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An investigation is made of the ;%r,meters 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 by assuming a specific relation- 
ship between Reynolds number and IJusselt number, an approach to similarity can 
be achieved for small scale models. Experimental and analytical work is 
required to check on the validity of these assumptions. 

It appears that existing hot wind tunnels will not be oompletely 
adeauate for thcrmo-zeroelastic work, and accordingly a possible layout for 
the-type of tunnel required is described. Automatic -programmed control of 
the tunnel mould appear to be necessary. 
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I INWRODUCX!ION l 

The problem of simulation of parameters between an airaraft and a scale 
model, for an adequate representation of aeroelastic effects in the absence 
of kinetic heating has been considered by various authorslr2r3, 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 struoture to be ignored, 
but it is apparent that for missiles and the future generations of high 
speed aircraft the effects of kinetic heating will be significant. 

In the main, kinetic heating will have its influence on aeroelastio 
properties of the structure prima.rily 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 second-ary 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 one statio state to another, 
and the effect when the static condition is aohieved. There is a greater 
difficulty in predicting the transient effect than the static one, though 
&ere is evidence that the transient condition might often prove the more 
critical4. From such predictions as have been made5 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 succeed. 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 
airoraft 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 unocrtainties in the aerodynamic derivatives has led to 
the present extensive use of scale models for aeroelastio investigations, 
and it is obviously worth considering the extent to which a continuation af 
this approaoh will yield reliable results in the kinetic heating field. 

There is however little information available on the relationships to 
be satisfied for the simulation of thermal effects, between aircraft and 
model structures and such information as is availablebr7 is not direotly 
applicable to the problem of thermo-aeroelastic simulation. Accordingly, 
the specific problem of thermo-aeroclastic simulation is considered in the 
present paper. 

The similarity parameters required are developed by dimensional 
analysis8. 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 efY'eots are assumed to be absent. 

2.1 Aeroelastio similarity 

It is asstied that aeroelastio properties are determined by the follow- 
ing physioal quantities. 

Quantity 

Linear dimension denoting size* 

Modulus of elasticity 

Modulus of elastioity: modulus of rigidity 

Material density 

Dynamio visoosity of the fluid 

Density of the fluid 

Velooity of the fluid 

Speed of sound fn the fluid 

Aoaeleration due to gravity 

Time 

Symbol 

L 

E 

n 

d 

P 

P 

V 

a 

Q 

P 

Dimensions 

L 

M L-l pm2 

Dimensionless 

M L-3 

M L-l p-' 

ML? 

L p-' 

L p-' 
-2 

LP 

P 

The distinct dimensions that appear in these quantities are those of 
length L, mass M, and time p. If we seleot length L, velooity V and air 
density p as the primary physioal quantities (which embraoe the distinot 
dimensions) the resulting lI faotors of dimensional analysis oan be oonstruoted, 

For example, considering the modulus of elasticity E. The faotor is 

E La vb pc 

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

Substituting the dimensions of the physioal quantities we have 

M L-' po2 La (L P-')~ (M L-3)" 

and the oonditional equations are then 

16 : I+0 = 0 

L: -l+a+b-3o = 0 

pt -20b=O 

from whioh 

a= 0, b = -2, 0 = -1. 

)This quantity defines geometrical similarity in the broadest sense, embrao- 
ing both undistorted and aeroelastiaelly distorted struatural components and 
henoe implying similarity in looal incidenae. 



The dimensionless parameter resulting from this ll factor is thus 

. 

s 

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

If we now let the ratio of a physical property far the aircraft to the 
aorresponding physical property for the model be denoted by X (e.g. $ - 
aircraft size/model size), we obtain from equation (I) the following non- 
dimensional relationships for aeroelastia similarity between aircraft and 
model;- 

(a) 

cd 

(4 

(d) 

1 =I I1 

h A-' = I 
"P 

(4 $ $1 = 1 

w hg 5 G2 = 1 

kd hp?L.&y = I. 

2.2 Thermal similarity 

Many of the quantities that determine aeroelastic 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 Seation 2.1 are 
assumed to be involved*. 

Quantity 
Specific heat of structural material 

SNmbols 
a 

Dimensions 
I? P-~T-~ 

Thermal conductivity of structural material k M L p3 TI' 

Coefficient of expansion of structural material a T"l 

Absolute temperature T T 

Speoific heat at constat pressure of the fluid 
-2 

"I L2 P T"' 

+ Radiation quantities are not included, on the assumption that effeots 
of radiation can be neglected. 
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Quantity S.vmbol Dimensions 

Speoifio heat at oonatant pressure: 
speoifio heat at constant volume Y Dimensionless 

Thermal oonduotivity of the fluid 4 M L pm3 T-' 

Heat transfer ooeffioicnt h M p-3 T-l 

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

$T a% $, Y,-J, = 0. 

