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SURHARY

Thermal conductance tests have been mede on a number of insulation
assemblics far the cobin wall of & supersonic transport aircrcft at outer skin
temperatures in the range 90-120°C, In ail cases the test specimens were
assembled onto structure representing the fuselage wall. In addition tests
were madé ch & representative fuselage to floor beam joint, The results of
the tests are prescnted ard discussed, and the problems of insulating hot cabin
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1 INTRODUCTION

In order that an efficient cabin cooling systom may be provided on & high
speed aircraft, an accurate assessment must be mande of the heat load on the
system. One of the major heat loods is the heat thet flows into the cabin as a
result of aerodynamic heating of the skin during high speed flight, This heat
load can be reduced by the application of thermal insulation to the cabin well,
but the weight of this insulation should then be included in the cooling system
wcight for assessments of overall design efficiency. In order to obtein the
optimum distribution of weight between the insulation and the system and to
assess the heat load on the system knowledge is required of the thermal
resistance of the cebin wall insulation.

The cabin walls freguenily have structural members extending from the
hot aircraft skin into, or even through, the thermal insulaetion assembly.
These members prescnt little reszistence to heat flow, campared with the
insulation resistance, and 1t is difficult to caleculate their effect on the
thermal resistance of the composite structure and insulation assembly. A
similar problem is cnccuntered’ with the physical attachments of the insulation
to the cabin wall structwe. These factors make it imprecticable to derive
accurately the thermal conductarce of a combined structure and insulation
assembly from basic conductivity informmation, and recourse must be made to
experiment or empirical fommulae derived fram experimental results,

In order to investigate the problems of thermal insulation of hot cabin
walls a series of thermal conductivity tests was msde on specimens representing
the fuseloge passenger cabin of a sugcrsonic transport aircraft with an outer
skin temperature in the range 90-120°C. The tests were made in conjunction
with an investigation! using electrical analogue technigue and thermal tests?
with a 20' long x 12' diameter insulated cabin test specimen. All the
conductivity test specimens were 3' x 3' in area and the insulation scheme was
deaigned to include an integral cooling ailr passage. This type of wall
insulation and cooling scheme was selected for the test progrange as & result
of a study? which indicated thet at skin temperatures above 100 C wall cnoling
wos more efficient then bulk insulation from the aspects of overell sysiem
design and passenger comfort. Consideration was mainly confined to the primory
insulation between the outer skin and the cooling air passage.

Tire investigation was planned to:

(a) devclop & good insulation assembly of low weight and small thickness,
using a limited range of currently available insulants,

(b) determine the thermal conductance of the assambly,

(¢) Investigate the effect of low thermal resistaence paths within the
insulation,

(&) Investigate the effect of mounting and attachments,

(e) detormine that the temperatures of the various insular layers were
acceptable from the aspect of material degradation. .
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A total of seven specimens was tested of which six represented general
fuselage wall construction ard one contained a floor beam to fuselage joint.
In order to obtain a representative result it was decided that the test
gpecimen must contain at least one fuselage frame pitch and a pitch of 22" was
selected as typical for this dimension. To reduce end effects a test specimen
at least 50% greater in size was desirable and a size of 3' x 3! was selected
to allow the tests to be made in an existing test rig which was available for
the work and required only slight modification to accommodate the wall cooling
type of insulation scheme proposed. In order tc ensure that specimen construction
and assembly were typical of aircraft standards the specimens were designed and
manufactured by Bristol Aircraft Ltd (now the Falton Division of British
Aircraft Corporation (Operating) Ltd).

2 TEST RIG

2e1 Description

The tests were made in & 3' x 3' thermal conductivaty test rig of guard
ring type which had been developed for the purpose of testing homogeneous
insulation materials. Basically this rig consists of an inner light alloy
open topped box 3' x 3' in area and 9" deep, provided with adjustable brackets
for support of e test specimen which forms a lid to the box. A 1.8 kW ~
electrical heater element formed from 19 s.w.g. nickel wire mounted on a
3' x 3' compressed asbestos frame is mounted inside this inner box and is the
main heater for the conductance tests. This heater is powered through an
8 amp varisble voltage transformer from the laboratory A.C. mains either
directly or through a stebalised voltage transformer. As shown in Fig.1, the
inner box is mounted on 2" long compressed asbestos supports inside an outer
metal box of similer design but 3'4" x 3'4" x 11" in size with the space
between the two boxes filled with mineral wool insulation. On the outer
gides and base of this outer box are mounted guard heaters formed from evenly
spaced Pyrotenax heating cables. The heating csbles round the four sides of
the box fom one electric circuit and the base heater forms a second, both
circuits being powered via 8 amp variable voltage transformers directly from
the laboratory A.C, mains. A total of 32 copper-constantan thermocouples are
attached to the outer surface of the inner box sides and base and 32 to the inner
surface of the outer box sides and base, in such a mamner that when the two
boxes are assembled the couples are in adjacent peirs across the gap.

As shown 1n Figs.? and 2, this guard ring box, containing the inner box,
the specimen and main heater, is mounted inside a compressed ashestos box
316" x 3'6" x 12"on 1"compressed asbestos spacers and with the intervening gap
filled with mineral wool. This outer box prevents excessive heat loss from
the guerd heaters and reduces the injury hazard to personnel examining the
specimen when the test rig 1s operated at high temperature.

An air supply for the wall cooling duct within the test specimen was
obtained fram an clectric fan supplying a 6" dia plenum chamber at the duct
entry through a flow control valve, & variable cutput electric hecater and an
orifice plate for flow measurement section. Both the air supply ducting and
the plenum chamber were well legged to prevent temperature variation in the
inlet air. A similar lagged plenum chamber was connected to the specimen wall
cooling duct exit but this chamber exhausted directly to atmosphere. A
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radiation shield of aluminium foil was mounted sbove the test specimen to
reduce heat transfer from the surface by radimtiom to the laboratory end a
variable speed fan was mounted above the test specimen to give an eir
movement equivalent to that within an aircraft cabin (< 40 ft/min).

2:2 Instrumentation

2.2.1 Electrical power Input power to the main heater was measured on
a Cambridge sub~standard multi range wattmeter, The power supplicd to the
guard box hecaters was not recorded.

2.2.2 Airflogr The masg airflow to the wall cooling duct was measured
with a standard orifice plate with D and D/2 tappings leading to water
mancmeters. The airflow ebove the test specimen was measured with a velometer
and the fan adjusted to give a reading of 30-40 f4/min.

2.2.3 Temperature In general temperatures in the test rig and test
specimen were measured by means of copper-constantan thermoccuples cennected
through oyclic switch boxes to a Honeywsll Brown continuous chart recorder
Type Y153X62(PSD 12)-i-50V or an equivalent recorder. For the neasurement of
metal surface temperatures the thermocouple junctions were formed by flash
welding the individual wires to the metal surface at a distance of 3" - 3"
apart. On non metallic surfaces, the thermocouples were beaded and the bead
cemented to the surface with a suitable adhesive. In all cases caution was
exercised, espccially in the case of thermocouples within the test specimen
insulation, to ensure thet the wire from the junction followed an isothermal
path for some distance from the jJunction to reduce the possibility of false
temperature readings duc te heet conducticn along the thermoccuple wires.

The measurement of the temperature of the wall cooling air at inlet and
outlet and the temporature change between the two causcd crnsiderable
difficulty and no really satisfactory method was devised. The reason for the
diffaculty was thet the air duct in tho specimen was same 36" long by 1" deep
and stray hcat flow fran the test raig was comducted into the plenum chamber-
duct junotion. ‘Initially three thermocouples were located at equidistant
positions in both inlet and outlet ducts and switched either to record mcan
inlet and outlet tomperatures on the recorder or to form a clesed thermocouple
loop and record the temperature difference on a millivoltmeter of O ~ 1.5 mV
range. Subsequent to the tests on panel 2 these thermocouples were supplemented
with resistence thermameter scresns formed from 0.030" diameter high-a nickel
wire wound on rectengular frame formers of flexible fibre sheet. These screens
were built into bridge networks end were calibrated wner controlled conditions
before installation. The indication of temperature rise from these resistance
wire screens was assumed to be more accurate than the difference in thermocouple
readings.

