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ABSTRACT
The one-dimensionai heai fiow through o typlcal one~cell built-up bex

beam was investigated experimentally fo determine the strasses and distortions which
result from a transient, non-uniform tamperature distribution. The modsl was exposed
to a radlant heater which preduced the desired maximum temperature of 400°F in the
nearest surface within two minutes., Eieven temperaivre and nine strain gogs readings
wers recorded continuously during the intervai. A compariscn of ths ihins historls: of
the temperarure distributicn with the box beam interior empty and then with it filled

with insulation show that conduction is the primary mode of heat transfer. Graphical

and tabular comparisons hetween the exserimentaily determined sivesses and the stresses

calculated on the basis of the iemperatures measured at eleven points are presenied for
heating times of 30, 60, 90 and 120 seconds. The agreement is fair for early heating
times and poor for later times. Conditions at the lower flanges and therma! buckling

may explain the discrepancies.
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INTRCDUCTION

The development of the atomic homb and the advent of supersonic flight
have raised the phenomenon of heat conduction to a very high pasition in the list of
problems faced by aeronautical designers. Security measures have restricted the amount
of information on the effects of thermal radiation irom atomic bombs on aircraft that is
generally availabls. But a sufficient amount can be gleaned from various sources (see
Refs. 1 and 2) to realize that the caiculation of tempercture distributions and therma!
stresses may be necessary. An excellent series of papers (Refs. 3, 4 and 5) have ana-
lyzed the time dependence of the temperature distribution in thin solid wings at high
Mach numbers. The NACA has reported analvtical and experimental investigations
cf the affacts of non~uniform temperature. distributions on semi~monocoque structures
and their components (Refs. 6, 7, Band ¥). Keference i{ pisscntz 2 shidy of wvome
aspect of thermal stresses in alrcraft structures due to aerodynamic heating. The above
ten references represent only a portion of the pertinent ones which are available in this
field. Comparatively few published reports, however, contain experimental data on
the temperature and stress distributions in cny type of alrcraft structure which is sub-
jected to a.rapid rate of heat input. It Is the principai purpose of the report to des-
cribe and report the results from some experiments of this nature.
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SECTION i

Di:SCRIPTION OF EXPERIMENTAL METHOD

The purpose of this investigation is to study experimenially the manner in
which heat is conducted through a one-cell box beam and to determine the stresses and
distortions which accompany the resuiiing transient, non-uniform temperature. By de-
signing the box beam with a fairly large span-to-depth ratio, the local effects of the

free end and of the root were made negligible. As a result, the heat flow was essentially

a one-dimensional phenomenon, cnd the measured stresses could then be compared with
tha values obtained frem a simple analysis,

2.1 The Moduel

The experinental model in this test program consisted cf a one-cell box
beam, which was 3 inches deen, 6 inches wide and 25 3/ inches fong. The box was
tiolted together with 24 S-T Phillips flat hezd machine screws and 24 5-T hexagonal
nuts. An inch and thres quarters of the lengt: at one end of the model was used to
mount heavy stee! angle irons that fasiensd the model to the bed plates of un erector
se/ in a cantilevered pasition (see Figure 2. 1). Alihough the cross section of this box
beam is simple, several problems hod to be solved before the design assumed the form
shown in Figures 2.2, 2.3, 2.4 ond 2.5. The design had two basic aims: (1) to dup-
!icate a typical one-cell built-up box bsam consisting of spar caps, shear webs and
skin and (2) to minimizs the number of coniact surfaces without undue fabrication effort
in order to aain better heat transfer betwean the web and the spar cap. The shear webs
and the soar caps were simulatad by an 0.0385 inch thick 24 S-T aluminum alloy sheet
and a 3 inch é1 S-T sivuctural alui..inum chennel, respectively. Aluminum sheet of
0. 065 inch ihickness wus uzed because of its availability and alsc because the desired
duration of the heat input could not be obiained without seriously damaging the thinner
skin. A structural aluminum channel was used because it was easily obtained from cur-
rent stock and bec iuse the mechanical properties of 61 S-T are no? very different from
those of 24 S-T aluminum sheet (see Table A.1 in Appendix A). The cross section of
the channel is shown in Figure 2. 5. The shaded portions indicate the material which
was remcvsd in order to simuiata o perfect loint between the shear web and spar cap.