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

b-d 

(i) 

(k) 

(2) 

2.3 Combined 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:- 



from (a) 

" (b) 

" (4 

" (3) 

from (g) 

" (d> 

1 
J 

) Aeroelastio parameters 

” (d), (k) h b) I 
” (4 

” (k) 

” (1) 

from (i) & (n) Thermal parameters 
for the structure. 

' (d,(f),(h)&(i) . 

(3) 

(4) 

(5) 
(6) 

(7) 
(8) 

(9) 
mo 
W) 

(5) 

(12) 

(13) 

(14) 

(8) 

(15) 

06) 

Equation (5) is the Mach number parameter, equation (8) is the Froude 
equation (10) is the Reynolds number parameter, equation 

is the F'randtl 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 determinjng the dissipation 
of heat within the material, since hc Lo/& is the thermal diff'usivity 
parameter. Equations (5) and (8) appear both as aeroelastic and fluid 
thermal parameters. 
by equation (5) 

It is apparent that the Mach number parameter determined 
will influence the flow pattern for the fluid, and in oonse- 

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 seoond order 



effect on aeroelasticity there are occasions where it has been significant. 
In assooiation with equation (IO), equation (8) may be reframed as the 
Grashof number, which is a significant parameter for the fluid in relation 
to free oonveotive heat transfer. Again the effect may be regarded as of 
second order sinoe it will generally only be signifioant 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 (IO)) 
on aeroelasticity is almost invariably ignoredl#*r3, 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 COMI?ATIBILITY OF TIB SlMI$UTY RELATIONSHIPS 

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

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

where 
0% 

= property ratio at reference temperature 

hb = property ratio for temperature ratio 7kT 

Xr = temperature ratio 

% = constant related to partioular 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 proper values with 
temperature are as follows:- 
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P  

sn = SC = Sk = s = 0 
Y (4 7 

- E$ = so = so, = sa = 0.2 

‘a = 0.5 

b) 

(0) 
I 

08) 

S = 0.6 
P 

S 1- = 0.8. 
“I 

(a) 

(d ~ 
/ 

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 inoonsistent that 
they must be ignored. 

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

P' 
hg and X, are termed the 

The quantities XT, $,, hp, XV, 
"derived" ratios, while the &I, 

hp> hv 
are further 

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

On the basis of the foregoing assumptions, the oompatibility of the 
similarity equations is determined by first selecting a‘set of Wleadi.ng" 
equations from equations (3) to (16) that enable the values for the derived 
ratios to be ascertained, and then substituting these values into the remain- 
ing equations to determine how olosely the neoessary oonditions 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 importanoe 
for aeroelastio work, equation (5) which determines Maoh number similarity is 
of obvious importance, and equation (6) determines thermal effect on stru&xral 
stiffness which is the major effeot of interest in the present investigation. 

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

From equations (3) and (180) we obtain 

%= oAa gg5. 

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

IP = 
o% oh;2 q2 

and from equations (IO), (18d) and the above we obtain 

(19) 

(20) 

(21) 

-1 I.3 
‘L = 0% ohp oh, $2 (22) 
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s??rom equations (14), (18e) and the above we then ham 

From equations (i6), (18b) and the above we have 

and from equations (8) and the above we obtain 

(23) 

(24) - 

(25) 

Equations (4), (7), (Y), (II), (12), (13) and (15) remain to be dealt 
with. The left hand sides of these equations are referred to as the "unity 
psrameters", sinoe unit values for these parameters are required if the 
sitiity retitionships are to be satisfied. Aooordingly, the above 
derived ratios, together with known property ratios are substituted into 
the unity parameters, and the results oompared with unity. 

3.1 Airor& and model tested in air 

The above prooedure has been followed in Table 5 for three possible 
airoraft materials (duralumin, titanium and stainless steel) and for a 
variety of model materials, in the.partiaular case when both are tested in 
air, 

Unit values for all the unity parameters, implying oomplete similsrity, 
obtains only for the trivial ease in which aircraft and model are identical 
in all respects (including size). Exaot agreement when airoraft and model 
are2 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 hg may also be regarded as a unity parameter, sinoe 
in general a gravity ratio other than unity oannat be obtained in wind tunnel 
work*. In cases where the derived value of this parameter deviates signifi- 
oantly from unity it follows that representative conditions of defleotion 
under gravitational load, and of free conveotive heat transfer oannot be 
obtained, and these effects on thermo-aeroelasticity must_,accordingly be 
ignored. Of the unity parameters the values of h 

0, hcl tic 
for teats in air, and for most materials \ and ho h h 

andXY are unity 

h"' are probably close 

enough to unity to be aoceptable. The parameter ?,i h$j Offers considerably 
from unity, but this parameter can be ignored in static aeroelastio problems 
(divergenoe, reversal, etc.), ard 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 aerMynamic forces (see Fig.?). 

