There was no marked cooling of the ankles in spite of the
fact that up to 17 lb/min of the alr was discharged at the bottom of the

walls.,

With a total air flow of 23 lb/min, with 8 1b/min discharged through
the roof (control temperature 24°C) observers in the cabin were conscious of
a feeling of "stuffiness", more particularly in the aisle (Figs.E7 and ES).
This was thought to be due to a combination of recduced alr movement at head
level in the aisle combined with greater direct radiation from the roof
grille and the roof primary insulation visible througn the grille. It was
considered bhat this condition was only marginally comfortable over a

complete flight but was more than adequale as an emergency condition.

With 3 lb/min of air discharged through the roof and 17 lb/min discharged
through "Foot discharge" grilles, the undesirable features of the previous
condition were emphasised and though conditions were adequate for a part
system failure case, they werc not sufficiently comfortable for nornel opera-

tion over a long period.

E.6.4 Limitations of Scheme E tests

Cabin conditions may have been influenced by the fact that dircet
radiation could be felt from the roof primary insulation through the roof
discharge grille, though this may have been offset by the cold surface of

the uninsulated duct (i.e. "perforated trim") above the luggage rack. In
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addition, there was certainly some (unknown) leakage from the latter duct

which diffused into the cabin at the expense of the nozzle flow,

E.6.5 Comments on Scheme F tests

These tests, on a more representative installation, were wmade to confirm

and extend the previous investigation with Scheme E installed in the cabln.

There was a noticeable improvement in conditions in the aisle and in the
seats adjacent to the aisle from the provision of a nylon cloth radiation

barrier over the roof discharge grill, particularly at low air flows,

In general, conditions were found to be most comfortable at a control
temperature of 24°C. Total air f£low could be reduced to 25 1b/min, with
10 1b/min through the roof exit, with no thermal discomfort. Under these
conditions some observers complained of slight draughts in the aisle seats
apparently due to residual velocity from the jets on the cpposite wall (see
comments of Table 2 which apply to & 29 1lb/min case).

Observers seated adjacent to a sirulated window were gquite conscious
of the thermal radiation from its surface which was maintained at about
8°C above general cabin wall temperature. Evidently a smeller differcential
must be achieved in an actual aircraft.

E.6.6 One in four system failurc

Practical difficulty was experienced in maintaining the same specimen
and cabin air inlet temperatures when simulating a quarter system failure
(see Figs.E9 and E10) due to the thermsl inertia of the ducting etec, and inter-
action of wall and floor discharge. However, in general, cabin temperatures
rose approximately 2%°C in the first fiftcen minutes after failure and taen
increased at a slower rate uncil after about 1 hour the tomperature stabilised
at spproximately 5°C above the original (full air flow) condition. It was

considered that these conditions were not unacceptable in an emcrgency.

E.6.7 End of cruise conditions

The temporary increase in system delivery temperature at the beginning
of "descent™ (about 10°C) caused the general level of cabin tcemperatures to
rise almost linearly to e maximum of 5°C above the end of cruise level and

then fall at the seme —ate in the case of Run 9 (Fig.El12). The moximum tempera-

ture was reached in 12 minutes. In tests where skin heat was cut simultaneously

»
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the momentary temperature rise was not as great and was of shorter

duration.

In most cases the observers were hardly aware of the temperature
rise before it commenced to drop, perhaps due to the thermal inertia of

their clothing. Certainly any discomfort was momentary.

£.6.8 Complete system failure

During Test 4 there occurred an inadvertant failure of the air
supplics and the opportunity was taken to record the cabin tempweratures
after failure (Fig E8). Skin heat was kept on, simulating the worst
possible condition. It was evident that an appreciable time was avail-
able for corrective action, A failure case is discussed in more detail

elsewhere (Appendix F).

E.6.9 Limitations of Schemec F tests

Progressive deterioration of the specimen took place as the test
programme proceeded. The main deterioration was in the condition of the
primary (foamed PVC) insulation above the roof discharge grille, which
was exposed on stripping down the specimen on coupletion of the tests.

Tt was believed that the deterioration was accelerated by prolonged tests

with low air flow through the roolf discharge grille.