23 Teat vrocedure

The spceimen was fitted with thermocouples, installed inte the
conductivity test rig and the cooling air duct plenum chambers were assembled
into position anmd lagged. After a check on all instrumentation the main and
guard heaters werc turned on and the specimen raised to the required
temperature: at the sem¢ time the cooling air temperature and mass flow wore
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adjusted and the "cebin air" circulation. fan energised. As the required
specimen skin temperature was approached the main hester power was slowly
reduced until quasi stability was obtained. During this setting up period

the guard heater controls were constantly adjusted to maintain thermal
equilibraum between the inner and ocuter test rig boxes. The heater supply was
then selected from the stabilised voltage supply and final adjustments made to
the cooling air controls and guard system. After a settling period of one
hour during which time a check was made that stability of temperature in the
specimen was within acceptable limits, the instrument records.were taken over
a further poriod of at least one howr at 15 minute intervals.

After considerable trcuble in obtaining stability it was fcund that the
simplest procedure was to carry out the setting up procedure during the after~
noon and allow the specimen to settle dewn under constant conditions overnight.
The next morning minor corrections could be made and the required degree of
stability of less than 2% hour skin temperature change, could then be obtained
and the test run completed during the morning. In the afternoon new conditions,
such as a change i1n cooling air mass flow or temperature, could be selected,
the heater controls adjusted and the specimen restabilised ready to settle in
overnight for a test run the next morning.

Due to the high ratio of rig-specimen thermal capecity to main heater
power the control was sluggish and any attempt to get guick results emded in
failure. Although the method of test used was slow, in that 1t teok about
3 weeks to test a specimen, 2t was found by experience to be the only
acceptable method,

3 DESCRIPTION OF SPECIMENS

3.1 General fuselapge specimens

3.1.7 Panel structure The magjority of the specimens representative of
the general fuselage insulation were assembled onto metal structures represent-
ative of the proposed construction in the forward fuselage of the Bristol 198
trangpart sircraft. The panel structure comprised a light alloy sheet
3" % 3' x 16 s.w.g. representing the aircraft skin to which were attached
Z-section straingers, 2" x 3" x 18 s.w.g., at 6" pitch and ccmposite channel
sections representing the fuselage main frames and subsidiary frames or crack
stoppers, slotted to take the continuous stringers. There was no physical
contact between the siringers and the frame members, As illustrated in Figs.3-7
the 3" frames representing the mein structure frames were constructed from a
oI » 8" x 20 s.w.g. channcl atteched to a 18" x 2" x 20 s.w.g. angle section
which was attached to the panel skin. The 2" frame was constructed in a
similar menner but the channel section was reduced to 13" x 8" x 20 s.w.g. The
panel structure had one main frame and cne subsidiary frame mounted
symretrically on eltheor sade of the specimen centre line at a pitch of 11"
(Fag.3) and additional main frames ncar the panel odges at a distance of 11"
from the central frames, The effect of this diffoerence between panel and air-
craft laycut 1s discussed in para 5.2.

The structure used for pancl B198.4 differed sligntly in constructian in
that the composite frame construction was reploced by Z-secction frame
construction {this pancl was representative of the construction used in the
20' long cebin test< specimen). In addition the stringers were 1.15" in height
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as opposed to 3'. Pancl B198.5 represented the aircraft rear fuselage and had
composite frames 1" deeper than those in panels B198.1 to 4. The main frames
were 4" decp and the subsidiary frame 3" deep. The stringer height was t.15"
as in pencl B198.1. Haterial thicknesses and frame stringer pitch were
unaltered.

All joints in the structure were convantional riveted joints and all
the "internsal" mctal swfaces were treated with corrosion resistant paint
after assembly, The frames and stringers did not extend fully across the '
panel but werc stopped off 3" fram the panel cdges to allow assembly of a
Durestos box structure around the panel as shown in Fig.3. This box acted
as an attachment for the edges of the thermal insulation layers and prevented
circulation ‘of hot air fram the test rig heater into the specimen.

3,12 Thermal insulation The thermal insulation on all six test
panels representing the general fuselage insulation assembly was of wall
cooling type. 1In conformity with general usage the particn of insulation
between the specimen skin (i.e. outer aircraft skin) and the integral cooling
air duct is referred to as the Primary Insulation, and the Secondary Insulation
refers to the insulation between the air duct and the cabin interior. Details
of the insulation asgsemblies and the methods of attachment to the structure are
given in ¥igs.7 to 12.

In all cases the edges of the rigid primery insulation layer were ettached
to the Durestos box structure. At the entry and exit of the integral wall
cooling air passage in the insulation, formed glass cloth/plastic laminate
connector picces were fitted to duct the cooling air from and to the air
plenum chambers. The side walls of the eir passage were formed from channel
sections, of appropriate depth, securcd to the joint between the Durestos box
and the primory insulatian. The side edges of the secondary ansuletion layer
were attached to these channels and also to the duct entry and exit connector
pleces.

In addition to edge mounting of the insulation assemblies an attachment
was provided to secure the insulation assembly to one of the panel frame
members. This frame attachment represented the aircraft mounting and was
designed to give adcquate strength of attachment of the insulation layors to
the structure and also to allow removal and re—attachment of the various
insulant layers. This latter feature was required in the test specimens to
allow installation of temperature measuring devices and would be required on
an aircraft installation for inspection purposcs,

Panel B198.1 This insulation asscmbly, Fig.7, was selected as an initial
test specimen to act as & datum typical of current practice thermal
insulation medafied to wall cooling type. The primery insulation consisted
of a 2.85" Microlitc gless fibre blanket faced on i1ts outer (hot) surface
with 0.0007" aluminium foil and cemented to a 0.014" thick laminated plastic
sheet. This lominate acted as a structural support for the primary
insulation and as the outer wall of the cooling eir duct. The glass fibre
blanket was cut away to accommocdate the panel frame members. The primary
insulation was attached to the 2" subsidiary frame by light alloy bolts
secured by speed nuts to Durestos brackets spaced at 6" pitch and a plastic
specing strip was inserted above the 3" frame member flenge to prevent it
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contacting the primary insulation. The cooling air passage was 1" deep and this
value was maantained by a number of spscer colums in addition to the edge
channels and mountlng attachment Z-section member. The secondary insulation
consisted of §" Plasticell type DLO sheet. Details of the insulation material
properties are given 1in Apperdix 1.

Panel B198.2 was similar in attachment and secondary insuletion to

panel B198.1 but the praimary insulation was modified by repl:cing the laminate
with Plasticell type DLO sheet of &" thickness and reducing the Microlite glass
fibre blanked thickness to 2", An overall depth of 3,85" was retained between
the metal panel cuter skin and the air duct wall by increasing the air gap
between the mctal panel and the aluminium foil layer. These modifacations
increascd the stiffness of the primery insulation layer and the plcstic specers
required in pancl B198.1 were deleted.

As shown in Fig.8, this specimen was subsequently modified, to
penel B198.2%., by the addition of straps of " Plasticell type D40 in the
integral a2ir duct zbove the frame members.

This modifacation was mode i1n an attempt to reduce the heat flow up the
frames.

Panel B198.3 The bulk insulation layers of this panel were identical with
those of Panel B198.2 but the mounting method differcd in that attachment of
the primary insulation to the panel structure was transferred from the 2"
secondary frame to the 3" main frame end the air duct depth was incrcased
from 1" to 14", The edditional Plasticell strip in the cir gap cbove the
main frame, as developed in panel B198.2M, was reteined and the strip above
the subs:.dlary frame was transferred to a position between the frame flange
and the Plasticell sheet as sheown in Fig.9.

Panel B198.4 In this panel the bulk primary insulation was again thc same as
panels B198.2 end .3 but the method of ottachment to the main frome members was
considerably developed to be more representative of an aircraft installotion.
The secondary insulation was reduced to & ' layer of plastic sponge bocked
with a thin glass cloth laminate to proviade ragidity. Details are given in
Fig.10.

Panel B198.5 was of similar design in mounting details to panel 3 but the
thickness of the glass fibre blanket was increased fram 2" to 3" to
accommodate the increased depth of frame members armd Fibreglass materianl was
used in place of Hicrolite. The ear passage depth was reduced to 1", as shown
in Fag.11.

Penel B198.7 Tig.12, had a primery insulation assembly formed from moulded
Plasticell type Dh-5/50 sheet with & lryer of aluminised Melanex cemented to
the outer surface (facing the hot structure assembly). The secendary
insulation leyer wes identical with that used on panel B198.4. The assembly
attachment to the 3" frome was of samilir design to that used on penel B198.4.
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3.2 Tloar beam specimen

3.2.1 This test specimen, panel B198.6, was representative of the joint
between the fuseloage wall ond a pessenger cobin floor beam. It was tested to
investigate the problems associated with such major structural sssemblies
penetratang through beth the insulation assembly and the integral air passage.
Fig.13 shows diagromatically the region representod by tho test penel end
indicates how the flocr beam scts as o low thermol resistance path for heat to
flow from the hot aircraft skin through the insulation assembly into the
pe.ssenger ¢abin and under-floor ccmpartment in addition te possible heal flow
into the cooling alr passegce itself.