* Gravity ratios other than unity in particular dire&ions can of oourse 
be obtained using a whirling arm or on rocket models. 

- IO - 



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 tne interior of 
the model structure with a foamed plastic or other substance thus increasing 
the effective model density. Providing the stiffness and thermal -properties 
of the filling oan be ignored no other parameters would be affected, though 
of course any simulation of internal convection ef'fcots would then be imprno- 
ticable. The parameter h p hv %' also differs wtiely from unity indicating 
that certain time dependent aerodyndo effects are not to soale, e.g. the 
propagation of disturbances in the boundary layer. It seems unlikely that 
this p,ar,ameter will have a signifioant effect for thermo-aeroelastio investi- 
gations and accordingly it is assumed that it cnn be neglected, 

The remaining pcarameter Lh 71, $' is generally of major importanoe sinoe 
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 235s is regarded as aoceptable 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 0.4 times the size of the aircraft to be made, whereas if effective use 
is to be made of wind tunnels for thermo-aeroelnstic work a range of model 
scale down to about 0.02 times the aircraft size is desirable. 

3.2 Aircraft 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 niroraft and 
model are determined the model scale will be reduoed as compared with the air: 
air case if the model can be tested in a gas for which 

h h >.I. opoa ( 26) 

However, in order that the dynamic temperature difference parameter lies 
within the supposed allowable toleranoe of +I% we require (from equations (II), 
(18b) and (20)) 

0.85 i oho 
I 

oha -2 4” < 1.15. 

0.2 For the Innterials considered in Table 5, h lies within the range 

0.2 
0.8 < + i 1.2 

and since the materials listed in the table may be regarded 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 

Finally we also require 

( 28b) 0.85 < 0% < 1.15. 

- 11 - 



. : gas property ratios for various gases are given in Table 4, and it 
oanbetle'en that conditions (26) (27) and (28) above 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 oarbon dioxide*, but the minimum model size is still 
too great for general work. 

4 AF'FROXIMATIOH TO SIMILARITY 

Quite obviously little oan be achieved if complete similarity is 
attempted; which is only to be expected since in the absence of "free" p&ra- 
meters any satisfaction of the similarity conditions is largely fortuitous, 
A free parameter is one whose vslue can be varied at vJil1 between aircraft 
and model, and accordingly we will consider possible approximations for 
thermo-aeroelastic similarity that till provide the necessary free parameters. 

It has already been mentioned in Section I that the transient effects of 
kinetic heating may occasionally be more critical from the thermo-aeroelastio 
viewpoint, than effeots when a static condition50btains, 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 
is:- 

& 
aT = -kdxdy z 

0 

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

Q+%dz = -kdxdy -kdxdydz 

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

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

b) 

0 Unfortunately, carbon dioxide nay be unsuitable for supersonia tunnel war% because its terWera* 
ture oi llqueroctfon (-78'~ at stanuard pressure) Is marginal. 
that have Seen made by ChapmanlO 

It is worth noting that investigations 
on mixtures of less well knov,n eases lndlcate that wide variations of 

thermal PropezWes can be achieved. It may be that a mixture could be evolved with better properties 
than CO2 for tiermo-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 element, given 
by:- 

h dy dz (T' -T) (4 

where (T'- T) is the difference in temperature between fluid and surfaoe. 

The rate of f'l~w of heat out of the element through the face dy dz at 
dx from the surfaoe will be:- 

and the total gain of heat by the element is ultimately:- 

(4 

Hence, from (a), (b), (G), (cl) and ( ) 7-r c, WC can formulate the heat flow equation 
for the surfaoe of the structure, namely 

k aT T+--- - 
0 co- dx ax + ;-$t (T’-T) . (29) 

For the aircraft, equation (29) m,ay be wr.itten:- 

and in terms of model parameters this beoomes:- 

(3Ob) 

where h 
h,c,o;T,p,L 

are the ratios of air~raft:modcl properties and 

(x,9 Yp ZA) = qx,> Ym, Zrn). 

