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SCAIE MODELS FOR THERMO-AEROETLASTIC RESEARCH
by

W. Go Molyneux, B.3c.

SUMMARY

An investigation is made of the parameters to be satisfied for thermo-
aeroelastic similarity. It is concluded that complete similarity obtains
. only when aircraft and model are identical in all respects, including size.

By limiting consideration to conduction effects, by assuming the major
load carrying parts of the structure are in regions where the flow is either
entirely laminar, or entirely turbulent, and Ly assuming a specific relation-
ship between Reynolds number and Nusselt number, an approach to similarity can
be achieved for small scale models, IExperimental and analytical work is
required to check on the validity of these assumptions.

It appears that existing hot wind tunnels will not be completely
adequate for thermo-seroelastic work, and accordingly a possible layout for
the type of tunnel required is described. Automatic programmed control of
the tunnel would appear to be necessary.
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1 INTRCDUCTION .

The problem of simulation of parameters between an aircraft and a scale
model, for an adequate representation of aeroelastic effects in the absence
of kinetic heating has been considered by various authors?s2,5, For the
most part, the problems that arise in this case are surmountable, and in
consequence a very extensive use is made of scale models for investigating
aeroelastic effects, in particular for the investigation of flutter. In the
past the speed range to be covered in these investigations has been low
enough for effects due to kinetio heating of the structure to be ignored,
but it is apparent that for missiles and the future generations of high
speed alrcraft the effects of kinetic heating will be significant.

In the main, kinetic heating will have its influence on aeroelastio
rroperties of the structure primarily by modifying the structural stiff-
nesses. There will, of course, be other effects (for example, thermal
expansion will result in an increase of wing area), but these will generally
be of a secondary nature. The effeot on stiffness may be regarded in two
phases: namely, an effect of thermal stress in the transient phase when the
temperature distribution is in transit from onc static state to another,
and the effect when the static condition is achieved. There is a greater
difficulty in predicting the transient effecct than the static one, though
there is evidence that the transient condition might often prove the more
critical®. From such predictions as have been maded the thermal effect on
stiffness appears to be highly non-linear, so that an attempt to design
reduced stiffness, representing thermal effect, into a model to be tested
in atmospheric stagnation temperature flow is unlikely to succecd. Further—
more, the prediction of thermal effects requires accurate heat transfer data,
which may not be available at the stage where model tests for a prototype
aircraft are desirable.

In principle these uncertainties can all be eliminated by testing a
scale model of the aircraft in a representative flow. The analogous situa~-
tion with regard to uncortainties in the aerodynemic derivatives has led to
the present extensive use of scale models for acroelastic investigations,
and it is obviously worth considering the extent to which a continuation of
this approach will yield reliable results in the kinetic heating field.

There 1s however little information available on the relationships to
be satisfied for the simulation of thermal effeccts, between aircraft and
model structures and such information as is availableb,7 is not directly
applicable to the problem of thermo-acroelastic simulation. Accardingly,
the specific problem of thermo—aeroclastic simulation is considered in the
present paper.

2 ST ITARITY PARAMETERS FOR THERWMO-ABROELASTIC MODELS

The similarity parameters required are developed by dimensional
analysisS. It is convenient to develop the parameters for purely aeroelastic
effects first, and then to determine the additional parameters that arise when



thermal effects are introduced., The analysis is confined to the linear
range, where local buckling effects are assumed to be absent,

2.7 Aeroelastic similarity

It is assumed that aeroelastic properties are determined by the follow-
ing physical quentities,

Quantity Symbol Dimensions

Linear dimension denoting size* L L
Modulus of elastioity E w1 2
Modulus of elastioity: modulus of rigidity n Dimensionless
Material density o L3
Dynamio viscosity of the fluid i ™ P71
Density of the fluid P ML
Velocity of the fluid v Ly
Speed of sound in the fluid a Lp
Aooeleration due to gravity g L p?
Time r P

The distinet dimensions that appeer in these quantities are those of
length L, mass M, and time p, If we seleot lemgth L, velocity V and air
density p as the primary physiocal quantities (which embrace the distinot
dimensions) the resulting Il factors of dimensional annlysis can be constructed,

For example, considering the modulus of elasticity E, The faotor is
EL? VW o°

where a, b, o are the unknown exponents of the selected quantities,

Substituting the dimensions of the physical quantities we have
M L"“1 P-2 La (L p"‘1 )b (M L-3)0
and the oonditional equations are then

M

14+¢ = 0

L -f+a+be-3 = 0

p: =-2-b = O

from which

&

n

0, b==2, o=,

FThis quantity defines geometrical similarity in the broadest sense, embrac-
ing both undistorted and aeroelastically distorted structural components and
hence implying similarity in local incidence,
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The dimensionless parameter resulting from this I1 factor is thus

~E. .
pV

In a similar way the exponents for all the II factors are obtained (see
Table 1), and the complete solution yielded by dimensional analysis is then

. g & 2 .
f(‘)vztn’ P, ﬁly v’ _;%’ L> 0. (1)

If we now let the ratio of a physical property for the aircraft to the
corresponding physical property for the model be denoted by A (e.g. lL =

aircraft size/model size), we obtain from equation (1) the following non-
dimensional relationships for aeroelastic similarity between aircraft and
model:~-

-1 .2
(a) KE lp XV = 1

() A=
() '/\.0, 7»;1 = 1
(&) ){1 x;1 x: = 1
(e) A, L

¥
N

-2
() NN ANy
(g) xvaw;j = 1.

2,2 Thermal similarity

Many of the quantities that determine aercelastic similarity are also
significant in the thermal case, but since we include the same primary physi-
cal quantities in the analysis (i.e. L, V and p) no new relationships result.
Accordingly the following quantities additional to those of Section 2.1 are
assumed to be involved*.