Insulation break down in the roof resulted in substantial heat
leakage into the wall gap. This gave higher wall duct alr temperatures
and consequently somewhat higher cabin well temperatures. The cffcct is
illustrated by comparing data for two similar tests as in Table 3. It is
thought however that cven the later tcsts gave a good indication of cabin
conditions and, the limiting air flow of 25 lb/min probably still applies
though, without leakage, it could possibly have been introduced into the

cabin at a somewhat higher tomperaturec.,
E.7 Conclusions

The use of nozzles mounted beneath the hat rack scemed to be a very
effective way of introducing conditioning air into the cabin. Alr penetra-
tion and circulation was improved generally over previous schemes. It was
found possible to effectively air condition the 20 ft X 12 £t dieameter
cabin with air flows as low as 25 1b/min, the cabin control temperaturc

being 24°C and 10 1b/min of the air being discharged through the roof.
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The quantity of air discharged through the roof did not appesr to be par-

ticularly criticel as long as it was kept above 10 Ib/min,

Tests representing complete flight plans indicated that the severe
conditions at the beginning of descent caused little or no discomfort to the

passengers.

Failure of one in four of the aircraft cabin air systems supplying an
initiel 25 1b/min of air caused the general level of cabin tomperature to
rise approximetely 5°C but the conditions were considered to be quite reason-

able in an emergency.

It sppears quite feasible to programme inlet alr tcmperature to suit
any flight plan, allowing for the initial cabin conditions end the passenger
load, though e temperature control system would still be reguired, to cater
for veriations in passenger metabolic heet and in solar radiation through the

transparencies,

An 8°C differential between transparency surface temperature and general
cabin wall temperature is not compatible with passenger comfort and efforts

should be made to reduce this differential.



Table 1
Summary of Scheme E and F_tests
; Alr flow control
1b/min tem
; Test Nce Object p Remarks
i Root | Flecor o
Scheme E_tests

1 Flight simuletion froem groaund to start of descent 19 16 N All runs were primarily subjective, major temperatures
; in all cases, with varying &ir flows. recorded In each cases

2 12 17 20 Run 2 resilts given in Figs«EL and E5.

3 12 17 20

L 8 15 2324 Inadvertent cooling alr failure, Skin temperature main=

tained for {0 minutes and rec*rds taken, Results
given in Figs,E7 and E8,
i 5 3 17 270
Schame F_tests
6 As spove with 1 in L system faflure, Before faflure | 11.5 18 o240
dguring flight After failure 3 17
7 D1sto trem 1160 | 18.5 24° | Results glven in Figs.:9 and E10.
to 545 16.5
8 trom | 29 220
T 20
9 }Test includes mementary inlet temperature rise 29 259 Results given in Figs.E11 and E12,
ai ccmmencement of descents

10 12,5 | 12.6 |24-25°

11 from | 1h 10.5 257
! to 6 10
1
112 from | 23 6 25%
’ to {11

7 xrpusddy

LS
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Table 2

Subject comments - Test No.7

Seat numbering

P = Port
S = Starboard
Numbered from front
W = Wall seat
A = Aisle seat

S1A

Before failure

Quite cool, Left side slight draught on arm. therwise quite comfortable

Just sufficient air movement. 1In aisle, draughty to head.
S2A

11.15 Noticeable noise from air inlet holes.
Genersally comfortable., Wearing Jjacket etc - no pullover,
No draught at head level.

No feeling of stuffiness.

12.40 Feel slightly warm and stuffy.
Reduced noise from distribution system.
No draught.

554

11.15 Temperature comfortable but slight draught on face adjacent to aisle.

Nozzle noise noticeable. Slight draught on knees.

11.15 Mean air temperature is good.
Wall seems to be hot.
Window seems to be too hot.
Light draught at feet and knec level,

Nozzle noise is quite "sensible”,

S6A  Ambient temperature good. A little cold at fozb level
Slight draught on face from time to time,.
Distribution of noise identical to aerodynamic noise at front end of

Caravelle,

a1t
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Table 2 (Contd)

P3A  (Experience showed that this subject favoured somewhat warmexr conditions

than average.)