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

(3-tb) 

- 13 ” 



and by combining and rearranging those 
and (16) of Section 2.3, namely:- 

two equations we obtain equations (15) 

$?Q$’ = I (15) 

4.1 Diffusivity effects iPnored 

A simple approximation is to ignwe diffusivity effects entirely and to 
regard the structure as a heat sink of uniform temperature in the thickness 
direction into which heat flows due to heat transfer at the surfaoe*. 

On this basis equation (29) reduces to 

is = 
8P 

-&i (TV-T) 

where t is the local thickness of the material. The two similarity relation- 
ships (I 5) and (16) thus reduce to the single relationship 

4.1.1 Solid structure 

For a solid structure t/L determines the wing thickness chord ratio, 
and since flutter at suprsonic speeds is sensitive to this parameter, 
must be unity. 

% 

In this circumstance the effect-yf ignoring diffusivity is simply to 

eliminate the unity parameter hh hL 'k and to modify the derived ratio h 
the remaining derived ratios being unaffected. The expression for h is 

P' 
P 

Minimum model scale is again limitod 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 soale. In practioe 
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 far a thin wing, it becomes progressively more difficult to 
justify as the thickness chord ratio is increased. 

- 14 - 



0.4 < hq < 2.5 (35) 

. 

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 
33 %/L' Similarly there is an effect on wing density such that the 

effective material density becomes h 0%/L' On this basis the expressions 

for the modified derived ratios become:- 

(36) 

(3?) 

(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:- 

O-1 the effect of heat flow into the webs can be neglected entirely 
on the grounds that because of low conduction properties of skin web joints 
the maximum temperature difference s between skin and web exist befure the web 
temperature changes appreciably. This implies that the mCaximum thermal stress, 
and the maximum thermal effect on wing stiffness in the transient phase occurs 
before thera 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 tie similarity relationships to be 
satisfied. The assumption is likely to be more nearly satisfied for G riveted 
structure than one with integral Fobs. Assumption (ii) on the other hand 
reduces the considerations for the hollow wing to those for a solid wing, 
since the depth of the web must be taken into account. 

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

4.2 Diffusivitv normal to material thickness ignore& 

As an alternative to the procedure outlined in Section 4.1, we will 
consider the case where diffusivity normal to material thickness 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:- 

22, k ‘ar *e--m - 
ap 0 CC& ax + GG (T'-T) (39) 
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from which (since xA = ht xm) we obtain two similarity equations to replace 
equations (j 5) and (16); namely:- 

hh hz c %/L = ' (40) 

4.2.1 _Solid structure 

(41) 

In this oase, since h 
t/L 

= 1, equations (40) and (41) reduce to 
equations (15) and (16) of Section 2, Aocordingly 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 h 

t/L 
may be treated as a free parameter (within the 

limits of equation (35)) in which case equations (36) and (37) hold. It o&n 
be seen from Table 5 that h 

t/L 
5 0.4 is of some benefit in enabling equation 

(1~0) to be satisfied and in affecting some reduction in moZle1 size. In faot 
minimum sizes are comparable with those of Section 4.1.2, but are still too 
great for general wind tunnel work. 

4.3 Diffusivity in the thickness direction ignored 

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

Equation (29) reduoes to 

0 = -@&) T+&-(T'-T) (42) 

from which we obtain two similarity relationships to replaoe equations (15)and 
0% -ely, 

(43) 

(16) 

4.3.1 Solid structure 

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

4.3.2 Thin shell structure 

A new expression for h obtains; namely, 
P 

04 

All other derived ratios are as for Se&ion 4.2.2. 
- 16 - 



To achieve any benefit in model scale we require h t/II ( '? IJut it can 

be seen from Table 5 that equation (43) is then satisfied only for a very 

restricted range of materials, since \ hr, $' is generally greater than unity. 

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

4.4 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 :I 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 relationship completely 
derives in pcart from the necessity to obtain similarity of heat transfer 
between fluid and model in regions of both laminar and turbulent flow. 
Hbwever, there may be occasions when the main load carrying part of the 
structure lies who112 within either a laminar or turbulent flow region, in 
which case it may be adequate to consider speoific heat transfer relation- 
ships for one type of flow. From a cFnsiderati 

5; 
n of the theory of heat 

transfer for flat plates in incompressible it appears that a relation- flt~w 
ship between Nusselt number and Reynold --umber can be obtained of the form 

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 LRe 
(equation (10)) the above equation bccomes:- 

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:- 

(19) 

0.5 
“V = oh, 'T 

-2 
‘p = 0% o’a 

-1 .2 
hT 

(20) 

8 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) ,md the above we obtain 

-1 

and it then follows that 

(47) 

(49 > 

h = -1 
6 o'E oha o$ (50) 

I 

(48) . 