32,2 Dectails of pancl structure Figs.14 and 15 shows structural
detoils of the pancl with the insulction removed but with the Durcstos cdge
box in position. Additional details are given in Fig.16. The panel was a
3" x 3' x 16 s.w.g. light alloy plcote with Z-section stringers
1.15" x §" x 18 s.w.g. 28 in spocimen panel B198.5, The spucimen carried &
central main frame 4" decp with e 3" subsidicyy frome cither side, the fromes
being identicel with those in panel B198.5. Alsc attached to the skain were
two 4" deep longerons of Z-section formed froem 18 s.w.g. light alloy. The
freses, and stringors were raveted to the simulated skin and the fleor beam
longerong were attached to the skin by bolts. The floor beam was & camposite
channel formed from an 18 s.w.g. light alloy plate reinforced alceng its edges
with angle section to form a 4" x 1" channel. It was attached to the 4" frame
member and to the two Z-section longerons by means of angle sections secured
by bolts., As indicated in fig.15, provision was made in the design for the
introduction of Durestos packing pieces into all the bolted joints to allow
testing both with and without joint packing. It cen also be seen in Fig.15
that the stringers were cleated to the frame members, a feature which was not
introduced on any of the other specimens.

The flocar beam was reduced to 18" in length, for convenience in
handling the specimen, and had a representative area of floor (including a
seat rail), under-floor skin and box structure attached as shown in
Figs.14 and 16. This structure was secured to the beam by means of bolted
goints with provision for Durestos packing pieces between the metel faces,

3¢2.3 Details of insuletion The primery insulation was adentical with
that applied to panel B198.5 except whers modified to take the floor beam
(Fig.16). The mein modification was that a Durestos air passage moulding was
fitted over the floor beam, and cannected to mountings on the floor beanm
longerons. This Durestos structure shielded the floar beam from the air in
the cooling air passage and acted as an attachment for both the primary and
secondary insulation layers. The secondary insulation was a camposite glass
cloth laminate/foam plastic layer as used in panel B198.4 with the additien
of a layer of Royalite cebin trim material. The joints in this innermost
layer were covered with & copeing strip as in panel B198.4.

4 RESUINS
4ot Gerpral

113 general the teats were made at nominal skin tempgra.turesoof 10000
erd 120°C, a range of ocooling &ir inlet temperature of 20°C to 30C and mass

- 11 ~
/4



flows of 4, 6, and 8 1b per minute per specimen, This mass flow rate is
egquivalent to 1.33, 2 and 2.66 1lb/min per foot of panel specimen length.

L.2 Temperature

Typical temperature distributions within the various specimens are given
in Figs.17 to 24.

Le Heat balance

4e3.1 Heat flow One of the objects of the experiments wes to determine
and compare the thermal resistances of the various insulation assemblies. Since
the specimens were of wall cooling type amd since only two secondary insulation
assemblies were tested 1t is more convenient to compere the conductances of the
various primary insuletion assemblies based on the temperature difference
between metal sikdn surface arnd air passage mean air temperature. However, as
described in para 3.1.1, the ratio of main frame members to subsidiory frame
members in the test panel structure differed from the ratio proposed for the
rrojected aircraft and since the heat flows in these frame members were different,
and of significent magnitude compered to the heat flow in the bulk insulation, the
total heat flow through the specimen would not be the same as the heat flow
throuéh a samilar area of sircraft fuselage. To obtain the equivalent conductance
of the primary insulation - that is the conductonce applicable to the aircraft
fuselage based on an area of surface comtaining the correct proportion of main
frame subsidiary frame ard bulk mnsulation - it was necessary to determine in
each case the hect flow in both main and subsiadiory fraues and an the bulk
insulation remote from the frames, and to sum these values in a particulsr
manner as discussed in prra 5.1 below. 1In all the tests adequate experimental
measurements were m:de to allow these heat flows to be derived and the values
obtained were used to calculate the total heat flow through the primary insula-
trion layer of the specimen (q.l,).

Under ideal corditions of balanced guards and stability of temperature
this heat flow through the pramary insulation (q,r) should equal the heat input

from the main heater (qm) and also the heat output from the specimen (qOUT)

which 1s the sum of the heat gained by the cooling air plus the heat flaw through
the secordary insulation. If this equality was obtained it could be assumed
that the experimentally derived values of heat flow up the frame members and
through the bulk primary insulation were correct and an equivalent conductance
for the aircraft case could be reliably cslculated. Under the conditions of

test this equality was not obtained and the accurscy of the various methods

must therefore be examined to determine if the experimentally derived values

of frame and insulation heat f'low sre acceptably accurate.

4e3.2 Primery insulation hest flow  The heat flow through the primary
insulation was obtained by summing the frame member heat flows and & propartion
of the bulk primery insulation heat flow remote from the frames., The heat flow
up the frame members (qF/ ) per unit length of frame was derived from

G/t = Y Ap ATp/d,  CHU/ft bw (1)
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where k, = thearetical conductivity of the materiel CHU/ft® hroC/ft

A, = area per unit length of frame = ftZ/Tt
AT

In the tests ATF/EF was the mean of at least twe sets of values for both
me.in (qF/C) and subsidiary (qc/ﬂ) frame heat flows. The heat [low in the bulk
primary insulation remote from the fremes (qP/A) was derived from

measured temperature gradient in % in the freme over a
distance of QF feet in the direction of heat flow.

ATP
a/h = - CHU/££° 1 (2)
where R, = thermal resistance of the bulk assenbly £t2 hr°c/CHU

!

X

where k end d are the thecretical conductivities and actual dimensions of the
composite assembly,

T
and A?P = Trecorded temperature gradient over the thiclmess (-21}&) of'
the composite assembly.

In an area of insulated structure containing frame members the total
heat flow (qT) can be expressed as the total frame member heat flow

i \ . .
(QF1 + Qg «e+) plus a fraction F! of the bulk insulation heat flow (qP)

i.e.
9 = lopg + oy oe) +F gy

The value of F depernds on parameters such as insulation thickness, frame size,
frame pitch, insulation conductance etc and varies from unity, when no frames
are present, to zero when the whole heat flow passes up the frames. From tests
with an electrical analogue1 the value of this fact(r was determined for

panel B198.3 and gave the relationship

g = 3x3xqfl+3xqyt+ 9 x0.85xqfh CHU/nr (3

for a specimen 3' x 3' = 9 ft2 in area containing 3 main frame members 3' in
length end one subsidiary frame 3' in length. This relationshap wes alsc used for
panels B198.1, B198.2, B198.4 and B198.7.

In the cose of panel B198.5 analogue tests provided the relationship

-qr=9q§/&+3qc/6+9x0.68qP/A CHU/hr (4)
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Using equations (3) or (4) as sppropriate, the value of the heat flow
through the primary insulation assembly was derived.

4y3+3 Heat input The heat input to the specimen (qIN) was obtained by

recording the power supplied to the main rig heater by means of an accurate
wattmeter. Since absolute stability of temperature within the test specimen
could not be maintained this steady input power was supplemented by the heat
absorbed or releasedby the specimen corresponding to the temperature change.

This supplement was of the order of #5% of the steady input power and was
calculated from

8§ = Z (M ¢, a1/at) CHU/hr (5)
where 8 = heat supplement CHU/hr
M = component mass 1b
CP = component specific heat CHU/1b°C

dT/dt= mean rate of change of temperature %/nr.

4.3.4 Heat output The heat output fram the specimen (qOUT} was the sum
of the heat gained by the cooling aar (qA) plus the heat flow through the
secondary insulation (qs). These values were calculeted from

q, = M, Cp, AT, x 60 CHU/ hr (&)
where M, = cooling air mass flow in 1b/min
GPA = specific heat of air
ATA = recorded temperature gradient from inlet to outlet fram the
integral air passage
and
A, AT
aq = = OHU/hr (7
S
where ATS = recorded gemperature gradient across the secondary insulation
layer in ©
RS = thermal resistance of the secondary insulation assembly
£+2 nroc/CHU
AS = surface area of the secondary insulation = 9 £4°,
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Le3.5 Heat balange’ The values of Ups and YuT derived from the

various tests are given in Tebles 2 - 9 and it can be seen that specimen heat
belance, indizcated by equality of these heat flows, was not obtained.

It is considered that the value of Uy is en acourate measure of the

heat input but close examination of the specimen/test rig assembly reveals
that 1t is unlikely that ary is an accurate measure of the heat flow through

the specimen, for the following reasons.