11.710 Jacket off, sleeves rolled up.
Body temperature comfortable. Scnsation of cold air movement on right
side of head and right amm.
If seated for long would require jacket to obviate discomfort.to right
arm and sh-ulder. No scnsation of air movement whatsoever on left side

of head.

12.40 Very slight sensation of air movement on right side of head and right
arm,
Completely comfortable with jacket off and sleeves rolled up.
No air movement on left hand side.
Slight suggestion on left of radiant heat from tin men.

Body temperature warm but not uncomfortable.

P5A  Distinct draught from the aisle.

General temperature level guite comfortable. (A general sensation of
air movement is desirable but this is probably a shade excessive for
most people.)

Foot temperature a shade too low, Left hand side of face always seems
warmer then right hand side even when leaning forward away from the

tin men.

After failure

Greatly reduced draught from aisle - just enough to be comfortable.
General atmosphere not too stuffy. Temperature level quite comfortable

provided one is seated. Foot temporature satisfactory.
PEA

11.10 Shirt sleeve order,
Good smoke dispersion.
Plenty of air movement but I like this,
Slight coolness of right arm.
Quite comforteble.
Slight coolness of ankles.
Small reduction in veloeity may be beneficial.



Table 3

comparisen of cabin condjtions duripg similar
Bests before and efter development cof heat leskege in roof

Appendix E

Measurements made spproximately 14 hours after start of acceleration

Alr flow Air inlet temp Cabin alr temp Wall Wall duct No. of
1b/min o Sc surface mean temp passengers
Test run Afsle | atsle temd | revel | Level
sle
Roat | Floo n | Contre 2 Live| Dummy
T | Floor | Specimen| Cabi trel globe alr -C 3 L
2 12 17 -8 9 23,5 22,5 21 30 3 38 71 2
7 1 18.5 -7 6e5 2445 2345 2 37 b1 L2 1 l 2
ﬁote
1 The difference in cabin air inlet temperature in the two tests is due to improved ducting insulation

incerpsrated for the later tests.

2 The wall temperatures were reecnrded ever two frame pitches adjacent to Starboard Seat 3 at about
The wall

shoulder (seated) level and could be influenced by the exact pasition of adjacent dummy men.
duct alr temperatures give a better indication of the leakage in the roof primary insulation.

3 Level 3 is 44 £t from floor level.
Level [, 1s 1 fU frvm floar level.
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CABIN TEMPERATURES FOLLOWING COMPLETE SYSTEM FAILURE ~ SCHEME D

F.1 Introduction

Some disquiet was felt about the effect of complete failure of air
supplies on thermal conditions in the cabin of a supersonic aircraft when
cruising at M 2.2, The test described was devised to determine the rate of

deterioration of cabin conditions in such a case,

F.2 Specimen and test rig

The specimen and test rig were as described in Appendix A, Ventilstion
Scheme D was installed at the time of the test, but the type of ventilation
scheme should have & negligible effect on conditions after failure of air

supplies.
F.3 Procedure

With a fuselage outside skin temperature of 105°C and full internal
hegt load, cooling air mass flow and inlet temperature were set to values
known from previous tests to give comfortable conditions (at g control
temperature of 24°C). Temperatures and cabin heat pick up were monitored

until it was established that conditions within the cabin were stable.

Complete failure of the cabin cooling system was then simulated by
closing the valve in the cabin supply duct. Mean outside skin temperature
was meanwhile kept at its original value. From the time of system failure,
temperatures within the specimen were recorded at 1 minute intervals for

16 minutes by four observers. Wall temperatures were rccorded automatically.
F.4  Results
Conditions before simulated faillure were as follows:-

Mean outside skin temperature 105.6°C

Total cabin air mass flow 57 1b/min

Proportion of air discharged through floor discharge grilles 18%
Cooling air inlet temperature 16.2°C

Cabin control temperature (at roof) 24°C. Humidity approx. 15% RH.

Remaining temperatures before system fallure are included in the attached

tables.
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The internal heat loads were as follows:-

Roof lights 6 off 80 watts = 480 watts
Reading lights 12 off 15 watts = 180 watts
Recorders, etc = 180 watts
Under floor lighting = 00 watts
Dummy passengers - 24 off at 110 watts (nominal) = 2640 watts (measured)
4 observers each assumed to dissipate 110 watts = Wb watts
Total heat load = 3980 watts.