Equations (47)-(50) may b e compared with equations (22)-(25) of Section 3. 
They differ only by a factor that is a power of the quantity C,$l o%l g*'. 

The value of h, in the present casf is simply the value of AI, from 

- and since the main interest is in , Table 5 multiplied b; (oh;;' 

increasing the value of XI,, model materials are required with the property:- 

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

-  ”  

Since 

'Re = (,q ,$ 
I 

it fellows that model materials are required for which 

1 

50 > (,h;;’ o?$ 3.yp > I. 

It is readily shown that the quantity o$' oh, 0.8 is identical with the unity 

parameter Ah AI, q' of Table 5. 
1 

AT 

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



(a) 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 l\Tickel steel 0.072 x aircraft size 

Chrome steel Niokel steel 0.15 x aircraft size 

(b) Major load carryin g structure in turbulent flow region, r = 0.8 

Aircraft material Mbdel 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 airoraft size 

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

4.4.1 Diffusivity ignored 

When the Reynolds number assumption is combined with the assumptions of 
Seotion 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 hRe ( 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 Section3 4.2 and 4.3 results in benefits in relation t9 
materials available for model making and in relation to model size, though 
the benefit3 care 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 neoessary to ensure that the areas of laminar and turbulent 
flow for model and aircraft correspond. This may neoessitate roughening tine 
model surface to ensure transition in appropriate regions, as the Reynolds 
number for the model will be lower than that for the ,ai.roraft. 

5 COMJ?OSITE STRUCTURES 

In practice it may prove convenient to 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 oover may be applied to the outer surfaoe of the 
structure. This obviously results in additional complication as regards thermo- 
aeraelastic simulation. 

* This assumes the condition hp h -h;l' = 1 oan be neglected. This oondi- 

tion could, however, be introduced as a leading equation, -&en we have 

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 oaxriers then all the similarity relationships 
must be satisfied by both. Furthermore, for compatibility between the 
multiple materials of aircraft and model identioal values for the derived 
ratios and unity parameters for each material must obtain. For example, 
if the aircraft is made of two materials of oonductivities k,, and k2, and 
the model is made of two materials of conduotivitiea k3 and 5, then we 
require:- 

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 Insulated structures 

The principal effect of the applioation of an insulating layer to the 
outer surface of a structure is to reduce the rate of heat flow into the 
struoture. If the insulation also has appreoiable thermal 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 inner 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 reduotion 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 axx3 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 

(53) 

where Xk. is the ratio of insulation conductivities for aircraft and model. 
3. 

6 STABLE THERMAL CONDIzlONS 

In the absence of any device for cooling the structure, a condition will 
ultimately be reaohed in which all points of the structure are at a temperature 
corresponding to the recovery temperature of the flow, Thermal stresses then 
arise only if the structure is of the composite 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 aeroclastic equations (3)-(Y)* 
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 oondition obtains. 

7 SWY 

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

Similarity 
approximations 

I. Complete 
similarity 

Gas flow 
conditions 

Unrestricted 

2. Structural Unrestricted 
diffusivity 
ignored 

3. Diffusivity 
normal to 
material 
thickness 
ignored 

4. Dif'fusivity 
in thickness 
direction 
ignored 

5. Reynol.ds 
number 
similarity 
ignored 

6. Reynolds 
number 
similarity 
and diffu- 
sivity 
ignored 

Unrestricted 

Unrestricted 

(a) barninar flow 
over major load 
carryingpartof 
the structure. 

(b) Turbulent flow 
over major load 
carrying part of 
the structure. 

(a) Laminar flow 
over major load 
oarryingpartof 
the structure, 
(b) Turbulent flow 
over major load 
carrying part of 
the structure. 

Thermo-aeroelastic similarity --IlI---- 

Complete similarity impossible for small 
scale models. By ignoring density 
effects ) and accepting detiations from 
ideal values of 215% in other parameters, 
models of different materials than the 
aircraft material may be acoeptable. 
However model sizes less than 0.4 x 
aircraft size are impractioable. 

Many of the important similarity para- 
meters can be closely satisfied. 
Models of shell type structures can be 
made using materials different than the 
aircraft material, but conclitSons are 
less favourable for solid structures, 
Ifode scale too restricted for general 
wind tunnel work. 

