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SUMMARY

1. Calculations were made for the deviation of a light ray passing
through a boundary layer as a function of altitude and wall-to-free-stream
temperature ratio. It was shown that at high flight speeds at low altitude,
the deviation is significant. Cooling the wall to near the free-stream
temperature reduces the deviation, but cooling the wall to below the free-
stream temperature increases the deviation considerably.

2. Wind-tunnel tests were performed on a scale model of the nose of
the McDonnell RF101 at Mach 1.44 to determine the pressure loading on the
forward oblique window and to observe the shock configuration in the region
of the forward obligue window. Schlieren pictures taken of the forward
oblique window are included in this report. The experimental pressure
distribution as a function of angle of attack agreed very well with the
data calculated for a normal shock.

3. Investigations were made into the safety of the forward-oblique-
window design for the McDonnell RF10l. Calculations were made for the
safety factor as a function of altitude and Mach number. At the design
cruise Mach number at sea level, the safety factor was found to be approx-
imately 2.7 when only ram-pressure loading was included. It was found that
the loading due to thermal stress from the nonuniform temperature distri-
bution resulting 10 seconds after a dive from 50,000 to 3,000 feet amounted
to about half the ram loading. The safety factor was reduced from 2.7 to
1.7 by including the thermal stress. It was recommended that the design
thickness of the window be increased in view of the unknown loads not in-
cluded in the analysis and the uncertainties in the behavior of glass. A
research program to determine the minimum safe thickness of the RF101 for-
ward obligue window was proposed. It was pointed out that the results of
the program would be applicable for future design criteria.

OBJECTIVE

The object of this investigation was (1) the analytical and experi-
mental determination of the deviation of a light ray passing through a
boundary layer and (2) the evaluation of the problem of breakage of the
forward oblique window in the RF101.
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NOMENCLATURE

T time
ds arc length

v(x,y) velocity distribution

y' derivative of y with respect to x
dx differential of x

c velocity of light in vacuum

n(x,y) refractive-index distribution

S1 path length in medium 1

S2 path length in medium 2

cy velocity of light in medium 1

X distance

i incidence angle in Snell's law

r reflected angle in Snell's law

i incidence angle

Oy wave angle

B angle between normal to first cell and emergent ray
o] deviation of ray from original path
ni refractive-index medium 1

no refractive-index medium 2

k numerical index

O deviation of ray from original path, seconds
T free-stream temperature, °Rankine
Ty wall temperature, °Rankine

Sx stress in x direction, psi

P pressure, psi

A 1/2 length of side, inches
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NOMENCIATURE (Cont.)

thickness, inches
1/2 length of width, inches
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INTRODUCTION

The reconnaissance versions of present-dey fighter aircraft are very
complex machines. In addition to the complexities that go along with the
fighter aircraft, additional complexities are added by the camera installa-
tions and photographic windows. Inasmuch as the two alrcraft are used for
basically different missions, it might be profiteble at this time to eval-
uate the philosophy of modifying fighter aircraft into the reconnaissance
versions. A considerable saving in weight characteristics might be real-
ized by an optimum design and camera installations might be simplified.

A considerable number of problems are associated with the camera in-
stallation and the photographic system itself. Among these are the prob-
lems of vibrationless mounts, lens design, defrosting windows, window in-
stallations, etc. A review of the photographic system and the problems
associated with it was published in an earlier report.?

The problem of fog and frost prevention has been an important one in
the past and will continue to be so, at least during portions of the flight
time, in future operations. Examination of Fig. 1 shows the Mach number
of flight which will maintain the windows st 85°F on the outer surface as
a function of altitude. If one uses the criterion that the inner surface
should be at 85°F at high altitude before entering into a dive to sea
level, then the curves shown in Fig. 1 are for zero heat input. It is
obvious that present aircraft cross this curve at some point during their
flight. Future aircraft will undoubtedly fly for longer periods of time
in the zone where no heat is required and, consequently, cooling the
photographic windows will be required to reduce thermal loading and to
prevent failure. For example, if one extrapolates photographic flight to
Mach 2.0 at sea level, the skin temperature will rise to about LT75°F. _
Obviously, this temperature is much too high for the type of window being
used currently, but the Mach number increase is'}elatively small and can
be foreseen in the near future. Heavy-gauge stainless-steel skins are
contemplated for future aircraft to combat the so-called thermal barrier.
The .photographic windows either will require heat-resistant glass, such
as quartz, or will require cooling. Quartz windows of the size involved
and of the optical quality required would probebly cost a prohibitive sum.
External cooling by injection of cold air into the boundary layer is quite
feasible, however. Moreover, it has the advantage, from the optical stand-
point, of reducing the deviation caused by refraction through the boundary
layer. The problem of refraction through the boundary layer is discussed



in the following section, and other toplics investigated during the contract
year are discussed In succeeding sections.