Specific heat %%ﬂg%%ggtural naterial §XE§2;§ 2%§9§§§%§%
Thermal conductivity of structural material k ML p"3 T""1
Coeff'icient of expansion of structural material a T""1
Absolute temperature T T
Specific heat at constent pressure of the fluid ¢, L2 p.z T~1
* Radiation quantities are not included, on the assumption that effeots

of radiation can be neglected.
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Quantity Symbol Dimensions

Specific heat at constant pressure:

speoific heat at constant volume Y Dimensionless
Thermal oconduotivity of the fluid k, ML pD
Heat transfer coeffioicnt h M p-B 'I""1

The distinct dimensions that appear in these quantities are those of
length L, mass M, time p and temperature T. Following the procedure of
Seotion 2.1, we will select length L, velocity V, air density p and tempera-
ture T as the primary physical quantities. The exponents of the resulting Il
factors are given in Table 2, from which we obtain the dimensionel analysis
solution,

oT  XT c, T

of XKL oo AT BT owr\ _
f(vz’ L¥p LR v39> = (2)

From this we obtain further relationships for similarity between airoraft
and model, namely

@ memagaP gt =

(3) L

(k) N, Moy T
(1) )“r = 1
@) n At AP AT -
(n) R N

2.3 GCombined relationships for thermo-aeroelastic similarity

Relationships (a) to (n) are now combined and regrouped to provide
expressions in terms of more familiar parameters; and we obtain:-
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- k;4 l;z = 1 from (a) \w (3)
A, =1 " (b) (%)
Ay x;1 =1 " (e) (5)
xa lT = 1 "o(5) > Aeroelastic parameters (6)
W 21t (o @)
R R Ol (8)
KP L= K£1 = 1 fron (&) A (9)
My A x;1 =1 " () (10)
Mo Made = 1" (2,008 @) (11)
4 Fluid thermal

My X; = 1 " (e) )} parameters (5)
lc1 A k;? = 1 v (k) (12)
no=o1 (1) (13)
Ny M MJ, =1 " (n)& (n) (14)
M N o= 1t (D) / (8)
MM x§1 = 1 from (1) & (n) Thermal parameters (15)

o -4 1 for the structure.
N he Ay = 1" (e)y(£),(n) & (3) . (16)

Equation (5) is the Mach number parameter, equation (8) is the Froude
number parameter, equation (10) is the Reynolds number parameter, equation
(11) is the Prandtl number parameter, equation (14) is the Nusselt number
parameter. Equation (15) determines the flow of heat by conduction, and
equation (16) may be recognised as the parameter determining the dissipation
of heat within the material, since A xc/xk is the thermal diffusivity
parameter. Equations (5) and (8) appear both as aeroelastic and fluid
thermal parameters. It is apparent that the Mach number parameter determined
by equation (5) will influence the flow pattern for the fluid, and in conse-
quence may be expected to influence both aerodynamic forces and henoe aero-
elasticity, and the flow of heat in the fluid., The Froude number parameter
(equation (8)) determines static deflections for the structure under gravita-
tional load, and though this may generally be expected to have a second order
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effect on aeroelasticity there are occasions where it has been significant.
In association with equation (10), equation (8) may be reframed as the
CGrashof number, which is a significant parameter for the fluid in relation
to free oonvective heat transfer. Again the effect may be regarded as of
second order since it will generally only be significant for the fluid within
the structure, forced convection being the over-riding effect for the
external fluid. The effect of the Reynolds number parameter (equation (40))
on aeroelasticity is almost invariably ignored1:2:3, and experience has
generally indicated that this procedure is justified. As will be seen later,
it is the necessity to satisfy this parameter in relation to fluid thermal
effects that is a major factor in limiting the scope of models for thermo-
aeroelastic investigations.

3 COMPATIBILITY OF THE SIMITARITY RELATIONSHIPS

It would appear that for there to be any likelihood of an adequate
simulation of thermal effects for an aircraft structure the model must be a
close replica of the aircraft, at least so far as the major load carrying
parts of the structure are concerned. Even when this is achieved the
assumption of similarity of conduction properties through joints, etc. must
be made. Furthermore, it may occasionally be necessary to simulate parts of
the structure that play a minor part in relation to strength, but whose heat
capacity may have an appreciable effect on temperature distribution in the
ma jor structural members. On these grounds alone it is apparent that a thermo-
aeroelastic model will present greater difficulties in design and oconstruction
than have been experienced in the past for purely aeroelastic models, the model
structure for the latter of‘ten differing widely from that for the aircraft
while still providing adequate similitude,

In the main, properties of both structural materials and fluids are
affected by temperature, and in some cases significant anomalies in thermal
properties as functions of temperature are obteined. Obviously, a completely
general treatment of the problem is impracticable in these circumstances, and
some simplirying assumptions defining variation of properties with temperature
nust be made. For our purposes it is accordingly assumed that all relevant
properties vary in accordance with the law:-

SR e (D

&
o]
]
®
o
o
i}

property ratio at reflerence temperature

o

property ratio for temperature ratio XT

temperature ratio

3
t

constant related to particular property b.

&’

Values for the properties of a selection of materials and gases are given
in Tables 3 and 4. For these, the values for the exponents of that give a
reasonably close agreement with the measured variation of propei¥y values with
temperature are as follows:=-



Sn = SO’ = Sk = SY = 0 (a)
_SE = Sc = Sc = SQ; = 0.2 (b)
1
Sa = 0.5 (c) ? (18)
5, = 0.6 (2)
S, = 0.8. (e)
k, /

It is worth mentioning here that the condition Sk = 0 (equation (18a))

does not imply that there is no variation of material conductivity k with
temperature, but rather that the measured variations for this quantity, though
generally small in the temperature range of interest, are so inconsistent that
they must be ignored.

The remaining quantities L, p, V, p, g and h are regarded as independent
of tempersture and are uniquely determined from the similarity relationships
when other properties have been decided upon. The quantities XT’ AL, KP, Kv,

hp, Xg and Kh are termed the "derived" ratios, while the hT, XP, lv are further

termed the "disposable" ratios in the sense that they will generally be con-
trollable to some degree in wind tumnel tests.

On the basis of the foregoing assumptions, the ocompatibility of the
similarity equations is determined by first selecting a set of "leading"
equations from equations (3) to (16) that enable the velues for the derived
ratios to be ascertained, and then substituting these values into the remain-
ing equations to determine how ocleosely the necessary conditions are satisfied.

For our purposes equations (3), (5) and (6) are taken as the leading
equations. Past experience shows that equation (3) is of paramount importanoce
for aeroelastic work, equation (5) which determines Mach number similarity is
of obvious importance, and equation (6) determines thermal effect on structural
stiffness which is the major effect of interest in the present investigation.

From equations (6) and (18b) we obtain

e

Ay = A 12, (19)

o'a
From equations (3) and (180) we obtain

ANy = A x(T)'5. (20)

o a

From equations (3), (18b) and (20) we obtain

- ""2 -1 .2
A’p - oXE oxa kT (21)
and from equations (10), (184) and the above we obtain
- "'1 1 03
M, T OE oxp ota Mo (22)
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From equations (1), (18e) and the above we then have

M, = o E oMk oX;1 ox;1 X;O.5° (23)
1

From equations (16), (18b) and the asbove we have

-1 -2 .2 .2 .2.8 .
M = oM oMo o™k o'E okp obs Mp (24)
and from equations (8) and the above we obtain
- "1 "'003
Ay = R ora oMy Moo (25)

Equations (&), (7), (9), (11), (12), (13) and (15) remain to be dealt
with. The left hand sides of these equations are referred to as the "unity
parameters", since unit values for these parameters are required if the
similarity relationships are to be satisfied. Accordingly, the above
derived ratios, together with known property ratios are substituted into
the unity parameters, and the results compared with unity.