As for (2) above. @ode1 scale para- 
meters somewhat Loss favourable, (i.e. 
larger models required). 

As for (2) above. idodel 
less favourable than for 

Quite small soale models can be made 
using materials different than the air- 
oraft 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 aircraft, and for all 
practical purposes there is no 
limitation on model size. 
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Similarity 
approximations 

7. Reynolds 
number 
similarity 

struoture 
diffusivity 
normal to 
material 
thiokness 
ignored, 

8. Reynolds 
number 
similarity 
and struc- 
tural 
diffusivity 
normal to 
material 
thickness 
ignored. 

(a) Laminar flow Model scale more restricted than 6(a) 
over major load above, but better than (3) above. 
wzrrying part 
of the structure. 

(b) Turbulent flow Model scale more restricted than 6(b) 
over major load above, but better than (3) above. 
carrying structure. 

(a) Laminar flow Model scale more restricted than 7(a) 
over major load above, but better than (4) above. 
carryingpartof 
the structure. 

(b) Turbulent flow Model scale more restricted than 7(b) 
over major load above, but better than (4) above. 
carrying struoture. 

8 _DIsCUSSION 

It is quite obvious that thermo-aeroelastic similarity in the widest 
sense is impossible to achieve for small scale models. By limiting oon- 
sideration to conduction effects, by assuming the major load aarrying 
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 Nusselt 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 aeroelasticity will not of necessity be large. For a solid wing under 
zero initial load the transient thermal effect can undoubtedly lead to a 
signifioant reduction in wing stiffness for a small range of wing 
amplitude&, 

-- 
but the effeot is likely to be far less pronounced for the 

built up se&ions that are typical of aircraft construction, and will in 
any oase be attenuated by the initial deflections of the aircraft structure 
under the aerodynamic loads of normal cruising oonditions. In these cir- 
cumstances it may well be that the difference in the thermal effect on 
stiffness between an exactly similar and an approximately similar model is 
of the second order. 

Furthermore, even for models designed for tests without thermal effects, 
exaot 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 model are rarely accepted as providing 
information directly applicable to the full scale aircraft. Instead, 
theoretioal investigations are made to compare with the experimental 
results from the model, and the theoretical approach that provides oorrela- 
tion with the model experiments is then applied to the full scale struoture. 
An extension of this approach to include thermal effects seems feasible, 
though many more measurements on the model will be required. 
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8.1 Model construction 

There is, of course, lit$le point in demonstrating that an approtia- 
tion to thermo-aeroelastic similarity can be achieved for small scale models 
if it should then prove that the difficulties 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 models 2,ll are likely to be applia- 
able in the thermo-aeroelastic case* 

Of the established teohniques for construction of aeroelastic models 
the technique developed at Cornell University42 of wrapping and gluing a 
skin to a prepared "former" is the one likely to have greatest application 
for thermo-aeroelastic work. Stress alld thermal paths for the skin are 
represented, though the thermal effects of the "former" may not be negligible 
and temperature resistant glues are required. 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 internal webs is inconvenient. 

To overcome some of these difficulties an alternative technique is in 
oourse 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 seem straightforward enough to elcctro-plate a model 
skin of the desired thickness onto a prepared former. This procedure 
promises obvious advantages; for example, 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 
made1 and it is difficult to ensure a deposit of the required thickness and 
uniformity. However, progrese 
for the future. 

ti is being made and the technique promises well 

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 tunnel facilities 

In general existing wind tunnels for kinetic heating work do not provide 
for simultaneous control of Naoh number, 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 aircraft itself 
will experience. Although it follows 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 unaooeptable struoture weight penalty is 
imposed. Tunnels more oapable of approximating the siroraft flight plan 
may thus be required. 

The range of operating conditions for aircraft is very wide, partiou- 
larly in terms of air density and Mach number. The range of static air 
temperature will be less extensive, and in many oases the operational role 
of the aircraft may be such that the statio temperature can be regarded as 
oonstant (e.g. high Mach number flight restrioted to heights greater than 
37,000 ft 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 oonditions in the working section as the Mach 
number is varied. At the same time continuous variation of &oh 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'3. 

An unfortunate feature that arises in the simulation of airoraft 
conditions to model scale is that the stagnation density required for the 
model is higher than in the aircraft case. The smaller the model soale the 
higher the stagnation density required. This is very inconvenient for wind 
tunnel work since it implies that the tunnel shell must withstand a high 
degree of pressurisation, and the power requirements both for the tunnel 
drive and heat exchanger are increased. However, provided the expansion 
coeffioient for the model material exceeds that for the aircraft the tempera- 
ture scale for the model will be less than that for the aircraft, which is 
benefioial from the heat exchanger viewpoint. 