REFRACTION OF A LIGHT RAY PASSING THROUGH A LAMINAR BOUNDARY LAYER

The boundary layer in high-speed flow is a transition zone where the
change from wall to free-stream temperature occurs. The transition may or
may not be a linear one. Since the temperature and density change through
the boundary layer, the refractive index also changes in accordance with
the density. The general problem is that.of a light ray passing through
a two-dimensional temperature field and is a problem in the calculus of
variations. The path which the light ray follows is curved in such a
fashion that the time of transit through the medium is a minimum. It is
known in mathematics as Fermat's principle or the principle of least time.
The general equations governing the time of transit and the path are as
follows:

T = f ds _ N1 + y'2 ax (1)
v(x,y)

v(x,y)

g
I
Q
3
1]

f%ﬂ = fn(x,y)ds (2)

X2
U/\ n(x,yN1 + y'2@ dx (3)

X1

The above integrals must be minimized in any application. Snell's law
results as a special case of the above for a one-dimensional temperature
field.

The differential equation for the two-dimensional temperature field
was found to be analytically intractable. Therefore, an approximation
method was devised to calculate the refraction through the boundary layer.19
The method was long and tedious. Therefore, a further approximation was
made and a considerable simplification resulted. Computations made by the
two methods gave results within a fraction of a percent of each other.

The analysis is as follows:

Given a one-cell system,

8 = PpB-8 or B = © +9° (&)



using the identity,

sin (x +y) = sinx cosy + cos x sin y (5)
n; sin 8 = 1nj; sin 6§ cos ® + nj3 cos ©; sin d (6)

and
ni tan 8§ = nj tean 63 cos ® + ny sin & . (7)

Now, for small values of &,

cos® = 1 ; sind® = B

Then,
ni tan 4 = n; tan ©; + n; ® (8)
or
o™ . 5/ten 65 . (9)
n
Extending to k cells
na
Di-ne do/tan 64 (10b)
5]
or
B oamg Bk (10¢)
ngk tan O . ;
Summing over n,
ni ni no N o1 5, 5 §km_
— 4+ == 4 ==+ s Lk = + + + + .
ny no * nsa ny tan 85 tan 64 tan ey (11)



Then, if the total deviation, 8, is small,

tan ®1 = tan ©® = tan O . 1 ,
and then,
n
—u_ Z Zk=1_ (12)
tan ©4 e
L] k=i

If a two-cell system is used with the Gladstone-Dale relation for varia-
tion of refractive index with temperature, ny = 1 + a/Tk, we obtain,

Ot _ 1+ A/Ty, -1 (13)
tan 6; 1+ A/Ty ’
or rearranging,
5/tan 6 = (Tt A (.Tﬂ) -1, (14)
Ty + AV

where A is a function of altitude. The results calculated by this method
agree satisfactorily with those calculated by the previous method. Figure
2 shows the results for the laminar boundary layer. The deviation is in-
dependent of Mach number and depends only on the altitude and the wall-to-
free-stream tempersture ratio. The curve is plotted as the deviation
(seconds of arc) of the ray from its original path divided by the tangent
of the angle of incidence vs the wall-to-free-stream temperature ratio
(absolute), with the altitude as a parameter. The wall-to-free-stream
temperatures of practical interest lie between 0.9 and 2.0. Above 2.0,
the results are of academic interest only.

An examination of Fig. 2 reveals the interesting fact that when the
wall temperature equals the free-stream temperature (Tyw/T, = 1.0), the
function &/tan 64 = O for all angles of incidence. Thus, a means of
reducing or eliminating the error d is available by cooling. Cooling to
below TW/TO° = 1.0, however, is to be avolided as large deviations occur
in this region.

In the application of the graph, the ratio TW/T°° (where T is in
°Rankine) is computed at the altitude in question and the value of 5/tan 6
is read from the graph (Fig. 2). The angular deviation from the original



path in seconds of arc is then obtained by multiplying by the tangent of the
angle of incidence. In any camera, the deviation varies from zero on the
optic axis to a maximum, depending on the cone angle. For example, consider
an aircraft flying at a Mach number of 0.8 at sea level. The equilibrium
surface temperature of the window would be approximately 12L°F or 584°Rankine,
based on the NACA standard atmosphere. The free-stream temperature would be
59°F or 519°Rankine. The ratio Ty /T, would be 1.13 and from Fig. 2 5/tan 6
would be 5.0. For a lens with a 45° half-cone angle, the maximum deviation
would be 5.0 seconds at the edge. If a guided missile were used for carrying
the photographic equipment, the Mach number of flight would undoubtedly be
supersonic. For a Mach 3.0 missile and the same lens, the deviation d ex-
perienced would be 38 seconds, neglecting the effect of shock waves.