2.1 Adrcraft and model tested in air

The ebove procedure has been followed in Table 5 for three possible
aircraft materials (duralumin, titenium and stainless steel) and for a
variety of model materials, in the partioular case when both are tested in
air.

Unit values for all the unity parameters, implying complete similarity,
obtains only for the trivial case in which aircraft and model are identical
in all respects (including size). Exact agreement when aircraft and model
are of different materials is scarcely to be expected, for the relationship
between the separate properties of a particular material is fixed, and to
find two different materials with common property ratios would be fortuitous.

The derived ratio Kg may also be regarded as a unity parameter, since

in general a gravity ratio other than unity cannot be obtained in wind tunnel
work*. In cases where the derived value of this parameter deviates signifi-
cantly from unity it fellows that representative conditions of defleotion
under gravitational load, and of free convective heat transfer cannot be
obtained, and these effects on thermo-aercelasticity must,accordingly be
ignored. Of the unity paremeters the velues of A lu l;? and XY are unity

1
for tests in air, and for most materials Ay and Kc N 1\"¢ are probably close

1. T
enough to unity to be acceptable, The parameter A l;! differs considerably

from unity, but this parameter can be ignored in static aeroelastic problems
(divergence, reversal, etc.), and is generally unimportant for the flutter of
structures of high density and finite aspect ratio, provided there is little
effect of frequency parameter variation on aerodynamic forces (see Fig.1).

* Gravity ratios other than unity in particular direotions can of course
be obtained using a whirling arm or on rocket models.
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Furthermore, in those oases where the parameter has a value less than unity,
and where the structure considered is of a hollow shell type, the possibility
exists of achieving unit value for the parameter by filling the interior of
the model structure with a foamed plastic or other substance thus increasing
the effective model density. Froviding the stiffness and thermal properties
of the f£illing can be ignored no other parameters would be affected, though
of course any simulation of internal convection effeots would then be imprao—
ticable, The parameter hp %v h£1 also differs widely from unity indicating

that certain time dependent acrodynamic effects are not to socale, e.g. the
propagation of disturbances in the boundary layer. It seems unlikely that
this parameter will have a signifiocant effect for thermo-aeroelastic investi-
gations and accordingly it is assumed that it can be neglected.

The remaining parameter N A );? is generally of major importance sinoce

it determines similarity of heat transfer from fluid to the structure; but
unfortunately the parameter differs widely from unity. Even if a deviation
from unity of say #159% is regarded as acceptaeble for the unity parameters
there are still remarkably few materials that could be used for model making.
Furthermore, none of the materials considered enables a model smaller than
about O.4 times the size of the aireraft to be made, whereas if effective use
is to be made of wind tunncls for thermo-aerocelastic work a range of model
scale down to about 0,02 times the aircraft size is desirable.

3¢2  Adrcraft and model tested in different gases

The possibility exists of satisfying the similarity relationships and
also achieving some benefit with regard to model scale by testing the model
in a gas other than air.

Prom equation (22) it follows that once the materials for aireraft and
model are determined the modcl scale will be reduced as compared with the air:
air case if the model ocan be tested in a gas for which

Oxu RIS (26)

However, in order that the dynamic temperature difference parameter lies
within the supposed allowable tolerance of #15% we require (from equations (11),
(180) and (20))

-2 0.2
0.85 < oxb1 M M7 < 115 (272)

For the materials considcred in Table 5, Xg'z lies within the range

0.8 < %g.z < 12

and since the materials listed in the table may be regorded as representative
of the possible range of materials for model work, it follows that the dynamio
temperature requirement is only likely to be satisfied with gases for which

0.7 < Ny N < Tube (27b)
1
Finally we also require
-1
0.85 < oxb1 oM oxk1 < 1e15 (28a)
0.85 < ohy < 1e15. (28b)

-1 -



Air : gas property ratios for various gases are given in Table 4, and it
can be seen that conditions (26), (27) and (28) ebove are satisfied only by
methane, air and carbon dioxide (of the gases considered), Of these, carbon
dioxide is the most suitable gas in relation to model scale, A minimum model
size 0,5 times the aircraft size for tests in air is reduced to 0,3 times the
aircraft size for tests in carbon dioxide,

It is apparent that some benefit in reducing the size of the model is
obtained by testing in carbon dioxide*, but the minimum model size is still
too great for general work,

L APPROXIMATION TO SIMILARITY

Quite obviously little can be achieved if complete similarity is
attempted; which is only to be expected since in the absence of “"free" para-
meters any satisfaction of the similarity conditions is largely fortuitous.

A free parameter is one whose value cen be varied at will between aircraft
and model, and accordingly we will consider possible approximations for
thermo-aercelastic similarity that will provide the necessary free parameters,

It has already been mentioned in Section 1 that the transient effects of
kinetic heating may occasionally be more critical from the thermo-aeroelastic
viewpoint, than effeots when a static condition obtains, due to the rapid
variation of stiffness with time that may ocour?,

We will accordingly consider the approximations that may be acceptable
in a simulation of the transient heating phase,

Consider an element dx dy dz at the surface of the structure., Co-
ordinate x is measured normal to the surface, and co-ordinates y and z lie
within the surface (see Fig.2).

The rate of flow of heat into the element through the face dx dy at z
iss-

Q = -kdxdy(%%)

and the rate of flow of heat out of the element through the face dx dy at
z + dz is:-

3z 2

2
e+ B = -kdxdy<6T>-kdxdydz<-§—2>
oz

so that the rate of gain of heat through the face dx dy is:-

k dx dy dz (;?—2% (a)

2

Similarly the rate of gain of heat through the face dx dz is:-

2
k dx dy dz (9-% . (b)
oy

® Unfortunately, carbon diox{de may be unsuitable for supersonic tunnel work because its tenpera=
ture of liquefaction (=78%C at standard pressure) is marginal, It {s worth noting that investigations
that have been made by Chapman!C on mixtures of less well known gases indicate that wide variations of
thernal properties can be achleved, It may be that a nixture could be evolved with better properties
than COp for thermo-aercelastic work,

- 12 -



Due to heat transfer at the surface dy dz that is in contact with the
fluid there will be a further rate of flow of heat into the elcment, given
by:-

h dy dz (T*-T) ()

where (T'— T) is the difference in temperature between fluid and surface.