(1) The presence of the frame members within the insulation result in a
far fram hcmogeneous assembly and an irregular temperature distribution must
be obtained at the specimen sides containing the frame member ends. The side
guard heaters were not graded to conform to this irregular distribution so
that it is considered that, even with guard heaters adjusted to indicate mean
equilibrium temperature, there wruld be scme heat flow outwards through the
guards at these side positions.

(2) There was no guard along the top edge of the inner box sides and
this 12' of edge would allow heat loss from the main heater.

On this basis the value of Ay should be greater than A and the
discrepancy should increase with temperature., Fig.25 shows a plot of Ary
and Up for panel B198.4. The plot shows a value of (qIN - qT) inoreasing

with increase in heat flow (i,e. with temperature) and an average value of
the difference in the order of some 20 wetts. .This is the order of
discrepancy that would be expected. Similer results can be obtained from
the results from the other test specimens.

It is therefore considered that, although the values of Ap and Uy
are not equal, there is no indication that qp are incorrect but rather that
they are probably sufficiently accurate for comparative purposes.

With regard to heat cutput from the specimen, Yy great difficulty

waS experienced in the accurate measurement of the temperature rise of the
cooling air durang its passage through the apec:unen. This tgmperature rise
varaed, thecmetlcally, over the range 0.5 to 2 “C so that a “2- C error in
measurement is eoual to a 100rJ - 25% error in estimate of heat gain by the air.
The problem was further increased by the elongated shape of the eir duct,

36" x 1" in cross section and by the complicated heat flow within it. As
gtated in para 2.2.3 the method of measurement of this temperature difference
was developed during the test programme but it is considered that the sccuracy
finally attained was not of a high enough order to allow comparison with the
derived values of heat flow through the primary insulation layers.

Since the derived primary insulation heat flow is in agreement with the
power input, ellowing for heat losses, and since the derived values of heat
output are suspect it is censidered that compe rison of equivalent conductance
values for the various insulation assemblics based on tle derived primary
insulation heet flow is acceptable.
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Values of equivalent conductance and heat flow for the primary insulation
layers are given in Table 1.

Loty TPloor beam joint

In the case of the floor beam joint specimen no attempt was made to
derive qp in view of the complication of the specimen. The main heat flow
results are presented separately in Fig.26. Two cases are given, The
modification which was made to the specimen consisted of the insertion of
Durestos packing pieces into the joints between the skin and the flocr beam
longerons, between the longerons and the frames and in the floor beam assembly.

5 DISCUSSION OF RESULTS ) o~

5.1 Eguivelent conductance

As discussed in paras 3.1.41 and L4.3.1 the difference in frame distribution
between the test specimens and the earcrafi case requires that the pramary
insulation conductance an the aircraft case be calculated from the specimen
individuel heat flows and cannot be obtained directly from the specimen total
heat flow. It is only on the basis of the awrcraft installation that the
various assemblies can be compared. An equivalent square foot of aircraft .
fuselage would be an area one main frame pitch in width containing & subsidiary
frame and the appropriate ares of bulk insulatron attachments and internal
ducting., In the case of the B198 project the frame pitch 1s 22 inches and the
equivalent area is therefore 22 inches in width and 144/22 = 6.55 inches or
0.545 feet in length: the frame members would be 0,545 feet long. Using the
electrical analogue values quoted in para L. 3.2 for the modifying effect of
frame members on heat flow through the bulk insulation the equivalent conduct-
ance k'/4 based on the temperature difference between simulated skin snd air
passage mean alr temperature cen be expressed as

[0.545 (qF/c + qc/&> + .83 q_P/.H] / AT | CHU/i‘tzhrOC (8)

k'/¢

and

k'/¢

I

[0.545 (qF/a + qc/f,> + 0,68 qP/A:l/AT CHU/£+2hr %0 (9)

for the specimens with 3"and 4" main frame members respectively,

where qF/ ¢ = measured heat flow per £t length up main frames in CHU/ft hr
qc/& = measured heat flow per ft length up subsidiary frames in CHU/ £t hr
qP/A = measured heat flowzper ft2 through bulk primary insulation remote
from frames CHU/ft" hr
AT = temperature difference between outer skin and mean air passage

temperature C.
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The values of aquivalent conductance for the fuselage insulation g.pecimenﬁ are
given in Teble 1. The value of k'/¢ for specimen B198.1 was 0,146 CHU/ft® hr C.
The difference in construction between panels B198.1 and B198.2 was mainly the
replacement of 0,85" of glass fibre blankei by 3" of foamed plastic insulant.
This made no significant difference to the conductivity value derived. When
specimen B198.2 was modified in an attempt to decrease the frame heat flows the
value of k'/{ was reduced to 0.139. In tests of specimen B198.3, basically
similar to B198,2n except that the attachment was changed from the svbsidiar%
frame to the main frame, the conductance was found to vary from 0.143 CHU/ft
at a cooling air i'low of 1.33 1b/ft min to 0.179 GHU/th nrlc et a flow of
2.67 1b/ft min. This rise in k'/{ is attributed to croling air leakage from the
cooling air duct into the zone below the primary insulation at the joint
attachment which was found to be slightly distorted after test. The rise in
conductance of 254 weuld be serious if it ocourred in the aircraft and indicates
the need for good integrity of insulation attachwent joints. Panel specinen
B198.,5 followed B198,3 in chronolrgical sequence and 1s basically the same
design adopted for 4" frame members in plece-of 3" ones. Care was exercised in
sealing the attachment joints to prevent air circulation. A conductance of
0.102 CHU/£t2 hr'C was obtained which compares well with that from specimen
B198.3 &t low airflow when allowsnce is made for the increased thickness of
bulk insulation.

hrC

Test specimen B198.4 was designed to prevent alr leakuge at the air
passage attachment joini to the main frame and the Joint assembly was more,
representative of aircraft standards. The resulting value of conductance of
0.120 CHU/£t2 hr® was the lowest achieved of the test panels with 3" frace,
membegs and the assembly was used in the 20' lemg cabin test specimen. In the
tests® of this cabin specimen a similar primery insulation conductance was
recorded thus Jjustifying the conclusions of pera L. 3.5.

Specimen B198.7 was tested to investigate the use of more rigid assemblies
but the high value of k'/{ = 0,245 was cbtained. This value was higher than was
enticipated and examination of the specimen after test showed .that the foam plastic
layer hed distorted between the frame members and had come into direct contact with
the panel stringers and the subsidiary frome thus reducing the thermal resistance
of the air gaps and increasing the overall heat flow.

5.2 Heat leakage factor

If the equivalent conductance, k'/£, of the primary insulation (or of the
total insulation asserbly if wall conling is not employed) is compared with the
theoretical conductance (k/€)Py},, of the insul¢tion remote from the frame
the difference in value can be attributed to the effect of the relatively low
thermal resistance paths of the frame members and attachment fittings. The
ratio (k'/€)}/(k/€)Py), 18 gencrelly roferred to ¢s bhe heat leakage factor,

In the assesament of cooling system loads in- project studies the value of
(k/&)Py, can be calenlated for a proposed insulativn assembly and a value of
heat leakage factor applied te allow calculation of the heat load. Values up
to 2.0 have been suggested! for this factor,

The thecretical conductance of the pramery insulation assemblies are given

in Table 1. These values include the thermal resistance of the air gap between
the skin and the primary insulation and were calculated in the manner described
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in Appendix 2 for specimen B198.4. The resultant heat leakage factors are also
given in Table 1 and can be seen to lie in the. range 1.25 to 1.5 except for
values of 1.69 and 1.82 obtained in tests of specimen B198.3 where the high.
value is attributed to joint breakdown.

It is considered that for structural make up of the type tested
(conventional dimensions for a large passenger transport fuselage) the value
of 2,0 for the heat leakage facter is high and weuld represent & poor thermal
design. Reasonable care in the design of joints and attachments should allow
a factor of 1.5 to be achieved and extreme cere and attention to detail could
reduce this to 1.25. This of crurse only applies to the bulk fuselage. The
presence of windows, doors, flpor beams etc must be allowed for addatzonally.

5,3 Structure heat flows

5¢3¢1 Frame member heat flow In discussing the heat flow into the
pramary insulation along the low thermal resistance paths offered by the frame
members, it 15 convenient to consider the results in terms of the aircraft case.
In Table 10 the results are presented on the basis of an equivalent square foot
ofofuselage with the auter skin at 120°C and a mean cooling air temperature of
207C.