Cabin air temperature histories from just before failure to 16 minutes
after failure are recorded in Table 1. Cabin wall surface temperatures are

given in Table 2,

The more important results are presented graphically in Figs.F1 and F2.
Due to thermal inertia the globe temperature values probably lag behind the

remaining temperatures and, therefore, they have not been plotied.

.5 Discussion of results

The rate of increase of cabin temperature after system failure with the
aircraft skin kept at a nominal 110°C is shown in Fig.F. The initial humidity
was 15% RH, but measurements were not made after failure since the number of

human passengers (4) was unrepresentative.

At 5 to 10 minutes after failure of the system, the observers found it
desirable to remove their jackets, but thercafter, conditions did not deteriorate
so rapidly and even after 16 minutes, conditions, though hot (34°C at a seat
position), were far from unbearable. Initially, the temperature rise at a
seat position was about 1°C per minute, but later it decreased to about 0.5°C
per minute, At the end of the test the inside wall trim temperature was 38°C
at head level decreasing to 34°C at foot level and the radiation effect to a

seated subject was not very noticeable.

The results show that complete failure of the cooling system would not
be catastrophic from a thermal aspect, and indicate the order of the time
permissible for corrective action. The problem of maintaining pressurisation

after cooling system failure requires scparate study.
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Table 1

Cobin air temperatures efter system failure

63

Time after Temperature °C

system ; _ .
LTS | poor [S47 shove | % above | 5" above | o | oot | seas
h floor gtbda | Port

-4 23,6 23.0 22.5 21.5 23.5 22.0 |23.0

] System failure

1 24,4 2k 4 23.6 21.6 23.5 26.0 [25.6

2 26.1 25.7 247 22.5 23.8 26.0 |27.0

3 27.8 27.2 26.0 23.0 2h.2 26,6 128.3

L 28.3 28.5 27.3 23.5 2b.7 . 1 27.0 |29.4

5 29.2 29.5 28.4 24,0 25.5 28.0 |30.6
6 3.0 30.4 29.2 ek.5 26.1 28.0 {30.85

7 30.6 | 31.0 29.8 2k .7 26.8 29.0 |31.1

8 3.1 z1.7 30.5 25.0 27.5 29.0 |31.1

9 31.9 32k 31.2 5.2 28.2 29.5 |32.0
10 33.1 33.0 31.8 25.4 28.¢ 30.0 {32.5
11 33.6 | 33.8 32.5 25.7 29.7 30.5 |33.3
= 33.€ 34 33.1 25.8 %0.3 31.0 |33.6
13 34.7 35.0 33.5 2€ .2 31.0 1.5 (341
14 35.3 | 35.5 34.0 26,5 31.5 32.0 |34.k4
15 36.1 35.9 34.5 26.5 32.0 32.5 {551
16 L56.4 ; 36 .4 35.0 26.9 32.6 33,0 ({35.0
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Table 2