The rate of flow of heat out of the element through the face dy dz at

dx from the surface will be:-
oT
- k dy dz (ax> (a)

and the total gain of heat by the element is ultimately:=-
oT
¢ o dx dy dz 5p (e)

Hence, from (a), (b), (¢), (d) and (e) we can formulate the heat flow equation
for the surface of the structure, namely

2 2
9 _ k. /3 9 k_ [of "
5 ° oo <ay2 * Mz) T+ooax <ax> b i (10-1) (29)

Tor the aircraft, equation (29) may be written:-

T k 2 2
o - olé-<ae+62>TA" <LA> U
Py A A Noy, oz

and in terms of model paramecters this becomes:-

Mooy _l”__k"Tz ki <52.+52m>xr L e k (T:>+
A Op 7‘0 7\0')1 cp 9 ay;j 07 | “m 2 o o dx \ox

» o s
A, M h
h m '
Y Ay M, O Oy % (Tm—Tm) (300)

where A arc the ratios of aircraftimodel preperties and

h,¢,0,T,p,L
(XA’ yA’ ZA) = 7‘-L(xm, m’ Zm)'

From equation (30) we can derive two ecquations to be satisfied for
similarity of heat flow between aircraft and model, namely:=-

(31a)

i

;

rof

1
-—

----»P-_» = 1 (31p)



and by combining and rearranging these two equations we obtain equations (15)
and (16) of Section 2.3, namely:-

A
A xo_xi A 151 (16)

f
-

(15)

]
-
-

L. Diffusivity effeccts ignored

A simple approximation is to ignore diffusivity effects cntirely and to
regard the structure as a heat sink of uniform temperature in the thickness
direction into which heat flcws due to heat transfer at the surface®.

On this basis equation (29) reduces to

oT h
35 = E*d‘:-_g (T'—T) (32)

where t is the local thickness of the material. The two similarity relation-
ships (15) end (16) thus reduce to the single relaticnship

.
= ih kp = = 1. (33)
c o -9@ L

Liete1 Solid structure

For a solid structure t/L determines the wing thickness chord ratio,
and since flutter at supersonic speeds is sensitive to this parameter, th;

must be unity.

In this circumstance the cffect of ignoring diffusivity is simply to
-1
eliminate the unity parameter Kh KL xk and to modify the derived ratio lp,

the remaining derived ratios being unaffected. The exprcssion for Kp is

- -2 .~ 2 ,2.2
KP = oM ot o'E oxk1 olp otg Mp e (34)

Minimum model scale is again limitcd to about 0.4 x full scale (see Table 5).

4.1.2 Thin shell structure

For a thin shell structure without internal webs the possibility exists
of treating the skin thickness as a free parameter, in the sense that the
scale of skin thickness can differ from the linear model scale. In practice
of course some limitation on thickness variation for the model has to be
imposed; for our purposes we will suppose the limiting condition to be given
by:~-

* This assumption implies that it is only the mid-plane stresses that are
important from the aeroelastic viewpoint. While this assumption may be
Justifiable for a thin wing, it becomes progressively more difficult to
justify as the thickness chord ratio is increased.

-1 -



O < N, < 2.5 (35)

L

where t/L is the ratio of skin thickness to size.

For a stressed skin structure, assuming uniform stress across the
material thickness, variation of skin thickness can be regarded as an
effect on elastic modulus such that the effective modulus ratio becomes
XE lt/L' Similarly there is an effect on wing density such that the

effeccive material density becomes ld'lt/L' On this basis the expressions

for the modified derived ratios become:-

-1 1.3 . -1
M, = oxE olp ola XT x@&, (36)
-1 -1 =05
Mo T OB oM, oM oa M M (37)
-2 2 2.2 .~
mp = oko oxo'oxE o%kﬁ ohp oka A t/L (38)

In this case the minimum model scale is limited to about 0.2 x full scale.

For a thin shell wing with internal webs two extreme assumptions that
can be made are that:-

(i) the effect of heat flow into the webs can be neglected entirely
on the grounds that becausc of low conduction properties of skin web Jjoints
the maximum temperature differences between skin and web exist befure the web
temperature changes appreciably. This implies that the maximum thermal stress,
and the maximum thermal effect on wing stiffmness in the transient phase occurs
before there is any significant change of temperature for the web,

(ii) heat flow into the webs is governed by the same considerations as
heat flow into the skin.

The effect of assumption (i) is that skin thickness remains a free para-
meter, which is of some value in enabling the similarity relationships to be
satisfied. The assumption is likely to be more nearly satisfied for & riveted
structure than one with integral webs. Assumption (ii) on the other hand
reduces the considerations for the hollew wing to those for a scolid wing,
since the depth of the web must be token into account.

It is apparent that even accepting the above simplifying assumptions the
materials for model making are limited, and model scale is too restricted
relative to the average size of tumnel working section.

4.2 Diffusivity normal to material thickness ignored

As an alternative to the procedure outlined in Section 4.1, we will
consider the case where diffusivity normal to material thickmess is ignored
but is included in the thickness direction. This procedure would cater in
part for the case where the material is so thick that temperature gradient
in the thickness direction cannot be ignored.

Equation (29) reduces to:-

T k /3T h
£ = i 53:) S (39)
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from which (since X, = Kt xm) we obtain two similarity equations to replace
equations (15) and (16); namely:-

MM, “i? Mo = (10)

Ay Mo xf N N Mg o= 1 (14)

o241 Solid structure

In this case, since A, , =1, equations (40) and (41) reduce to

equations (15) and (16) of Section 2. Accordingly the limitations on model
size are those that apply when complete similarity is attempted (Section 3).

4.2.2 Thin shell struoture

For the thin shell structure without webs, or where the effect of web

heating can be ignored kt/L may be treated as a free parameter (within the

limits of equation (35)) in which case equations (36) ard (37) hold. It can
be seen from Table 5 that Xt/L 2 O is of some benefit in enabling equation

(40) to be satisfied and in affecting some reduction in model size. In faot
minimum sizes are comparable with those of Section 4.1.2, but are still too
great for gereral wind tunnel work.

4,3 Diffusivity in the thickness direction ignored

This approximation would apply to oircumstances in which large tempera-
ture gradients exist in the skin plane; as might occur, for example, if some
parts of the structure were insulated while others were not.

Equation (29) reduces to

2 2
T . k /o 3 h
p oc'(éy ' 3z > Tt sax (T-T) (42)

from which we obtein two similarity relationships to replace equations (15) and
(16); namely,

~1

W N = 43)

SR SR (16)

L.3,1 8So0lid structure

For this case the limitations on model size are those that epply when
oomplete similarity is attempted (Section 3).

4.3.2 Thin shell structure

A new expression for kp obtains; namely,
_ -1 -2 .2 .2 .2.,8 .-
kp = oM oo ok o'E Ox“ ot Mp Kt/L * (4)

All other derived ratios are as for Seotion L4.2.2.
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To achieve any benefit in model scale we require Xt/L < 1, but it can
be seen from Table 5 that equation (43) is then satisfied only for a very
restricted range of materials, since kh kL R;? is generally greater than unity.

Model sizes are generally less favourable than for the assumptions of
Sections 4.1.2 or 4.2.2.