In the case of shock waves, the refraction effect is probably even more
severe due to the density shift which increases with the shock strength.
Moreover, such a shock configuration would probably be of a conical nature
dependent upon the geometry of the aircraft. In such a shock configuration,
the placement of the camera becomes important. The more nearly perpendicular
the optic axis is to the shock, the less the deviation. A preliminary at-
tempt was made to determine the deviation through the shock wave off the
Pitot mast of the RF10l and in front of the forward oblique window at a 1.3
flight Mach number. The Pitot mast half angle was assumed to be 5°. From
the tables in Reference 5, the wave angle, 6y, was found to be 60°, if the
body was considered to be a wedge. This corresponds roughly to the actual
case as seen in Fig. 6, which is a schlieren picture of the flow past a
scale model of the RF101 at 1° angle of attack in a Mach 1.44 stream. Figure
5 shows the model set up in the tunnel. Figures 6, 7, and 8 are schlieren
pictures of the model at O, 1, and 2° angle of attack. Figure 9 is a schlie-
ren picture of the flow past the model, looking down from above and at 11°
angle of attack. The shock configuration is fairly planar ahead of the
forward oblique window, but rounds out into a conical form rapidly. On
the assumption that the density gradient through the shock in front of the
forward oblique window is one dimensional, the deviation at Mach 1.3 is
approximately as shown in Fig. 4, a more rigorous analysis is required
to determine the effect of the shock wave on the photographic quality ob-
tainable at supersonic speeds. Schlieren pictures of the RF10l nose model
should be obtained at Mach numbers between 0.5 and 1.5 to see just what
the shock configuration is in the neighborhood of the nose area.

The experimental investigation of light refraction through the bound-
ary layer has progressed slowly due to the priority of other work. The ap-
paratus as described in & previous progress report has been modified slightly
(Fig. 3). Since considerable drift was experienced with the 931A photo-
multiplier tube, a cadmium sulfide cell was substituted and very good re-
production of results has been obtained with this type of photosensitive
element. Other sources of difficulty have been the bending of the test
window during heating and the second boundary layer, which develops on the
opposite side of the test window. This second boundary layer tends to
cancel out the effects of the first. A vacuum cell has been designed to



eliminate the second boundary layer. Initial calibrations of the apparatus
indicate that measured deflections through curved plexiglas specimens are
of the same order of magnitude as calculated values. A further refinement
is required, however, to detect the small angles associated with the bound-
ary layer.

THE AIRCRAFT GLASS PROBLEM

As mentioned in a previous section, the aircraft window problem is
becoming acute as flight speeds increase and window-size requirements go
up. The problem in the photographic aircraft at high flight speeds is
twofold; (1) the windows are subjected to high skin temperatures and (2)
forward windows are subjected to large ram pressures.

The ram-pressure problem has already been experienced, with up to
one~inch windows being required in some installations. At present, the
skin temperatures developed are not so excessive as to prohibit the use
of ordinary glass, but a small increase in operating Mach number could
bring about such a situation. The situation can be alleviated, however,
by boundary-layer injection of cold air to maintain the window surface
cool.

In order to maintain windows of moderate thickness, window area and
location will have to be restricted. This points again to the need for a
"pure" design for the photographic aircraft. The problem of specifying
a minimum safe thickness for the forward oblique window in the RF10l has
already been experienced by McDonnell. In the past, a large "ignorance"
factor has been included in any design involving glass, due to the un-
certainty of the mechanical properties of glass. As window-thickness re-
quirements go up, this factor appears to add excess weight to the aircraft,
which already is heavier than desirable. Thus, the tendency to cut back
upon the "ignorance" factor is apparent. The "ignorance" factor is justi-
fied when one examines just what it means. For example, in the RF10l de-
sign, the safety factor for the forward obligue window was found to be
approximately 2.7 (the method of calculation is shown in Appendix I) due
to steady-state ram-pressure loading alone at the design cruise Mach num-
ber. Many factors contributing to stress concentrations were neglected
in arriving at the safety factor of 2.7. A few of these are:

1l. Local mechanical loading at the frame
2. Thermal stress of the edge induced by a cold or hot frame
3. Local stress from hot spots in the Liberty 81E conductive coating,

due to nonuniformities in the conductive sheet or to scratches in the
coating



4. Impact loading by precipitation
5. Scratches and abrasion
6. Inertial loading.

During a dive to sea level, the window will go through a considerable
temperature history, as can be seen in Fig. 17 of Reference 18. Figure 12
of this report shows the temperature distribution through the forward oblique
window ten seconds after diving to 3000 feet from 50,000 feet. A nonlinear
temperature distribution, such as that shown in Fig. 12, gives rise to a
stress loading in addition to the ram-pressure loading. A thermal stress
is set up in the window; the stress distribution is shown in Fig. 13.
Reference to Fig. 13 shows that the outside surface of the window is in
compression, while the inside surface is in tension. The thermal loading
then is additive to the ram loading. The net effect of the thermal loading
is to reduce the safety factor from 2.7 to 1.7 at the cruise Mach number of
0.8. It was not possible to construct safety-factor curves as a function
of Mach number, including the thermal loading, since the temperature dis-
tributions through the window at Mach numbers other than 0.8 were not avail-
able.