A further faotor that leads to economy in tunnel power requirements is 
the achievement of a reduoed 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 oonsidered 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 tunnel parameters can 
be varied and measurements reoorded 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 oontrol will be neoessary, 
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 tunnel layout envisaged is given. 

8.3 Rocket tests 

In some circumstances free flight rockets or rocket sleds can be used 
for thermo-aeroelastic work. In general the reference datum temperature for 
such tests will be higher than in the aircraft oase (0.7 < $ < I) and hence 
model materials are required having lower coefficients of expansion than the 
aircraft material. It can be seen from Table 5 that although the ohoice of 
materials is limited the possibility nevertheless exists of constructing a 
thermo-aeroelastic model for rocket tests to be representative of conditions 
for the airoraft at a higher altitude. 
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9 AEIZODYNAI~IC EFPECTS ABSST~T 

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 condi- 
tion (from the aeroclastic viewpoint) obtained from the heating investigations, 
and this is tested in a mind 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 aJ@i- 
tude of displacement of the structure. AS we are also conoerned principally 
with stiffnesses in the transient phase, the time available for stiffness or 
frequency measurement may be so short as to require special measuring teoh- 
niques to be developed. One technique in use at present is to oscillate the 
structure at a fixed amplitude, driving the system at a resonance frequenoy 
through a self tuning feedback network, However, all such systems require a 
finite time interval to stabilise the oscillation and for rapidly changing 
phenomena this may lead to errors in the measurements. I"urthermore, 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 
consequenoe the neroelastic behaviour may differ from what mould ac%~dlY 0aW.E 

with henting present. Finally, this approach requires the prior determination 
and simulation of local heat transfer coefficients which themselves may have 
to be determined from wind tunnel or free flight tests on models. 

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

IO CONCLUSIONS 

The principal conclusion is that complete similarity of thermo- 
aeroelastic effects for an aircraft ‘and model oan only be obtained in the 
trivial ease where the two have a 1 : 1 correspondence throughout. 

A degree of similarity between the aircraft and a smzA1 scale model is 
practicable only if certain major simplifying assumptions can be justified. 
The main assumption is with regard to the imlsortancc of Reynolds number, in 
affecting heat transfer at the surface. Opt-&mm 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 incomIressible flow over a flat plate. 

The requirements for wind tunnels for thermo-neroelastic testing are 
considered, and it appears that existing wind tunnels are unlikely to be comw 
pletely suitable. Accordingly a possible layout for a suitable tunnel is 
described. In view of the number of tunnel parameters that need to be varied 
to simulate the aircraft flight ease, 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 oan be made of rocket test facilities, 
a necessary requirement in this case being a lower coefficient of expansion 
for the model material than for the aircraft. 

The possibilities of investigating transient thermal effects on a purely 
structural model with aerodyn%nic effects absent are considered briefly and it 
seems likely that despite its difficulties this approach is likely to be 
followed to some extent, since facilities for the work already exist. 
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TABLE 1 

Exponents for aeroelastio quantities 

Quantity with 
unit expnent 

E 
n 

Exponents of selected quantities 

0 

0 

0 

-1 

0 
1 

-1 

-2 

0 

0 

-1 

1; 
1 

-1 

0 

-1 

-1 

:: 
0 

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

TABLE 2 

Exponents for thermal quantities 

Quantity with 
unit exponent 

0 

k 
a 

9 
Y 

kl 
h 

Exponents of selected quantities 

-2 

-3 
0 

-2 

0 

-3 
-3 

P 

0 

-1 

0 

0 

0 

-1 
-1 

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

Duralumin 
iEcke1 steel 
Chrome steel 
Carbon steel 
Titanium 
Magnesium alloy 
Copper alloy 
Glass 
Bakelite 
Cadmium 
Chromium 
Nickel 
Gold 
Silver 
Tin 
Platinum 
zino 

Average material properties at 68'F 

Coefficient of Modulus of 
expansion elast'city 2 per OF x -I& (lb/in ) x IO6 

;:A 
10.6 
l-I.7 
4.9 

16.5 

10.0 
29.5 n 

n 
16.0 

6.5 
-15.0 

8.0 
1.3 
5-O 

30.0 
28.5 
Il.3 
11.1 

7.7 
16.8 

8.7 

Bdodulus 
ratio 

01;8 
o-39 I, 

0 
0.38 
0.37 

II 
0.40 

n 
0.38 

0.38 
0.35 
0.37 
0.375 
0.36 
0.436 

Conductivity 
B.T.U. 