L.4 Reynolds number similarity ignored

A powerful parameter in limiting model scale is the Reynolds number
parameter, and much could be achieved were it feasible for this parameter to
be ignored. As has already been mentioned in Section 2.3 it is a common
practice to ignore Reynolds number for purely aeroelastic investigations, and
Reynolds number ratios of the order 50: 1 have been accepted on occasions,
apparently without any major detrimental effect*. It is qbviously worth
considering whether latitude in this parameter can be accepted in the thermal
regime, and what benefits are likely to result.

The necessity to satisfy the Reynolds number rclationship completely
derives in part from the necessity to obtain similarity of heat transfer
between fluid and model in regions of both laminar and turbulent flow.
Hoéwever, there may be occasions when the main load cerrying part of the
structure lies wholly within either a laminar or turbulent flow region, in
which case it may be adequate to consider specific heat transfer relation-
ships for one type of flew. From a cansideratign of the theory of heat
transfer for flat plates in incompressible flow” it appears that a relation-
ship between Nusselt number and Reynolds number can be obtained of the ferm

-1 _ .r
M 7\L kk1 B KRe (45)
all other things being equal; where the exponent r has the value 0.5 for

laminar flow and 0.8 for turbulent flows.

If we suppose that this same equation also holds for +the compressible
flow regime and is applicable to aerofoils, then on substituting for XRe

(equation (10)) the above equation becomes:-

RSN (46)

P B

and this now replaces the two basic equations (10) and (14) of Section 2.3.

Proceeding as in Section 3, we have from the leading equation:-

1
KR
L (19)
_ 0.5
e = oMy Mp (20)
-2 .=1.2
A= g oM M (21)
* This remark applies specifically to main surface flutter. Reynolds

number is likely to be of greater importance for the flutter of control
surfaces and tabs.
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From equations (46), (15) and the above we obtain

y
M5 G o T ®
and it then follows that
(F-1)
T e ot o M (N o ) 1)
-2
M= ko o‘o"k o7‘E oa oﬁ ?."8 (07‘1;1 o)‘k1 7‘%8) : (49)
l.
Xg = oXE ola ox; O ’ (oxk okk 7\T r (50)

Equations (47)-(50) may be compared with equations (22)-(25) of Section 3.

They differ only by a factor that is a power of the quantity OX£1 oM Xg'B-
1

The value of XL in the present oaqr is simply the value of XL from
Table 5 multiplied by (oxk ohk XT ) T - and since the main interest is in

inereasing the value of XL, model materials are required with the property:=-

0.8

—1 .
oxk olkﬂ RT > 1.

However, the error in Reynolds number retio that can be tolerated will not
be unlimited, and accordingly we will stipulate an extreme value for this
ratio of xRe < 50.

Since

Wi~

~1 0.8 )
7\Re = (oxk okkﬁ 7\*l‘ )

it follows that model materials are required fer which

-4

50 > (ok£1 okkﬁ lg.8) i > 1. (51)

It is readily shown that the quantity oliﬁ %T is identical with the unity

paremeter N Ay x;f of Table 5.

With the above assumptions a number of materials are acceptable for models
of a duralumin aircraft, but for titonium or steel airecraft only the different
grades of steel appear to fulfil the requirement. The optimum materials for
minimum model size are as follows:=

- 18 -



(8) Major load carrying structure in laminar flow region, r = 0.5

Aircraft material Model material Model size
Duralumin Carbon steel 0,026 x aircraft size
Titanium WNickel steel 0.072 x aircraft sige
Chrome steel Nickel steel 0.,15 x aircraft size

(b) Major load carrying structure in turbulent flow rcgion, r = 0.8

Aircraft material Model material Model size
Duralumin Chrome steel 0.039 x aircraft size
Titanium Nickel steel 0.19 x aircraft size
Chrome steel Nickel steel 0.38 x aircraft size

In both cases the minimum model sizes are well within the useful range
for wind tunnel work.

L. 4.1 Diffusivity ignored

When the Reynolds number assumption is combined with the assumptions of
Section 4.1, the optimum conditions with regard to model scale are realised.
Practically all the materials listed in Table 5 could be used for model making,
the Reynolds number limitation XRe < 50 being the only limiting factor. In

particular, models 0.02 x the aircraft size could be made using the same
materials for aircraft and model*.

In the same way combining the Reynolds number assumption with the
assumptions of Sections 4.2 and 4.3 results in benefits in relation to
materials available for model making and in relation to model size, though
the benefits are not so great as for the above. In particular smaller scale
models oan be used if the flow is laminar than if it is turbulent. In this
circumstance it is necessary to ensure that the areas of laminar and turbulent
flow for model and aircraft correspond. This may necessitate roughening the
model surface tc ensure transition in appropriate regions, as the Reyndlds
number for the model will be lower than that for the aircraft.

5 COMPOSITE STRUCTURES

In practice it may prove convenient t¢ build the structure with more than
one material. For example a steel skin may be used on an inner structure of
light alloy, or an insulating cover may be applied to the outer surface of the
structure. This obviously results in additional complication as regards thermo-
aeroelastic simulation.

* This assumes the condition xp XV K£1 = 1 ocan be neglected. This condi-
tion could, however, be introduced as a leading cquation, when we have
A
- "'1 1 '3 "'1 -1 "'1 2 1 02 I'-'1
A, = oM oMa ohu ot 7"l:/L (oxE ote oxc'o)‘k1 ota oxu P ) *

The range of model scale would then be more restricted.
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5.1 More than one structural material

If both structural materials for the aircraft are exposed to the air-
flow and are major stress carriers then all the similarity relationships
must be satisfied by both. Furthermore, for compatibility between the
nultiple materials of aireraft and model identical values for the derived
ratios and unity parameters for each material must obtain. For exampile,
if the airoraft is made of two materials of conductivities kﬁ, and k,, and

the model is made of two maeterials of conductivities k3 and kh’ then we
require:~

k k
i{i - EZ (52)
2 2

and ideally a similar relationship must apply to all other material
properties. Such conditions will obviously be practically impossible to
satisfy without a great deal of approximation.

5.2 Insulsted structures

The principal effect of the application of an insulating layer to the
outer surface of a structure is to reduce the rate of heat flow into the
structure. If the insulation also has apprecisble thcrmal capacity then a
rapid rise of temperature on the outer surface will be attenuated by the
insulation and in consequence the temperature rise on the immer surface will
be more gradual.

The effect of reduced rate of heat flow is to expand the time scale
for the transient phase in which a reduction of stiffness may occur, and
consequently diffusion of heat in the structure will have a relatively
larger effect thus reducing the severity of the fall in stiffness. By the
same token a rapid rise in temperature (thermal shock) is the most severe
condition for loss of stiffness.