The one-inch spacing of the bolis which coi.nected the skin panels to the
channel was chosen sc as to preciude the possibility of inter-polt thermal buckling.
The stresses in thas skin panels were calculated on the basis of an assumed cubic tem-
peroture variation across the depth of the beam with an assumed maximum temperature
for the bottom skin of 400° F. These calculated strusses were then used to compute the
spa:ing necessary to prevent buckling between tie bolts.
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During the test program, tha model was held in a cantilevered positic: by
means of a pair of heavy steel angls Irons which were connected to the outer skin on
each side of the model by 3/8 Inch steel bolts. Tha bolis axtended through the angle
irors and the skin of the model and into a one Inch thick steel block whizh was fitted
to the Inner dimsnsions of the model. The ather iags of the angle Irons were fostened
to heavy bed plates which were formed from an erector set in the iabavatory. This rigid
support for the box beam eliminated cay chance of unwanisd dispiacements of the mcda!
(see Figures 2.1 and 2, 3).

2.2 Instrumentation

The temperature distribution in the box beam was feund by using elaven
Ruge-DeForest RDF Stikons, Type BN-3 resistance thermomete: elaments, mounted at
the midspan station as showii in Figure 2,6 and designated by the symbois, T-1 0 T-ii.
These goges were found to be well suited to trantlant measwements because of their low
thermai inertia. Their sansitivity to strain is negligible, and their operating range ax-
tends up to 400°F, aithough at higher temperatures the gages couid be used oniy for
short periods of time.

The strain pickups used on the lower skin and shear web were Baldwin SR~4
temperature conpensated {from + 50° to + 250°F) strain gages, type EBDF-7D designed
specificaily for the use on aluminum alloy. It should bs noted that the type EBDF-7D
gages give sulputs which are proportional to the quaitity,

E-x-AT
where

€ s the fotai strain
oX 1s the coefficient of tharmal expansion
AT is the change In temperature from its equilibrium value.

The above quantity represents only the strain due to stress and, hence, the gages do not
read strain in the conventiona! sense of the word. The coeft.ciunt of ihermal sxpansion
rwst, of couree, ba the samy ae that for the material under test. The upper skin had
only Ba!dwin SR-4 bakelite base strain gages, Type AB-7, hecause of the smail tem-
perature changes expacted. It was founa, however, that evan though the temperature
changes in the AB-7 gages were small, a temperature correction had to be applied to
their strain readings because the dummy goges used in the bridge circuit were wire-
wound resistors which operated at room remperaiure. No correciion i gags factor due
fo femperdivia changss was necazsory for elther tvne of strain goge. The EBDF-7D gages
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cre temperature conpensated, while the gage factor of the AB=7 is consiani fov ieni-
peratures up to 300°F (Ref. 20). All of the :bove 3ges were installed according to
the manufacturer's recommended procedures and baking cycles. The strain gages are
designated by the ymbols, S-1 to S-11, and theii locations are shown in Figure 2. 6.

A twelve-channel Consolidated Engineering Company recording oscillo-
graph was used to record the temperature changes at the slowest possible film speed of
1/8 of an inch per second so as to minimize the amount of film that had to be developed.
A special set of dummy resistors, used in conjunction with the bridge circuits of the ascil-
logroph, reduced the amplitude of the signal recsived from the Stikon aages. Bald-
win Portable Strain indicators, Type L, measured the strain gage reading directly in micioc=
inches per inch. Figures 2.7 and 2. 8 present block diagram sketches of the elements of
each circuit. Figure 2. 10 shows tha test equipment which was used. In addition, two
dia! goges, shown In Flgure 2. 1, waere mounted at the free end of the model for the pur-
pose of measuring deflecticns. These goges were usad to mark the beginning of the
uiting cycia and clsc Indicatad tatl daflaction at the end of the heating period.

2.3 The Radiant Furnace

An investigaiion of both commercial and special purpose heaters disclosed
thot the heater of Reference 2 would be adequate. This radiant furnace originally con-
sisted cf twelvs heating elements of open coiled windings cf nichrome wire which were
mounted in en insulated aiuminum reflecting box, 6 inches wide and 24 inches long.
Each element is compased of 0. 064 inch diameter wire and has a resistance of 36 chms.
The heating coils were connected in parallel and maunted on heavy buss bars iocated
ot the ends of the reflecting box. Additional supperts, consisting of transite separatoss

spaced approximately 3 1/2 inchas apart, proved necessary to minimize the sag of ihe
coils.

An 87 KW D.C. generator, which normolly drives the M.1.T. Flutter Tunnei
also usually supplies the power required by the heaier {see Figure 2.9). But since the
tunnel was in operation during most of this irivestigation, the heater hacl to be modified
s0 as to operate on the electric power provided by the Cambridge Electric Power Com-
pany. The alternate power availabie in the Structu s Laboratory was supplied by a
220 volt, 100 anpere, three phuse, Y-connected transormer. Modification of the
heater consisted of separating the twelve hecting coils into three equal oroups to form
a Y-type three-phase circuit. This alteration vias acconplished very easily by dividing
the buss bar at one end into three sections with four colls per section (see Figure 2. 9).