There 18 little difference between the results of specimens 1 amd 2,
same 446 of the heat flow was equally divided between the main and subsidiery
(attachment) frames. The insulation added to specimen 2M sbove the frame
members reduced the frame heat flows by scme 155

In the case of specimen 3, and subsequent specimens, the insulation
attachment to the structure was removed from the subsidiary frames to the main
frames. Although this had little effect on the overall result, the subsadiary
frame heat flow reduced from 2.63 to 1.59 CHU/hr and the main frame flow
increased fram 2.77 to 4.07 CHU/hr indicating the effect of heat flow through
attachments. Also indicated in the results from specimen 3 was the large
increase in heat flow which could result from faulty attachment design. Due
to material distortion at the attachment joint on the main frame some circula-
tion of air between the air duct and the airspace around the frame was allowed
with corresponding transport of heat inte the air duct. This is reflected in
the 3" frame heat flow and the total heat flow per square foot which increased
fram 14.3 to 17.9 CHU/hr, an increase of 25%, for a cooling air flow increase
of 1.33 1b/min £t to 2.67 1b/min £+. 1In general the effect on heat flow of
increase in sirflow was too small to be separated frem experimental scatter in
results.

Specimen 4 incorporated the best engineered attachment jJoint and this is
reflected i1n the low values of Trame heat flow and overall heat flow which
were obtained under test, Nevertheless ncarly 30% of the heat flowed up the
frame members.

The results from specimens 5 and 6 (floor beam specimen) are comparable
in so far as the frame members are the same size. It can be seen that in the
case of specimen 6 the frame heat flows were affected by leakage and widely
different results were obtained between the modified and unmodified specimens
although the modification itself in no way altered the thermal resistance of
the frame member heat flow paths., The removal and re-attachment of the insulation
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would appear to have increased the 1eakage effect and increased the frame heat
flows. The minimum values for the tests on specimen 6 are comparsble with
those on specimen 5.

5e3.2 3Jtringer heat flow Heat|flcw up the stringer webs was measured
in some tests by determining the ten@erature gradient AT/L up thé¢ web. This
temperature gradient was of the order of 0.39/1n. and therefore indicates that
the stringers are acting as fins assistlng heat flow from the skin to the
primary insulation. An increase of 1q% in conventional heat transfer area was
made to allow for atringer fin effect 1n derlving the theoretical conductance
of the bulk primary insulation as described in Appendix 2.

5.3.3 Floor beem heat flow The heat flow up the floar beam, measured
by determlnlng the temperature gradient in the beam, is presented in Flg.26
in CHU/hr based on the difference between the simulated skin and cabin air
temperatures and is the heat flow from one floor beam joint. These results
suggest that the majority of the floor beam heat passed directly into the
simulated internal cabin Btructure - i.e. floar, seat rails etc. For the
cage of a skin temperature of 120 % and a cabin/under floor temperatwre of
20°C each floor beam would contribute seme 50 CHU/hr (25 watts) to the cooling
syatem load by virtue of the beam/fusqlage joint. An additional heat flow, in
this case to the wall cocoling air, results through the floor beam longerons.
As shown in Fig.26 this heat flow is similar, in order, to thet in the main frame
members and in the specimen tested it appeared to be subjcet to variation due
to air leakage at sttachment joints.

5«3l Packing piececa The effect of thermal insulation packing pieces
in metal joints of the floor beam and in the floor beam and longeron to fuselage
Joints wes ncgligible. The thermel resistance of the packing pieces is small
and adeguate convective heat transfer arrund Lhe joints negates any effect
they heve. As shown in Fig.26, the effect of the packing pieces was completely
masked by chenges in attachment jolnt lcakage.

5.4 Insulation joints

The thermal insulation applied to aircraft cabin walls is generally
required to be removable to ellow periodic inspection of the structure. This
requires that the installation is applicd to the structure in segments or panels,
cach segment being joined to the adjacent ones. The test spcc1mcns included
typical joints of this type. The structure heet flows in specimens 3 and 6
indicated the changes in thermal resistance which can result if the Jgoints are
not carefully designed. Although the specimen joints were rcadily accessible
for inspection considerable decrease in thermel resistence resulted after the
joint was broken and reassembled. On an actual aircraft installation there-
would be many Joants and seme weuld be in positions where hoth assembly and
mspection would be difficult. Unless the joints were designed on an engineer-
ing basis with a view to reassembly, it is most probable that the initial
thermal resistance would not be achieved after the first and subsequent
reassemblies, with a consequent deterioration in comfort for the cabin

occupants,
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6 CONCLUSIONS

6.1 A satisfactory thermal insulation assembly of wall cooling type was
developed using ceonventional materials (glass fibre blanket and foemed plastic
sheet) which was considered adequately representative of current aircraft
practice for use an full scale heat flow experiments with a cabin specimen

12 £t 1n Qiameter and 20 £+ in length. The temperatures measured during the
tests indicated that the materisls were working within acceptable limits.

The thermal conductanceoof the primary insulation of this assembly was
cetermined as 0.12 CHU/f%% hr C based on the temperature difference between
the outer skin and the air in the wall cooling duct [Specimen B198.4].

6.2 The adverse affect on thermal rcsistance of low resistance heat flow paths
within the insulation assembly was clearly demonstrated., In the estimation of
passenger cabin heat loads due allowance must be made for the effect of fuselage
structure within the thermal insulation. In the case of aircraft of generally
similar structursl meke up to the specimens tested and described in this note

it is recommended that the theoretical heat flow through the bulk fuselage thermal
insulation should be factored by 4.5 to allow for this affect. If extreme care

1s taken in the design of the joints in the wnsulation layers and in the methods
of attachment thas factor may be reduced to a value not less then 1.25.

It 1s emphasised that thig factor of 1.5 makes no allowance for the
effects of windows, floor beams, bulkheads, doors etc which will provide added
heat flows. The order of heat flow at floor beam joints to the fuselage cen be
obtained fram the results of the tests on specimen B193.6.

6.3 In the design of fuselage thermal insulation assemblics for aircraft with
hot outer skins attention must be paid to the effect of tha low thermal resistance
heat paths of attachments and to the integrity of joints. These problems are
agegravated by the need to remove the insulation periodically to allow inspection
of the fuselage well.

Dircct low thermal resistance paths, such as attachment'screws, should
not be provided from the hot structure to any cooling air flow or dircetly
into the passenger compartment.

Joints in the insulation layers should be designed to prevent any passage
of hot alr from the outer air gaps to the cooling alr passages or cabin interior.
In the design of thesc joints due consideration must be given to the effect of
distortion caused by pressure changes, thermal ¢xpansion or ther.al degradation
of the materials used.
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SYWBOLS {CONTD)

Suffices
A = air

AL = aluminium foil

C = stbsidiary frame member
c! = convective

F = main frame member

£ = film

IN = input

OUT " = output

P = primery insulation asserbly

Pth = primery insulatian assembly theoretical value
r = radiative

S = 8secondary insulation assembly

St = skin

s = stringer

T = total
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APPENDIX 1

THERMAL CHARACTERISTICS (F MATERIALS

1 In the calculation of heat flows within the insulation amd structure of
the test panels the values of the various parameters used are given below.

2 Glass fibre blanket

Thermal conductivity.

"LOF Microlite" glags fibre as shown in Fig.d.
"Fibreglass" ilass fibre as shown in Fig.2.
Density 0.60 1b/ft
Specific heat 0.20 CHU/1b°C,

3 Plasticell sheet

Thermal conductivity.

hr u/&n. for T in °C.

Type D 40/45. 0.20 + 0,002T bHU/ft o
wr/in. for T in C.

Type D 45/50. ©.15 + 0.002T CHU/f%
Density 3.0 1b/ft3,
Specafaic heat 0.25 CHU/lb Co

L Light alloy

Thermal conduct1v1ty 1200 CHU/£t%hr0/in.
Density 169 1b/ft3.
Specific heat 0.21 CHU/IbC.

2
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APPENDIX 2

DERIVATION (OF THECRETICAL CONDUCTANCE OF THE PRIMARY INSULATION

| Considering the bulk primsry insuletion assembly remote from freame
effects, the heat flow through the primary insulation (qP/A) is equal to

the heat transferred across the air gap from the hot skin to the aluminium
foil surface. This latter heat flow is a combination of radiative ,
convective and conductive heat flow and is largely a function of TS’ the

hot skin temperature, and TAL’ the aluminium foil temperature. The heat
flow through the primary insulation is a function of the temperatures of the
individual layers, since the materials used have conductivities which are
temperature dependent, and can be considered as a function of TAL anmd TA’ the

cooling air temperature, and the cooling air velocity. Since the heat flow,
and hence the ceonductivity, is a funotion of a number of variables its
calculation presents some diffioulty. However a close approximation to its
value was obtained in the following menner.