The difficulties in simulating the insulation will depend to some
extent on whether the insulation is stress carrying or has an appreciable
heat capacity. In cases where the stress amd heat capacity of the insula-
tion can be neglected the quantity that determines the flow of heat through
the insulation is its conductivity, and for similarity between aircraft and
model we accordingly require the insulation to satisfy equation (15) only.
If the insulation has appreciable mass, then equation (7) would also be
affected, but in most of the foregoing work it has been assumed that the
latter equation is relatively unimportant.

If we consider thickness of the insulation as a free parameter then the
equation to be satisfied is

MM )‘1:1 LY (53)

where kk. is the ratio of insulation conductivities for aircraft and model.
i

6 STABLE THERMAL CONDITIONS

In the absence of any device for cooling the structure, a condition will
ultimately be reached in which all points of the structure arc at a temperature
corresponding to the recovery temperature of the flow. Thermal stresses then
arise only if the structure is of the cowposite type; otherwise the effect is
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simply an effect of temperature on material properties.

Accordingly, it is

sufficient in this case to satisfy only the aeroelastic equations (35-(9).
Since all the relevant leading equations are the same as those that have
been used for the foregoing analysis it follows that any of the models
designed to satisfy the assumptions of the preceding sections would also
provide a representative solution when a stable thermal condition obtains.

7

SUMMARY

The results of the foregoing investigations are best summarised in
tabular form.

Similarity Gas flow
approximations conditions
1. Complete Unrestricted
similarity
2. Structural Unrestricted
diffusivity
ignored
3+ Diffusivity TUnrestricted
normal to
ngterial
thickness
lgnored
L. Diffusivity Unrestricted
in thickness
direction
ignored
5. Reynolds (a) Laminar flow
number over mejor load
similarity carrying part of
ignored the structure.
(b) Turbulent flow
over major load
carrying part of
the structure.
6. Reynolds (a) Laminar flow
number over major load
similarity cerrying part of
and diffu- the structure.
sivity )
ignored (b) Turbulent flow

over major load
carrying part of
the structure.

Thermo-aeroelastic similarity

Complete similarity impossible for small
scale models. By ignoring density
effects, and accepting deviations from
ideal values of 15k in other parameters,
models of different materials than the
aircraft material may be acceptable.
However model sizes less then OJ x
aircraft size are impracticable.

Many of the important similarity para-
meters can be closely satisfied.

Models cf shell type structures can be
made using materials different than the
aircraft material, but conditions are
less favourable for solid structures.
Model scale too restricted for general
wind tunnel work.

As for (2) above. Model scale para-
neters somewhat less favourable, (i.e.
larger models required).

As for (2) above. ifodel scale psrameters
less favourable than for (3) above.

Quite small scale wodels can be made
using materials different than the air-
craft material, though the choice of
materials is very limited.

AS above.

A wide range of materials is available
for model making including the same
materials as the zircraft, and for all
practical purposes there is no
limitation on model size.



Similarity Gas flow —aeroclastic similari
approximabions conditions Thermo~aeroclastic si ty
7. Reynolds (2) Laminar flow Model scale more restricted than 6(a)

nunber over major load above, but better than (3) sbove.
similarity carrying part

and of the structure.

structure

diffusivity  (p) Turbulent flow Model scale more restricted than 6(b)
nozma} ;° over major load gbove, but better than (3) above.
materia carrying structure.

thickness &

ignored,

8. Reynolds (a) Laminar flow Model scale more rcstricted than 7(a)
number over major load above, but better than (4) above.
similarity carrying part of
and atruc- the structure.
tural
ULfusivity () pyrbulent flow  Model scale more restricted than 7(b)
normal to A

. over major load above, but better than (L) above.
material o . truot
thickness arrying struocture.
ignored.

8  DISCUSSION

It is quite obvious that thermo-aeroelastic similarity in the widest
sense 1s impossible to achieve for small scale models. By limiting con-
sideration to conduction effects, by assuming the major load carrying
parts of the structure are in regions where the flow is entirely laminar
or entirely turbulent, and by assuming a specific relationship between
Reynolds number and Nussclt number, an approach to similarity for small
scale models seems feasible, but further data are required to check these
assumptions.

At the same time, it is worth keeping in mind that thermal effects
on aercelasticity will not of necessity be large. For a solid wing under
zero initial load the transient thermal effect can undoubtedly lead to a
significant reduction in wing stiffness for a small range of wing
amplitudesh, but the effeoct is likely to be far less pronounced for the
built up sections that are typical of aircraft construction, and will in
any case be attenuated by the initial deflections of the aircraft structure
under the aerodynemic loads of normal cruising conditions. In these cir-
cumstances it may well be that thc difference in the thermal effect on
stiffness between an exactly similar end an approximately similar model is
of the second order.

Furthermore, even for models designed for tests without thermal effects,
exact similarity between model and full scale structures is never achieved,
though a close approximation to similarity is generally obtained. Conse-
quently, experimental data for the modzl are rarely accepted as providing
informagtion directly applicable to the full scale aircraft. Instead,
theoretical investigations are made to compare with the experimental
results from the model, and the theoretical approach that provides correla-
tion with the model experiments is then applied to the full scale struocture.
An extension of this approach to include thermal effects secems feasible,
though many more measurements on the model will be required.



8.4 Model construction

There is, of course, little point in demonstrating that an approxima-
tion to thermo-aeroelastic similarity can be achieved for small scale models
if it should then prove that the dif'ficulties of model construction are
unsurmountable. If the tunnel size is large enough for a model to be
constructed using conventional riveting, welding and shaping procedures,
the problem is simplified, but unfortunately this will rarely be the case.

It has already been mentioned that the construction must be a closer
replica of that for the aircraft than is usually the case for purely aero-
elastic models, and the construction of the latter is formidable enough.
Furthermore, it would appear that few of the established techniques for the

construction of small scale aeroelastic modelsz’11 are likely to be applio-
able in the thermo-aeroelastic case.

Of the established techmiques for construction of aeroelastic models
the technique developed at Cornell University'? of wrapping and gluing a
skin to a prepared "former" is the one likely to have greatest application
for thermo-aeroelastic work. OStress and thermal paths for the skin are
represented, though the thermal effects of the "former" may not be negligible
and temperature resistant glues are rcquired. Difficulties arise when a
composite structure is to be represented, and there is the possibility that
the desired materials for model making are not available in sheet form. Also,
the representation of intermal webs is inconvenient.

To overcome some of these difficultics an alternative technique is in
course of development by Guyett at R.A.E. It so happens that in many cases
the materials that are desirable for small scale thermo-aeroelastic models
are also materials for which established electro~-plating procedures exist.
Accordingly, it would secm straightforward enough to elecetro-plate a model
skin of the desired thickness onto a prepared former. This procedure
promises obvious advantages; for exauple, a skin with double curvature
presents no problems, as it would by the wrapping procedure. Needless to
say, in practice there are many difficulties to be surmounted; accurate
control of the plating process is required to avoid built=-in stresses for the
model and it is difficult to ensure a deposit of the required thickncss and
uniformity. However, progress is being made and the techniocue promises well
for the future.