In the original construction of the heater, the racistance of each coil was considered
equal with!n 0.01 ohm. Thus, it was cssumed that there would be no unbalance of

power in the circuit. Since the curen’ varied cnly 0. 1 of an ampere between branches,
the assumption was justified. In addition, the current in each branch remained essenticlly
constant (13. 5 amperes) during the heating paricd.
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Previous tests showed the heater capebis of suppiying vp io 20, 0CC waits
(Ref, 2). With above conflguration, howavaer, the hearer suppliad only 5, 200 watts.,
The haater rested on a small table and was diractly under the box beam with an average o
distance of 7/8 of an inch between the bax beam am! the heating colls (see Figure 2.1). .|
The power output could have been increased either by conneciing mors nichrome heoting ’
colls in paratiel in each branch of the three phase circuit, or by connecting the heater
as a deiia, thrso phase circuit. This increase proved unnecessory, however, since the
desired maximum temperature of 400°F in the bottom skin of the modal was obtained
within two minutes of heating time for the heater in its present configuration. The
power of 5.2 KW, supplied to the colls, Is equivalent tc anproximately 5. 0 BTU/sec
of radiant heat energy on ihe assumption that there are no losses. The absorption by
ths model depends upon a number of factors such as absorptivity of the aluminum, the
distance from coils to skin and convective iouses. There Is reason to believe that less
than 50% of the electrical power input was absorbed by the model, but a more detatled

onclysls and experimantal study of such losses was deemes beyond the scope of this in-~
vestigaiion.

2.4 The Test Procedure

he peak iemperaturs for any portion of the box beam was limited to 400°F 4.

tecause at higher temperaiures the mcisrial properties begin to decrease vaiy rapidly
{(s2a Figure 2. 11). This limitction required the selection of a heating time which wouid 5.
not overheat any point of the model but which would still be of sufficient duration to e
induce appreciabls tharmoelastic effects. Calculations indicated that ths botiom skin :
would reach 350°F in tpproxlmutely one minute if ali the elecirical energy cf the radiant
furnace at iis ratéd output of 5. 2 kilowatts were absorbed by the bottom skin alone. A
more realistic duration of two minutes was determined by the following simple experiment,

A flst cheet of 74 S-T aluminum alioy wos placed over the furnace and subjected to vari-
out hsailng dizatlans, From measuraments with copper constantin thermocouples mounted
on the sheet, it was found that a period of oximately iwo minutes was required to
raise the temperature of this test sheet to 35%

Ne—

To define further the capabilities of the furnace, the aluminum test sheet -4l
was heated continuously unti! a stecdy-state condition was attained. This steody-state i
condition was reached after 8 minutes of heating iime with the sheet ot ¢ firal tempera-
ture of 650°F. In this experiment free convection took place, and the opposite side of
the sheet radiated to the rest of the laboratory. Simiiar conditions do not prevail in a
box beam since ihe interlor surfaces are radiating to a relativaly smail voluma and free
convection In the interior Is also restricted. The importance of heat transfer by radia-
tion and convection in the interior of the box was investigated by comparing measured
temperatures and sirains for two different configurations, namely, an empty Interior

crd an inierior filled with batts of insulation.

e ¢

.
e
e e - ot e s e e

An actual tesi run piccssded In the foliowing mannar:
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to the test equipment wers turned on to aiiow the equipment to warm up. Tha eleven
channels of the temperature recording equipment 'were balanced at !dentical signal
levels, and the room temperature displacements were recorded for each channel. The
portable strain indicatcrs were balanced, and their iniiul readings were recorded since
thase instruments are null devicos. Onmity four of the nine stiain gages on the model
coi;ld ba read during each test run because of limitations in the equipment available.
It was found that the temperature and strain distributicas were similar for each test run,
and the strain readings used in the calculations are average strains for at least five tost
runs for each configuration. An askastos insulating blanket was placed over the model
and heater to minimize the sffects of convection currenis. Before each test run, the
room temperature was read from a bulb thermometer and recorded. 1t was necessary to
know itw room iemperature because it was the initial teinparature of model which, in
turn, was also the reference temperature for the tomparature gages. As it happened,
the roorm 1emperature remained almost constant during the test program. The model
wae incilated from the heater by o transite sheet placed between them uniii the heater
raached the desired temperature. Then the transite was ramuved.