Trim temperatures* after system failure

Time Temperature °C

after

system Trim cloth temperatures Air outlet | Under

failure to recirc. floor
min hag 4B9 heo 4p9 2c9 3¢9 1C10 | - in roof air
-1.30 28.0 4 28.51 28.5| 30.0| 27.0 | 27.0 | 26.0 24,5 26.0
-0.30 28.0 | 28.5| 28.5| 3%0.0| 27.0 | 27.5| 26.0 25.0 26.0
0.20 |28.0 ] 29.0} 28.5| 30.0| 27.0 | 27.0 | 26.0 25.0 25.5
1.20 |29.0 | 29.0| 29.0| 30.0| 27.0 | 27.5 | 26.0 28.5 26.0
2.10 30.0 § 30.0| 29.0| 29.0| 28,5 | 28.0 | 27.0 30.0 26.0
3.10 32,0 | 32.0| 29.0| 30.0| 28.0 | 28.0 | 27.0 32.0 26.0
4. 00 33.0 { 32.0| 29.0| 30.0| 28,0 | 28.5 | 27.0 33.0 26.0
5.00 34,0 | 33.0! %0.0{ 3%0.0}| 28.5}| 28.5 | 27.0 34.0 26.5
5.50 |34.5 | 33.5| 30.0| 30.5 | 28.5 | 29.0 | 28.0 34,5 28.0
6.40 35.0 | 34.0| 30,0} 31.0| 29.0 | 29.0 | 28.0 35.5 28.0
7.40 36.0 | 34.5) 31.0{ 31.0] 29.0 | 29.0 | 29.0 36.0 29.0
8.30 |3%6.5 | 35.0| 32.0! 32.0| 30.0| 30.0 | 29.0 36.5 28.5
9.20 37.0 | 36,0 32.0| 32.0 | 30.0 | 30.5 | 29.5 37.0 29.0
10.20 38.0 | 36.5| 32.0| 32.0 | 30.5 | 30.5 { 30.0 38.0 29.0
11.10 38.0 | 37.0| 3.0 32.0 ] 31.5| 31.5 | 30.0 38.0 29.0
12.10 38.5 | 37.5| 32.5 | 32.5 | 32.0 | 32.0 | 30.5 38.5 29.0
13,10 [39.0 | 38.0| 33.0| 33.0| 32.0| 32.0 | 31.0 39.0 29.0
14,10 [39.0 |{38.5]| 33.0 33.0 | 32.5 | 32.5 | 31.5 39.0 29.5
15.00 39.5 | 38.5 | 33.5 | 3.0 | 32.5| 32.5 | 31.0 39.5 29.0
16.00 4Lo.0 | 39.0 | 33.5 | 34.0 ; 33.0 | 33.0 | 32.0 Lo.o 29.0
16.50 '40.0 | 40.0 ; 3k.0 | 34.0 1 33.5| 33.5 | 32.0 4o.0 : 29.0

*Note: Two air temperatures recorded on the same chart are also included in
the Table,
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SYMBOLS

total heat pick up in the specimen
M Qp (T5 - T]) corrected for heat pick up between X and Y
(see Fig.2)

total internal heat load (i.e. instrument heat, dummy passenger

heat, lighting and observers metabolic heat.)

total heat intake through the specimen walls

r - Qynt

total cabin heat pick up

_— _ + _ < ™

(1 -x)M™ cp(T4 Tg) x M cp (Tua Te) (see Fig.2)

cabin internai heat load

heat through the secondary insulation and floor and by leakage
directly into the cabin
Qpg - Qint(C)

floor beam heat leakage into the wall cooling duct
floor beam heat leakage directly into the interior of the cabin

specimen curved surface area through which all heat is assumed

to pass
specimen mean curved surface temperature
mean cabin air temperature
general expression for wall gap air temperature
temperatures at various locations in ducts (see Fig.2)

mean temperatures at various levels in wall cooling ducts
(see Fig.C2, Appendix 0)

effective mean temperature difference from specimen skin to the
centre of the wall cooling duct

wall cooling air temperature risgse due to floor beam heat
leakage into duct

total specimen air mass flow

fraction of total mass flow discharged through floor discharge

specific heat of air at constant pressure

0.24 CHU/1b °C
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n

i

SYMBOLS (Contd)

specimen overall heat transfer coefficient

Qo/ag(Ty - Tpy,)

tabin overall heat transfer coefficient

Q/Ag(Tg - Tey)

installed primery insulation transmittance

Q/ag (Tg - T,)y

primary insulation transmittance corrected for floor beam heat
leakage into the air duct

(@ - )/ (Tg - T0)y,

primsry insulation transmittance fully corrected for heat leakage.

The value obtained from panel tests5 was used, and QLC could be

determined from

(Q - Q- @ )/a, (T - 1)y,
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FIG 2 ARRANGEMENT OF SPECIMEN IN ALTITUDE CHAMBER (SCHEMED SHOWN)
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FIG 10. CABIN CONDITIONS COMPATIBLE WITH
PASSENGER COMFORT
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economical in cooling air mass flow, to provide overall passenger
thermal comfort,

The insulation and cooling scheme for the cabin wall was evaluated
and the amount of heat leakage in the test specimen established,
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