In Fig.3, a nickel wing torsion box formed by electro-plating is
shown. More complex structures, including internal webs, can be constructed
without great difficulty; for example, leading and trailing edges can readily
be plated onto the torsion box shown.

8.2 Wind tumnel facilities

In general existing wind tunnels for kinetic heating work do not provide
for simultaneous control of Mach rumber, stagnation pressure and stagnation
temperature during a tunnel run. Available tunnels are generally of the inter-
mittent type running from compressed air storage through a pre-heated exchanger
into a fixed Mach number working section, the only variable being stagnation
pressure. Tests in these circumstances simulate thermal shock conditions in
which the model is instantaneously accelerated to a particular Mach number.,
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In general these tests will be more severe than anything the airecraft itself
will experience. Although it follsws that airoraft will have an adequate
margin of safety when cleared on the basis of such model tests, it may prove
that to satisfy this margin an unacoeptable struoture weight penalty is
impssed. Tunnels more capable of approximating the airoraft flight plan
may thus be required.

The range of operating conditions for aircraft is very wide, particu-
larly in terms of air density and Mach number. The rangc of static air
temperature will be less extensive, and in many cases the operational role
of the aircraft may be such that the statio temperature can be regarded as
constant (e.g. high Mach number flight restrioted to heights greater than
37,000 £+ static temperature -56.5°C).

It follows that controlled variation of density and Mach number is
required for the wind tunnel, with related heat control to maintain the
appropriate static temperature oconditions in the working section as the Mach
number is varied. At the same time continuous variation of Mach number with-
out shut-down of the tunnel is by no means easy, requiring variation in the
geometry of the liners. Methods have however been evolved for this; for
example programmed deformation of the liner plates using hydraulic jacks, or
a sliding block nozzle'”,

An unfortunate feature that arises in the simulation of airoraf't
conditions to model scale is that the stagnation density required for the
model is higher than in the aircraft case. The smaller the model socale the
higher the stagnation density required. This is very inconvenient for wind
tunnel work since it implies that the tunnel shell must withstend a2 high
degree of pressurisation, and the power requirements both for the tunnel
drive and heat exchanger are increased. However, provided the expansion
coefficient for the model material exceeds that for the sircraft the tempera-
ture scale for the model will be less than that for the aircraft, which is
beneficial from the heat exchanger viewpoint.

A further faoctor that leads to economy in tunnel power requirements is
the achievement of a reduced time scale for the model as compared with the
airoraft, and this may have an important bearing on the choice of the model
material. Of the materials considered in Table 5 silver is outstanding in
this respect. However, it is obvious that a compromise may be required so far
as reduced time scale is concerned, as the speed at which tumnel parameters can
be varied and measurements recorded will be limited. It seems likely that
because of the many variables involved and the need for rapid adjustments
during a tunnel run, complete automation of tunnel control will be necessary.
Furthermore, because of the difficulties in rapid variation of tunnel para=-
meters in continuous as compared with intermittent tunnels, it seems almost
certain that tunnels of the latter type will be used.

In Fig.4 a block diagram of the tummel layout envisaged is given.

8.3 Recket tests

In some circumstances free flight rockets or rocket sleds can be used
for thermo-acroelastic work. In general the reference datum temperature for
such tests will be higher than in the aircraft case (0.7 < < 1) and hence
nodel materials are required having lower coefficients of expansion than the
aircraft material., It can be seen from Table 5 that although the choice of
materials is limited the possibility nevertheless exists of constructing a
thermo-aercelastic model for rocket tests to be representative of conditions
for the airoraft at a higher altitude.
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9 AFRODYNAMIC EFFECTS ABSENT

A less ideal approach to the problem, but one which may make less
demands on facilities in the way of high stagnation density wind tunnels with
heat control, is to build a structural model for investigating purely thermal
effects on structural modes and stiffnesses, with heat supplied electrically.
A separate model can then be constructed to represent the most adverse.con@i—
tion (from the acroelastic viewpoint) obtained from the heating investigations,
and this is tested in a wind tunnel with heating effects absent.

Disadvantages of this approach are that the effects on stiffness of
thermal stress are generally highly non-linear with amplitude so that the .
stiffness to be represented must be defined in relation to a particular ampli-~
tude of displacement of the structure., As we arec also concerned principally
with stiffnesses in the transient phase, the time available for stiffness or
frequency measurement may be so short as to rcquire special measuring tech-
niques to be developed. Onc technique in use at present is to oscillate the
structure at a fixed amplitude, driving the system at a resonance frequency
through a sclf tuning fecdback network., However, all such systems reguire a
finite time interval to stabilise the oscillation and for rzpidly changing
phenomena this mey lead to errors in the measurements. Furthermore, although
it may be feasible to construct a wind tunnel model having the stiffnesses.
determined for the thermal model, the stiffnesses will then be linear and in
consequence the aeroelastic behaviour may differ fram what would actual}y ogcur
with heating present., Finslly, this approach recquires the prior determination
and simulation of local heat transfer coefficicnts which themselves may have
to be determined from wind tunnel or free flight tests on models.

However, despite its drawbacks, since this approzch utilises existing
facilities it is one that is likely to be followed to some extent.

10 CONCLUSIONS

The principal conclusion is that complete similarity of thermo~—
aeroelastic effects for an aircraft and model can only be obtained in the
trivial case wherc the two have a 1 : 1 correspondence throughout.

A degree of similarity between the aircraft and a small scale model is
practicable only if certain major simplifying assumptions can be justified.
The main assumption is with regard to the importance of Reynolds number, in
affecting heat transfer at the surface. Optimum conditions in determining
model scale are achieved when a particular law of variation of heat transfer
with Reynolds number for laminar and turbulent flows is assumed, The law
assumed is determined for incompressible flow over a flat plate.

The requircments for wind tunnels for thermo-aeroclastic testing are
considered, and it appears that existing wind tunnels are unlikcly to be com~
pletely suitable., Accordingly a possible layout for a suitable tunnel is
described. In view of the number of tunnel parameters that necd to be varied
to simulate the aircraft flight ocase, and the rapidity with which these varia-
tions must be made because of the reduced time scale for the model, it is
envisaged that a completely automatic programmed control of the tunnel may
be necessary.