2 The skin temperature, TS, was assumed to be 120°C [3939K] and the heat

flow from the skin to the aluminium foll was calculated, as described below,
for various values of TAL'

The air temperature T, was assumed to be 20°% and the mass flow 2 1b/min £t
width of duct. Using these values the heat flow from the aluminium foil was
caleulated for varicus values of TAL and using conductivities appropriate to the

temperature distribution in the insulation layer.

The two resulting heat flows were equated to give the unique values of
T,. and heat flow which satisfied both methods and the overall conductance
calculated fran this heat flow value.

It is considered that the resulting value of conductance is sufficiently
accurate for our purpose since the assuiwed temperatures and air flow rates have
been selected to be within the test range of variability and at the design
. point for the proposed insulation assembly.

3 Skin heat flow

(a) qr/%, the rediative heat flow from the skin to the foil, can be

expressed as:
gr/l. = € U(Tg, - Tii) .

For Tg, = 393% and & = 0.04 for aluminium foil facing painted

aluminiuwm this reduces to



Appendix 2

a/h = 9.5k - 0.0M(T, /100)*  CcHU/£t? nr . (10)

(v) qC‘/A’ the convective heat flow fram the skin to the foil can be

expressed, under laminar natural convection, as

qc,/A = 0.21(NRA)"14‘ (TS- TAL) kf/x

where NRA‘ = Rayleigh Number
kX' = alr conductivity at film temperature Tf
x = distance from skin to foil.

Assuming ground level pressure, a film temperature of 115°% and

(7, - AL) = AT this reduces to

S

g = 0.224 a7 7 cry/ee? b (11)

for x in inches.

(c) qS“/A, the heat flow from the stringer to the foil, was assumed to be
conductive in view of the small distance, %, between the stringer flange and the
foil.

Thus

QS;1/A = Asu AT ld-‘/x.‘ A

To allow for the stringer fin effect discussed in para 5.3.2 the stringer
flange area AS" was increased by a factar of 1.1. This equation then reduces to

afh = 0.0262 &r x]'  CHU/£t” hr . (12)

The total heat flow from the skin to the aluminium foil is thus the sum of
equations (10), (11) and (12) and since this heat also flows through the primary
insulation it equals qP/A.

Thus

A -
ql./A = 9454 = O.OA.(TAL/‘!OO)L" + 0.224 ATf’/l* X * 4+ 0.0262 AT x11 .

By inserting the appropriaste values for x anmd X, the value of qP/A can be

calculated for a range of values of T,.. The resultant values for specimen

AL
B198.4 are plotted in Pig.1.
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4 Insulation heat flow

The rate of heat flow from the aluminium foil through the primary
insulation can be expressed as

QP/A = (TAL - TA)/R

where R is the thermel resistance of the composite assembly and

R = 1/h+Z'6/k

R = forced heat transfer coefficient in the duct caleoculated from
McAdams™ equation

(00, 86 (- w/OF2 (/i)™ = 0u23/(pe/i )

which applies for moderate values of AT with turbulent flow in ducts with
L/D greater than 60. This gives a value of

h = 1.80  CHU/ft2 mC

for the assumed temperature and main flow condition. Using this value for h
and eppropriate values for ¢ and k (from Appendix 1) the value of R was
calculated and values of qP/A derived for a range of values of TAL‘ The

values obtained for specimen B198.4 are plotted in Fig.d.

5 Theoretical conductance

It can be seen in Pig.1 that the two curves intersect at TAL = 10300
and that the corresponding value of qP/A is 2.88 CHU/ft2 hr. Since the

sasumed skin temperature is 120°%C and the air duct air temperature is 20%
the theoretical conductance of the primery insulation assenbly in
specimen B198.4 is

(k/¢)By, = 0.0988 cHu/et% e

The values for the other specimens were calculated in a similar manner and
are listed in Table 1.
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TABLE 1

Primary insulation heat flow rate and cenductance

Heat flow up Bulk
Test frame member s nsulati Equivalent |Thearetical Heat amd
oim qF/&ATo ;:n it flofvn conductance |{conductance leakage Remarks
e | cmu/tt e © k'/e | (5/9)Pyy factar
. IR I - BT o |CHU/£42 hee |cHu/et? | k! ﬁ /e
frame |[frame | frame v & th
1 - 10.058410.0566 0.0997 0146 0.0993 147 Attachment in 2"
freme
2 ~ 10.0595!0.0588 0.0993 Q. 147 0.097 1.52 Attachment in 2¢
frame
e -  |0.050910.0483 ¢.1023 0.139 0.097 143 Added insulation
above frames
1 ,
o 3 - {0.0748 ] 0.143 0.0985 145 1.33 1b/ft min of
* l { duct air
3 - 10,109 \ .0251 s Q0.104 0.166 0.0985 1.69 2.0 1b/ft min of
} duct air
3 - [e.1e7y 0.179 0. 0985 1.82 2.67 1b/ft nin of
duct air
5 0.05210.028 - 0.086 0.102 0.0745 1.38
7 - [0.024 |0.066 0.166 0.245 0.166 1.48 Panel buckled onto
the 2" frane
6 0.06 |0.025 - - - - - Floor beam specimen

Values based on temperature difference between skin and air gap mean air temperature.
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Summ results B t 1

Test No, | 4 .2 Y3 4 5 6 7 | 8 lsan value

Air mess flow N 1b/min i N 4 6 8 & 6 8 Arithmetic | Weighted
Air inlet temp - ° 19.8 20 20 20.6 1742 30.9 28,1 32.3 2346

Skin temp g ° 119.9 1173 119.3 119.6 1217 122.5 122.2 122.2 120.6
Specimen heat balapce

Power input Sy CHU/hr 23 218 237 238 237 224 227 222 228

Heat output Ggp | CHU/br 168 149.5 155 179, 215 130 142 213 173

Heat through flow Op CHU/hr 142 150 136 152 154 126 135 13045 140
Speoimen hegt fiow

Up 3" frame q!/& AT{ CHU/ft hr°C 0.0597 0.0664 0.0534 0.0634 0,0582 0.0483 0.,0612 0.0601 0.0588 04,0595
Up 2" freme qo/e AT | cHU/£t hrlC 0,0510 00641 0.0543 0.0702 0.0551 0.0597 0.0517 0,0627 0,0586 0.0588
Through primary insulation qp/JL AT GHU/ftz he°C{ 0,099 0,0983 0.0989 | , 0.1000 001014 0,1017 0.,0980 0.0974 0,099 0.0993
Conductance k'/e CHU/£t2 hr®C |  0.143 y 04153 | 04140 0.156 04145 04143 04142 0,148 Oelkh 04147

Theoretioal value of primary insulation corductance from skin to mid air passage at 6 1b/min flow = (n—/a)P1=h
(5/e)p, = 0.097 cE/es® m% .

Equivalent conduoctance from experimental results = k'/¢ .,

K'/¢ = 0.47 CHI/£t% m°C .

Heat leskege fastor = == Aw/op, = 1.52 = cuy/et® e



TARLE 4 - Swuimmary of results B198.2 molified test panel

"'l-g"

Test No. i 1 2 3 Arithretic |Weighted
Air mass flow i 1b/min A [ 8 mean mean
Air inlet temp Ty o 23 19 18.5 20.2

Skin +temp Tq o 125 148 121 121.3

Specimen heat balance

Power input a4 CHU/hr 232 222 237

Heat output a4 CHU/hr 178 218 251

Heat through flow ap CHU/hr 140 139 140

Specimen heat flow

Heat flow up 3" frame qF/f, AT |CHU/£ hrc 0.0521{ 0.0471] 0.0525| 0.0506 | C.0509
Heat flow up 2" frame q./% oT|CHU/Tt hrC 0.0502! 0.0476] 0.0466 0.0481 | 0.0483
Heat flow tiwough primary insulation qp/A ot [CHu/£ 2 b 0.1019% 0.1029| 0.4022 0.1023 | 0.1023
Primary insulation conductance based k'/e  |cEw/et® nr®c| 0140 | 0.137 | 0.139 0.139 | 0.139
on g

Thecretical value of primery insulation conductance from skin to mid air passage at 6 1b/min flcw = (k,/&)Pth
(/2)p,, = 0.097 cHU/£2 hre .
Equivalent comductance from experimental results = k'/2

'/t = 0.139 .

k' /4 0.139 2.0
t = = = . 3
Heat leakage factor N Pth 0.097 1.43 CHU/ft" hr ¢ .