hr ft "F 
k 
95 

6 

;z 

4$87 
15/~~ 

0.44 
0.02 

53 
40 
52 

180 
a-2 

37 

g 

-; 

0 o- 
0.21 174 
0.11 490 

n n 
II 

0.13 
0.24 
0.09 
0.20 
o-35 
0,055 
0.062 
0.11 
0.03 
0.056 
0.0% 
0.032 
0.092 

I I ” 
280 
112 

zig 
5% 

E 
1200 

6% 
453 

1340 
44-O 



TABLE L 

I 
c: I 

Gas 

Hydrogen 
Helium 
Methane 

Ammonia 
Air 
Carbon 
dioxide 
Sulphur 
dioxide 
Freon 

Density 
lb/f-t3 

P 

O.OOyC 
0.0108 

o-o435 
0.048 

0.078 

0.120 

o.f”,‘6 

0.310 

Specific heat 
at constant 

press%e 
BTU/lb F 

Average gas properties at 32OF and standard pressure 

Specific 
heat 

ratio 

3 044 
I .26 

0.59 
0.51 
0.24 

0.20 

O.-i5 

0.46 

1.41 

I .63 

1.32 

1.31 

1.40 

I .30 

1.28 

I .16 

bit 
viscosity 
lb sec/ft2 

1.73x10-7 

3.80x Ia7 
2.17~10-~ 

1.95x10-7 

3.6 ~10'~ 

2.9 ~10'~ 

2.4O~jO-~ 

2.44x10-7 

Conducti- 
vity 
BTU 

hr ftoF 

0.0950 

0.080 

0.0175 

0.0123 

0.0140 

0.0082 

o.oc-44 

O.W-8 

Speed of 
sound 

ft/seo 
a 

4500 
3200 
1410 

1360 

1090 

850 

690 

470 

0.99 
0.86 
I .06 
1.07 

1.0 

l.c8 

2.07 
3.95 
9.66 

1.85 

1 l o 

1.24 

I 

0.15 0.24 0.50 

0.18 0.34 0.32 

0.80 0.77 1.28 

1.14 0.80 1.48 

1.0 1.0 1.0 

1.21 

1.65 

0.69 

0.72 

I .o 

0.73 

0.64 

0.28 

ohcl &l oc; 

0.97 
I .o 
0.85 

0.76 

1 .o 

0.88 

0.76 

0.76 
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FIG. I. EFFECT OF WING DENSITY ON 
WING FLUTTER. 

x 

FIG. 2, ELEMENT OF WING SURFACE. 





HIGH PRESSURE 
STORAGE 

DRIER 

# 

F\ND 
CODLER 1 PUMPS 

EAT EXCHANGER EAT EXCHANGER 
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--- --- COMBUSTION HEATER COMBUSTION HEATER 

THROTTLE VALVES THROTTLE VALVES 

VAR I ABLE MACH VAR I ABLE MACH 
NUMBER WORKING NUMBER WORKING 

SENSING 
STAGNATION TEMPERATURE STAGNATION TEMPERATURE 
AND PRESSURE AND PRESSURE 

TO EXHAUST TO EXHAUST 

FIG.& POSSIBLE TUNNEL LAYOUT FIG.& POSSIBLE TUNNEL LAYOUT 
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SCALE MODELS FOR THERMO-AEROELASTIC RESEARCH. Molyneux, W.C. March 196J. 

An investigation is made of the parameters to be satisfied for thermc- 
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 by assuming a specific relation- 
ship between Reynolds number and Nusselt number, an approach t0 similarity 
can be achieved for smsll scale models. Experimental and analytical work is 
required to check on the v‘alidity of these assumptions. 

It appears that existing hot wind tunnels will not be completely ade- 
quate for thenno-aeroelastic work, and accordingly a Possible layout for the 
type of tunnel required is described. AutonQtf c PrograIrmed control of the 
tunnel would appear to be n@cessary. 
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SCALE MODELS FOR THERMO-AEROELASTIC RESEARCH, Molyneux, W.C. March, 1961. 

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 laminer, or entirely turbulent, and by assuming a specific relation- 
ship between Reynolds number and Nusseli number, an approach to similarity 
can be sch!eved for small scale models. Experimental and analvtlcal 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-eeroelastic work, and accordingly a possible layout for the 
type of tunnel, required is described. Automatic Prograrmed control of the 
tunnel would appear to be necessary, 
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