Whan oll une in reodiness, the power for the alaciric heoter wos tusned on,
and the dial gages attached to the model were wutched for the Initic! detiection. As
soon as they began to deflact, the fransite insulating sheet between the mode! ard the
heater wos withdrawn, and the timing period started. A stop watch was used to indicate
ten second intervals during the two minute heating period; at these times the strain gages
were read directly. An internal timing pulse was used to insert 10 second ieference marks

directly on the oscillograph fiim using the twelfth channel, while the other eleven chonnels

were coniiivously recording the readings of the eieven temperature gages. At the end of
the two minute heating cycle, the tip deflections of boili dial gages were recorded. The
power to the heater was shut off and an electric fan near the model was turned on to aid
in cooling the model to rooe: texparature. This process required a haif an hour.

After the completion of tests on the model with and without the insulation,
the temperature recording equipment was caiibicisd, Ecch of the alaven temperature
goges on the model were replaced in the oscillograph channel circuits by a decade box.
Then, imown chenges in resistance were applied through the amplifier circuits, and the
corresponding deflections were recorded by the oscillograph for the same attenuations of
the amplifiers that were used during the tect runs, This procedure produced a relation
betwsen ths change in galvanometer deflection and change in resistcince for a particular
attenuation. The deflactions of all of the tenperature gages during the test runs were
converted % resistance changes, and since tha Initlal temperaiure of the made! was
known, the toial resistancs could be determined. These total resistances were converted
to temperatures by using the temperciuia gags calibration charts supplied by the manu-
fuctwer.
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SECTION I
THE EXPERIMENTAL RESULTS

The experimental results consist of the reading: cbiained from elevai ism~
perature gages and nine strain gage:s which were located at tha mid-span station as shown
in Figure 2.6. The strcin raadings were recorded directly in microinches whereas the
temperature:, recorded i.. analogze form on oscillograph paper, had to be converted
into tenpaiatures by calibration charts,

3.1 The Temperature Distribution

Figires 2.1 and 3. 2 pressnt tho translent temperature curves for the eleven
temperature gages with uninsulated and insulated box-besam interlors, respectively. The ,.
same daid is tabulated in Tabie A.Z. A comgpriiscn of the hwe flgurac chows that the &
temperaturas for the uninsulated Configuration 1 are cgproximately seven to twelve de~
grees higher than those at corresponding points on the insulatsd Configuration 2 ot the

! end of heating period. The smallest differences both in absolute and percentage ierns 1
occurred along the bottom skin. On the other hard, ths iop skin with the smallest tem-~ ;
perature increases had the largest differences both in absolute tarms and in terms of the 1
percentage of the temperature rise. Thus, the rock weol insulaiion appeors to have two
effects: (1) ihe pievantion of heat transfer across the interior whether by radiation or
convection and (2) the retention of a portion of the thermal erergy which it receives

ey pra s I

PELYY T

from the interior surfaces of the bo:c through conducticn and radiction, i.6., a heat 1
sink. The first affect would account for the fact that the temperature differences pro- ]
duced by the insulation are larger in the top skin than in the bottom skin. in the un~
insulaied case, hHact reaches the tan dein by conduction, convection and radiation, and 4
the addition of the insulation suppresses the latter two modes of heat transfer. -
' Figures 3. 3 and 3. 4 show the time varlation of the terperature distribution
in the web of the box b2am for Coniigwraiions 1 and 2, respectively. Figurss 4,16 and _ ‘
i 4.17 present composite curves of the temperature distribution in the model for the in- |
I sulated case at fuur different times. These curves are plotied in a peripheral coordinate i
! system which originatas at the mid-point of the bottom skin. The increments of tem-
| perature increass, AT , are plotted instead of the absolute values of the temperature, ¢

T

1
o O ORI TR SR copitn B G L 1 ¢

and an assumed mode of temperaturs Is also ploted for purposes of comparison (see Sec-
tion V). .
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3.2 Thc Distribution of the Strain dus to Stress

Figures 3.5 and 3.6 give the experimental time varlation of the stress at
the nine strain gage locations for the two configurations. The same data is tabuiated
in Table A.3. The largest strains ars compressive and occur 'n the bottom or heated
skin. The largest tensiie strains occur in the web.