It would appear that a limited use ocan be made of rocket test facilities,
a nccessary requirement in this case being a lower coefficient of exponsion
for the model material than for the aireraft,

The possibilities of investigating transient thermal cffecots on a purely
structural model with aecrodynamic effects abscnt are considered briefly and it
seems likely that desgpite its difficultics this approach is likely o be
followed to some extent, since facilitics for the work already exist.
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TABLE 1

Exponents for aeroelastic guantities

Quantity with Exponents of selected quantities
unit expdnent L v p

E 0 -2 -1

n 0 0 0

o 0 0] -1

! -1 -1 -1

a 0 -1 0

g 1 -2 0

D ~1 1 0

From the above table the solution determining aero-
elastic effects is:~

E o) a &b
f(;V-é’ n, '5’ E%F’ i) "V'E"E;“">=O-

TABLE 2

Exponents for thermal quantities

Quantity with Exponents of selected quantities
unit exponent L v A T
Q 0 -2 0 1
~ -3 -1 1
0 0] 0 1
4 0 -2 0 ]
Y 0 0 0 0
k1 -1 -3 -1 1
h 0 -3 ~ 1

From the above table, the solution determining thermal
effects is:-

c, T T
i,(c'r KT ) 5 hT) - o

==y =z o, =3, ¥, —3=, 3
v Py v 1w Wy
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TABLE 3

Average materiel properties at £8°F

Coefficient of | Modulus of Modulus | conductivity | Specific heat | , ..
Meterial expansion elastéc:Lty 6 ratio ___}_3__.1_’3_ B,T.U. b/t é
atert per °F x 10 ‘1b/in) x 10 hr ft °F 1o OF
a E n k o] o2
Duralumin 12.5 10.0 0.38 95 0.21 174
Nickel steel 3 29.5 0.39 6 0.11 450
Chrome steel 5.5 " " 15 " "
Carbon steel 7 " " 30 " "
Titanium 5 16.0 0.38 15 0.13 280
Magnesium alloy 16 6.5 0.37 LO/87 0.24 112
Copper alloy 9.3 15.0 " 15/100 0.09 540
Glass 4.7 8.0 0.40 0.4 0.20 169
Bakelite 0.5 1.3 " 0.02 0.35 81
Cadmium 16.5 5.0 0.38 53 0.055 536
Chl‘omiu.m 3 n7 30.0 - ’-,0 00062 1{1{-0
Nickel 1.1 28.5 0.38 52 0.1 550
Gold 7.8 11.3 0.35 180 G.03 1200
Silver 10.6 1.1 0.37 242 0.056 650
Platinum 4.9 16.8 0.36 40 0.032 1340
Zine 16.5 8.7 0.436 65 0.092 40
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TABLE L

Average gas properties at 32°F and standard pressure

Specific heat

Cas Densit%r at constant Sp}e;:iic Dynamio Conducti-| Speed of - ,
ressure X viscosit; vity sound A A y -
1b/f% BgU /1b °F ratio b seo /f'Z 2 BTU o7p | o'c,| o'y olp 07\k1 ot okpoha 3\01 da | oo, & 1 N
Frrrop| Ct/ec0 R
Hydrogen | 0.0054 3.41 14 1.73x 10-7 0.0950 4500 14..510.07 10.99{2.07 | 0.15{0.,24{0.50 | 1.21 0.97
Helium 0.0108 1.26 1.63 3.80x 10-'7 0.080 3200 7.2/0.19 |0.86{7.95 | 0.18]0.34{0.32 | 1.65 1.0
Methane | 0.0435 0.59 1.32 | 2.47x1077| 0.0175 | 1410 1.79{0.41 |1.06{4.66 | 0.80{0.77|1.28 | 0.69 0.85
Apmonia | 0.O48 0.51 1.31 | 1.95x10°7 | 0.0123 | 1360 1.6310.47 {1.07{1.85 | 1.14]0.80|1.48 | 0.72 0.76
Air 0.078 0.24 1.40 3.6 X1O—7 0.0140 1090 1.0 (1.0 (4.0 (1.0 11.0 |1.0 (1.0 1.0 1.0
Carb -7
d?_znge 0.120 0.20 1.30 | 2.9 x10 0.0082 850 0,65/ 1,20 | 1,08{1.24 | 1.,69[1.281.59 | 0.73 0.88
Sulphur £ a2 -7
dioxide 0.1,6 Q.15 1.28 2.40x10 0.0ChLL 630 Ot 1,60 11.09|1.50| 3.18/1.58/2.37 | 0.64 0.76
Freon 0.310 0.16 1.6 | 2.5u %1077 | 0.0048 470 0.25| 1.50 1.48] 2,92/ 2,32 2.43 | 0.28 0.76
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FIG. 2. ELEMENT OF WING SURFACE.
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SCALE MODELS FOR THERMO~AEROELASTIC RESEARCH. Molyneux, W.G. March 1961,
An investigation 1s made of the parameters to be satisfied for thermo-
aeroelastic simflarity, It is concluded that complete similarity obtains

only when alrcraft and model are ldentical in all respects, including size,

By limiting consideration to conduction effects, by assuming the major
load carrying parts of the structure are in regions where the flow is elther
entirely laminar, or entirely turbulent, and by assuming a specific relation=
ship between Reynolds number and Nusselt number, an approach to similarity
can be achieved for small scale models, Experimental and analytiecal work is
required to check on the validity of these assumptions,

It appears that existing hot wind tunnels will not be completely ade~
quate for thermo=-aeroelastic work, and accordingly a possible layout for the
type of tunnel required is described, Automatic programmed control of the
tunnel would appear t0 be hecessarv.
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An investigation is made of the parameters to be satisfled for thermo=
aeroelastic sinflarity., It Is concluded that complete similarity cbtains

only when aireraft and model are ldentical In all respects, including size,

By limiting consideration to conduction effects, by assuming the nmajor
load carrying parts of the structure are In regiong where the flow is either
entirely laminer, or entirely turbulent, and by assuming a specific relation-
ship between Reynolds number and Nusselt number, an aprroach to similarity
¢an be achleved for small scale models. Experinental and analytical work is
required to check on the validity of these assumptions,

It appears that existing hot wind tunnels will not be completely ade~
quate for thermo=aervelastic work, and accordingly a possidble layout for the
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tunnel would appear to be necessary.
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An investigation is made of the paraneters to be satisfied for thermo=
aercelastic similarity. It is concluded that complete similarity obtains
only when alreraft and model are {dentical In all respects, including size,

By limiting consideratfon to conduction effects, by assuming the major
load carrying parts of the structure are in regions where the flow 1s either
entirely laminer, or entirely turbulent, and by assuming a specific relation=
ship between Reynolds number and Nusselt number, an approach to similarity
Experimental and analyticsl work is

It appears that existing hot wind tunnels will not be completely ade=
quate for thermc—aercelastic work, and accordingly a possible layout for the
type of tunnel, required is described, Automatic prograiwmed control c¢f the
tunnel would appear t0 be necessary.
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