Bqulvalent oonductance from experimentel result

Heat leakage faotor

5/%

Ep

L

Pin

th

k'
./

0.0985

.,
)

0.14
0.16

CHU/ £t Zhx,

0,179  CHO/£t%ny°

145

cHu/£+2he%C

CHI/£t2hrC st 4 1b/min air flow

C at 6 1h/min eir flow
C at 8 1b/min alr flow

at 4 1b/min alr flow

1.69 at 6 1b/min air flow
1.82 at 8 1b/min air flow
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Summgry of results B198,3 tegt panel
Test Nos 1 2 3 4 5 6 1 2 3 L 5 6 7 Arithmetic mean
Mr mass flof ¥ | In/win | & 6 8 4 6 8 4 6 8 L 6 8 8 b 6 .8
Air inlet Toy ° 2,56 224 2045 26,25 | 22,19 | 23.06 | 29.8 3.6 304 276 27.8 30.75 | 29.8 27 % %,.9
temp
8kin temp Ty % 103.8 [101.2 | 9.9 [119.5 [123.6 |18 1034 [100.1 99,2 |120.8 14224 }117s5  H45.5  [111.9 {1118 [109.4
; |Bpecimen heat balance
Power input qm' CHU/bx {196 222,2 |275.6 |188.7 2514 {288,7 1178.3  |200 252,7 |23 25 2714|280
Heet output | gyl OHU/hr 11.64 |[150.6 187.66 [160.3 [186.44 [213.44 | 95.72 | 65.92 84402 [130.64 [133.28 |114.04 14,7
Plew | ay | comi/er [117.16 [137.95 15845 (w972 |1 patu (114,33 w173 s |aaese |175.25 |205.59  héo.e
‘|Speci eat flo
[Pant Plow | o Ed omyee it | 0,073 0,099 | o.u3 | ou0m | ons | s | oom | 018 | ovuz| o.068 | owow| ours | 0w 00m8| 0.409 | 0.4
Hoat flow | edome n®c | o.02is | o.omu| 0.0213| o.0188| 0.03 0.036 | 0.0326| 0.0351| 0,0281} 0.0330| 0.0318] 0.0291 | 0.0281 0.0291| {loan
Hoat flow , masse
e o Iﬂgi b6 | 0.1028 | 0.1021 | 0.0965] 0.1079 | 0.1070 | 0.1022| 01001 | 0.1019| - 0.1011| 0.10%| 0.1441] 01058 0.1064 0.1060) [0
Equivalent | _
conduotance
of p k' cm/btampc 0.137 0,158 | 04170 | O.i46 | 0,169 | 0.192 | Out42 | 0,168 | 0.177 | 0ui47 | 0.168 | 0.19% | 0,464 Ou143 | 04166 | 04179
insulation | ¥
based on O
Theoretical value of primary insulation conductsnce from skin to mid air passage st 6 lb/min flow = -f P,




TABLE 6
Summary of results B198.4 (20' specimen) test panel

COLD HOT
Test No. 1 2 3 A 5 | 6 7 8 9 10 {41 | 12 13 14
Mr pass flow ¥ | Ib/min 4 WB) | 5§ ) | 6 6 8 8 4 b 6 8 8
Air inlet temp T :c 20,7 | 18.06 | 23,5 | 21,94 | 23.31 | 22.0 25,31 | 23.19 | 32.56 | 30.25 | 27.5 | 30.87 | 32.19'| 29.64
Skin temp TS c 104,02 (101,08 [122,47 [120.72 [103.9 [117.9% [102.7 [118.99 [409.85 |118.3 |1ok.71 |117.41 | 105.69 [118.27
Speoimen heat balance
Power imput Oy CHU/hr h36 157.7 |167.2 7.7 7 [132.7 [159.3 |130.7 |166.6 [129.7 |149.5 |132.7 |149.6 |126.7 |152.5
Heat output Qypp|  CHU/hr 136.8 [128.5 [169 163.1 . [118,7 [165.5 {1147 [159.5 |113.9 [th2.1 [4134.5 [125.8 {131.2 |441,2
Heat through flow Gp CHU/hr 1100.2 95.1 119.6 [117.1 5.9 |111.7 82 121.2 90.6 |105.5 97.8 [109.6 935.7 {112.6
Speoimen heat flow
Heat flow 3" freme e“% CHU/£t hr°C 0.043{ 0.039 | 0.040| 0.036 | 0,03} 0.038 | 0.032| o0.047 | o.ou1| o.a0| o.047) o.u5| o0.049! 0.046
(mean)0.041
Heat flow 2" freme Z'gfi CHU/f+ hr°C 0.023| 0,008 { 0,02:| 0.018 | 0.036} 0.018 | 0,009} 0.024 { o,:18| o0.024| o0.029] 0.027 o.oz;! 0,026
(mean)0, 022
Heat flow primary insulation ;-}f cu/es? e | 0.100] 0.103 0.105| 0.109 | 0.100| 0.104 | ©0.100| 0,403 | 0.400| 0.10:] 0.102] 0.105 0.103! )0.105
mean )0,103
; _ l
“‘,;‘,::ﬁi;‘m{:i‘:;?;‘:'qﬁ primary k'/L mU/ftz nrc f 0.119| 0.142 | 0,122; 0,119 | 0.123| 0.117 | 0.105| 0.125 | 0.116| 0.121 0.126f 0.126 0.2253 )8.126
: i ! I i i mean )0.120
Theoretical value of primary insulation conductance from skin to mid air passage at 6 1b/min flow = k/2 Pth

K/ P, = 0,098 CH/ft? b .

Equivalent conductance from experimental results = k'/¢

Therefore heat leakage factor =

k' =
ke 0420
P, = 0.0988 1.22 .

- 33 .

0.120 cHU/Et? e .




TABLE 7

Sumnary of results B198,5 test panel

20°C inlet (nominal) 30°C inlet (tominal) | 20°C inlet (-nomiml) 30°C inlet (pominal) | A::ih;
Tost No. ' 1 2 3 A 5 | 6 7 8 9 10 1 12 mean
Adr mass flow N 1b/ain L 6 8 L 6 | 8 L 6 8 4 6 8
Mr inlet temp L ° 20.h | 19.2 | 1875 | 277 | 29.1 | 26.75 | 214 | 19.5 | 20 | 261 | 2.7 | 28.75
Skin temp Ty " 98,8 {102,41 }102,7 {101.5 99,4 99.0 {1245 [122.6 |119.4 | 122.8 | 123 122,6
Speciuen heat balence } ‘
Power input - CHU/br | 140 148 156 111 123 127.5 | 178 177 195 153 173 177
Heat ocutput Yoy CHU/hr 102.9 |13 151 60.7 48,2 59.5 1544 (172.5 |11 124 82 92
Heat through flow p CHU/hr 80 96.7 92 76.9 IL] 8.l } 106 108.8 |109.6 | 104.8 96.6 9%.9
Specimen heat flow
Heat flow 4" frame /e o2 | caufee bsc | o.ou6 | 0.061 | 0.0%7 [ 0.0k | o.057 | o.k2| o.ow6 | c.ous| o.0m| o.om| o.ws| oc.us | o.0se
Heat flow 3" frame q /¢ AT | cau/et nrc 0.024 | 0,029 | 0,02 0.03 0.031 | 0,031 | 0.03 0,028} 0,031 | 0.027| 0.028| 0.026 | 0,028
Heat flow primery insulation q,/A ATI cau/es® i | 0,085 | 0,087 | o.086 | o.08 | o.08 0.085| 0,086 { 0,087| 0.,087| 0.085| 0.085] 0.085 | 0,086
Eﬁ:ﬁ;ﬁﬁﬁ:ﬁ;‘ﬁ PRAOATY | prfe ouu/et? me% | 0,100 | o.108 | o.01 | o.101 0,106 | 0.108| o0.100| 0.101 0.106| o.102 0.099 | 0.097 | 0.102

Theoretioal valus of

at 6 1b/min flow = x/2 Pe

(k/£)P, = 0.0745 aw/et? nrc

Equivalent conductance from experimental results

Therefore heat leskage factor = 1r.'/~'.'/(1:/:,)pth =

k'/e

k'/t = 0.102 cHu/et> nr°c .