The time variation of the straln distribution in the web is shown in Figure
3.7. For the first 50 seconds, the strain distribution Is essentlally linear, but after
that time interval, the distribution in the web becomes increasingly complex. If,
however, only a narrow portion at the center of the web Is considerad, i.s., the
middle 1. 20 inches, the strain disicibution Is observed to progress from a iinear dis-
iribution te a gredually curved distribution. The character of the strains changes
rather drastically in the distance between this cential portion and the flunges. Zero
strain, however, occurs at about th= same polnt for ail times. Figure 3. 8 presents
the Time varigiion of e shain diiribution In tha battn skin.  If a lineor distribu~
Hion is assumed, the strains at various times intersect at appreximately the same loca-
tion,

3.3 The Deflectiocn at the Free End

The fact that the readings of the two diai gsges never differed more than
€. 002 inches affords evidence that only negligibie twisting of the mode! occurred
during the test runs. This agreement between the gagss gives a fairly good indication
that the tamperature distribution in the beam was symmetrical about the vertical center
lina. althaugh the evidence is not conclusive. Also, the maximum displacement ot
the end of each run was within 0. 005 inches of the average for all runs. The average
displacement for Configuration 1 was 0. 158 inches and for Configuration 2, 0.161
inches. This evidence, togsther with the closa agreement of the measured tempera~-
tures, offers a fairly good indication that the test conditions were duplicated in the
series of runs required by the limited number of strain reading devices (see Section
2.4),
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SECTION iV

ANALYSIS OF RESULTS

in principls, the calculation of the three-dimensional distribution of ther-
mal stress is simple if the tanweration variation in the structure has been determined.
For practical reasons, it !s desirable and, indeed, often necessary to idealize the pro-
blem to an extent that ihere are minor effects superimposed uyon a major effsct. These
minor effects ore then ignored.

The stress measurements in these exneriments wera taken at the mid-snan
section so as to minimize the effects of the root and the free and of the cantilever beam.
The idealized analytical structire is an infinitely lotig beam which, of course, cannot
ha attalned In the lcbcrotary. Instead, St. Venant's Principle must be invoked.

The gages ware orlanted so as to measure stresses in the spanwise direction
and, hence, chozdwise stresses were iznored. in addition, the gages were placed on
only one side of the skin. This prccedure assumes that there is no stress grodient across
the skin thickness. The assumptions which have been described here ara those raade for
the elementary theory of the bending of beams.

The analysis of the experimental results will be consldered from the follow-
ing three vicwpoints:

4.1 Elemeniary beam thecry
4.2 Distortion of the croe: saction

4.3 Sporwise effects.

4.1 Elementory Beam Theory

Timoshenko and Gocdier (Ref, 18) describe the physicai recsciiing involved
in the daducticn of a simpie theory about thermal stresses. In this sinplified theory as
presented for application to the experimental results, it is necessary to assume: (a) that
the temperature distribution is symmetrical cbout the Z-axis (see Figure 4. 1) and (b)
that the temperature distribution is not a function of the spanwise coordinate. Thus,
the change in temperature can by written os

T=AT(S)

where S is a peripherai coordinate.
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The behavior of the beam in adjusting its distoriion and internal stresses to a cértain
temperature distribution is explained as follows:

(1) Each element of the beam I5 cliowed to expand freely as the cross
sacticin attains some particular temperature disiribution above the ambient volue. At
this stags, the beam is regarded essentlally as an assemblage of independent elemenis
which were initially fitted together in the shape of a beam.

(2) In order to fit the elem=nts together again, stresses sufficient to com~
press the elements back to their originul sizes and shapes are applied. As in the ele~
mentary beam theory, it is assumed that the importent distortions and stresses are those
in the spanwise direction. Hencs, only the spamvise iemperature distertions are con~
sidsred, and the important compressive stresses which need to be applied are those in
the spanwise direction. These stresses are denoted as follows:

| - — 1
g i) r-ElT)R ATIS) &

where
E is Young's modulus which is a function of the temperatwe,

X is the coefficient of thermai expansion which is a function of the
tamperatuwre,

AT is the temperature rise above the ambient vaiue.

(3) The beam can now be re-assembled. but the force eauilibrium of the
beam has been disturbed by the application of the comprassive stresses described above.
To restore equilibrium, a fictitious axial load and bending moment, statically eautva-
lent but opposite in character to the summation and moment of the compressive stresses
across the cross section, must be applied to the frae end of the becm. On the basis of
St. Venant's Principle, the local effects of the force and moment are deemed negligible
at cross sections not in the immediate vicinity of the points of application.

(4) The stress distribution at cross sections far remcved from the roct and
the free end is obtained by the superposition of the effects described in (2) and (3) above

as follows:

0x(S)=0%, + Ox2 + Gy (4.2)
where
Gy = % (4.3)
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Sy ® I, (4. 4)

F s the staticolly equivalent axial load of ¢;ppooite character

M is the statically equivalent bending moment of opposite character
A is the cross-sectional area

Iy is the moment of inertic of cross saction cbout the y-axis.

The axicl load, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>