0,102
0.074

= 1.38

imary insulation cenductance from skin to mid air passage




TABLE 8y

Summary of results pancl¥B198,7 test panel

Cold j Hot :
e ) 1 Mean !
Test No, 1 2 3 { b X 5 i 6 ! . 8\wm ? 10 i 1 !Agariﬁglj
—_ , | l
Air mass flow M 1b/min A b 6 6 ; 8 1 8 b N 6 6 8 8
Air inlet temp T ° 23,6 21 23.2 18.7 21,2 19.9 28 26 24,9 26.7 27.2 29.3
Skin temp Tq ° 98.7 | 1143 | 9 12,2 | 98.6 | b5 | 98k | 117.6h | 98,3 [117.45 | 95.37 | 115.3
Specimen heat bhalance
Power input Uy CHU/hr 189,6 253 ' 195.6 266.8 199 285 184.,6 248 198 257.9 185.8 27,7
Heat output Yy CHU/hr 122,76 | 167.1 109.19 | 160,34 1121.75 | 160.16 [120.38 | 178.4  1111.38 | 169,34 [102.19 | 142,36
Heat through flow A CHU/hr 153.9 199.3 153.7 194.5 164 211.3 5.4 196.8 157.5 203.4 153.3 200,5
Specimen heat flow
Heat flow 3" frams qp/e AT | CHU/E% nrc 0.02k} 0,029 | 0.025} 0.013| 0.,026] 0,026 | 0,019 0,020 | 0.,025{ 0,030 | 0.023} 0,026 0.024
Heat flow 2" frame qc/z AT | CHU/ft h;°c 0,062 0,052 0. 069 0.063 | 0,065 0, 074 0.066 0,062 0,069 0.063 0,074 0,076 | 0,066
Heat flow primery insulation qp/m.AT cHu/et? hec | 0.22 0.23 | 0,23 0.23 0.23 0.24 0.23 0,24 0.23 0. 2k 0.24 0.25 | 0.23
. i M
Eguivalent conductance of primary k'/e CHU}TtZ h;°c 0.238 0,240 1 0,237 0.239 0.253 ! 0. 245 0.243 0.251 0.256 0.264 | 0,245

insulation (based on qT)

0.232

H

0.236

Theoretical value of primary insulation conductance from skin to mid air passage at & 1b/min flow

Equivaient conductance from experimental results

!
Therefore heat leakage factor KL 942%2
! k/e Pth 0.1

= /¢ P,

= k'fe =

0.245

0.166

1.48

- 35 -

CHU/E+° nec |

au/ees nec



TABLE 9 - Summary of results panel B198,6

Floor beam specimens

BT i
i, 7 ;———‘—m - - e m—— — T %:Ec T ¥
ooling air mass Zlow M. 1b/min 1 &6 16 - + 6 - L ;I " 6 8
Skin temperature Tg c 101.2  |100.2 | 97.1 98 [116.3 | 420.9 [196.5 | 9.2 198.8 | 95.7 [120.k [120.k (117
Cebin air temperature Tosb % 23,2 | 24 25.6 | 2.4 | 25,3 | 22,75 | 22,5 | 23.5 |25.5 | 27.6 23.5 | 25.6 | 28.8
Overall t&;perature difference (skin to ATY oG 77.9 | 716.2 | 73.5 | 73.6 | & 7.4 95.2 | 75.7 | 73.3 | 761 96.9 | 9.8 | 68.2
H::?:igd;i;ap temperature Tair °c 23.8 23.6 23.6 25 25.6 21.5 21.1 29 by 31.2 33.4 30.9 3k
Temporature difference (sicin to air gap) AT °c 776 | 76.6 | 735 | 73 9.5 | 9.4 | 97.2 |90.2 |67.8 | 6k>5 |é& 89.5 | 82.9
Total heat input N CHU/hr {184 286 279 307 280 340 415 25,  pAs 284 300 338 360
Total heat output q, CHU/hr  {169.9 [177.8 |179.7 |20t.7 |488.6 | 267.7 |}257.2 |139.6 §10.6 |120,0 [165.2 {166.8 |108.6
Heat flow up main beam qB/AT' QIU/nr°C 0.227 | 0,259 { 0.259 | 0.224 0,209f O.2:5| 0.243 | 0.,245] 0.241 0.209 | 0.207 | 0.239 | 0.220
Heat flow up 4" freme e/t 0T|CHU/Et nrC| 0.0712| ©0,0692] 0.0724) ©0,0808| 0.0666 O. 0.85 0,048l 0.0413] 0.1132{ 0.0529| 0.0749 0.1037'
Heat flow up 3" frame q /¢ AT|cHU/et hrC| 0.0206] 0.0209) o.0204| 0.03: | 0.017 o.g:;j 0.0535| 0,0274] 0.0295! 0,0388| 0.0276] 0,0313| 0.0501
Heat flow up longeron q[/r, AT|cHU/Pt hrC| 0,1303] 0.197 | o.49% | 0,245 | 0,128} 0.181 0.269 | 0.147| 0.202 | 0,246 | O.124 | 0.178 | 0,235
Heat flow up longeron qI"/& AT{CHU/ft hr°C{ 0,114 | 0,133 ; 0.435 | 0.146 | 0,105) O.114 | 0,136 ) 0.128] 0.140 | 0.152 0.107 | 0.126 i 0.151
[ EeEFTsT pamel N G E— Pt inist (notial)
Jg-t':%i_miair mass flow M 1b/min _; "E g 1 j_ - 2 4 & a%‘ _2_ ‘.g 10 |_::r 1%:-
Bkin temperature To C 101 93, ; 93 [125.5 [120,1  {119.5 1104.2 10W_L121.9”" 19 11k.5
Cabin air temperature Toab % 27.2 | 27.6 .21.8 |2%.8 |25 26.2 | 28.8 |[28.3 |26.1 28.6 | 28.5 | 28.2
°Z§§§:1 aﬁpemme dafference {aldn to AT' °c 73.8 65.9 65.2 98.5 T 95,1 93.3 5.4 76.2  |72.1 93.3 90.5 86.3
Mean air gap tempersture Toir :c 27.7 |27k 1215 |26.5 |25.5 | 25.4 | 33 35.3 | 33.1 36.7 | 35.6 | 35.2
i:e‘ﬁ'i’;fi? ig:;ienm (skin to air gap) %:n cuu?hr 233.5 zggn 2815.5 :gg.a 3%:.6 :314‘1 23; .2 2%.2 hgzn 232.2 5;3).# 323'3
Total heat output %, GHiU/hr  1123.1 107.9 [106.4 [175.4 175.6 |175.5 }117.5 67.4 |60.6 J115.2 80.7 50,4
Heat flow up main beam g/AT | CHU/Ar'C 0.291 | 0.279 { 0.258 | 0,260 | 0.254 | o©0.277 | 0.276 | 0.262| 0.239 | oO.264 | 0.256 | 0.263
Heat flow up 4" frame qF/& AT [GHU/®t nr®C| 0.0818] 0.0908' 0.1451| 0.1064| 0.0814] 0.1010 o.0477| 0.0766/ 0.1654| ©0.0610] 0.0719| 0.1299
Heat flow up 3" frame e AT lcau/et nr°c| 0,0982| 0,1089; 0.1164| 0.0992| o 1142] 0.1106] 0.1123 0.09:;| 0.1028{ 0,1427[ 0.1055] 0.1261
Heat flow up longeron q /2 AT icrm/ft nrc| 0.0941] 0.1120| 0.1420| 0.0888 . 0.1036| 0.1265] 0.0772 0.0997| 0.1311{ 0.0798 | 0.1007| O.1 236
Heat flow up longeron i ql/6 AT ;GHU/ft hroc! 0.1105] 0.1165:@ 0.,1420] 0,09% ! 0.1078 0.1265' 0.0955 | 0.1053) 0.1105‘ 0.097:| 0,4103| 0.1362
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TABLE 10

Heat flow up frame members

Heat flow based on one equivalent square foot of fuselage with outer skin at 120 and cooling air,
in integral air duct at 209C,

Total heat flow

Frame heat flow

3oth frames

Specimen Lt 3N on "
CHU/ b CHU/br  |/i of total| CHWEr |7 of totel|CHU/hr(% of total| 7 totel

1 1.6 5.18 2.8 | 3.1 | 21.2 43
2 0.7 3,20 22 3.2 | 21.8 43.8
vtk 13.9 2.77 19.9 2.63 18.9 38.8
3 143 4.07 28.5 | 1.59 | 1.3 39.5
3 16.6 5.95 35.8 | 1.59 | 9.6 L5uls
3 17.9 8.05 15 1.59 | 8.9 55.9
4 12.0 2.2 18.7 | 1.2 | 10 28.7
5 10.2 2.8k 27.8 1.53 15 - 42.8
7 24.5 1.31 5.5 3.6 thet 20.1
6 - 41 to 5.1 - -
S Jels 5

30 75 to 6

1.36 to 2.36
6
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