In view of the above, it would appear that the design thickness of 1/2
in. is insufficient, especially when one considers that scratches can reduce
the safety factor by a factor of 2. Furthermore, the cruise Mach number is
considerably less than the maximum possible. Reference to Fig. 10 for the
l/2—in. window indicates that the window would fail due to ram pressure
alone at about Mach 1.2 at sea level. The thermal loading would probably
reduce this to Mach 1.1. A comparison of the RF10l installation with the
RFBLF was made to determine the magnitude of the "ignorance" factor included
in the RFBLF design. The forward oblique window of the RFBUF, aircraft was
much smaller than that of the RF101 (9.56 by 10 in., as compared with a
trapezoidal shape a = 9 in., b = 17 in., h = 17 in.). The thickness
of the two installations, however, is the same, i.e., 1/2 in. In the case
of the RF8L4LF, the safety factor is approximately 9 at the cruise Mach num-
ber of the RF10l. Inasmuch as the RF8LUF cruise Mach number is probably
lower than that of the RF10l, the difference is probably even greater.

Thus, it can be seen that the glass industry's rule-of-thumb safety factor
of 10 has probably been applied in the case of the RF8LF and is sufficient
to cover the thermal loading involved.

In order to check the accuracy of the estimation of the ram-pressure
loading on the RF10l forward oblique window, a scale model of the nose was
fabricated and tests were performed in the University of Michigan Super-
sonic Wind Tunnel* (Reference 4). The pressure distribution as a function

*The University of Michigan Supersonic Wind Tunnel is under the direction
of H. P. Liepman of the Aeronautical Engineering Department. The assist-
ance extended by Dr. Liepman and J. Amik in obtaining the schlieren pic-
tures and pressure data 1s gratefully acknowledged.
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of angle of attack was determined at Mach 1.44. The results are shown in
Fig. 1. The calculated values, using normal shock relations, yield values
to a fraction of a percent of those measured.

A conference was held on August 15 and 16, 1955, at the McDonnell
Aircraft Co. to discuss the problem of the RF101 forward oblique window
with McDonnell Aircraft and Wright Field personnel. The curves shown in
Figs. 10 and 11 were presented and the uncertainties involved in the
properties of glass were pointed out. Those attending the meeting appre=-
clated the fact that a design safety factor of 10 might be only an actual
value of 1.5, as far as the aircraft were concerned. University of Michigan
personnel recommended that a l-in.-thick window be substituted for the 1/2-
in.-thick window planned. Reference to Fig. 11 indicates that the aircraft
is out of the danger zone with a l-in.-thick window. McDonnell personnel
indicated that a B/M—in.-thick window could be installed without a major
design change, but l-in.-thick windows would involve design changes. A
compromise was arrived at temporarily to install B/M-in.—thick windows un-
til sufficient information could be gathered to set satisfactorily a safe
working safety factor. The safety factor for the 5/h-in,-thick window
would be roughly 5 for the design cruise Mach number, which is still some-
what marginal, considering the possibility of higher flight speeds. The
thermal loading is not known precisely since the temperature distribution
for a B/Q-in.-thick window was not available.

A second conference concerning the window problem was held at WADC on
August 23, 1955, to discuss the problem with Wright Field and Libbey-Owens=-
Ford personnel. The general problem of the RF10l forward oblique window
was reviewed for those not present at the meeting with McDonnell, and new
problems connected with the Liberty 81E conductive coating were brought
to light. Libbey-Owens-Ford personnel indicated that hot spots were de-
veloped near the terminal points of the bus bars on nonrectangular windows.
The thermodifferential tests reported by Miller'# were also discussed. A
program of research to answer the above problems was outlined and generally
agreed on. The program would consist of three phases:  Phase I would con-
sist of an investigation of the geometry effect by testing geometrically
similar specimens of 1/8-, 1/4-, and l/2-in,-thickness windows, which re=-
tain a constant area-to-thickness ratio and would be the exact shape of
the RF101 forward obligue window; Phase 2 would consist of the investiga=
tion of the effect of coating discontinuities on the breaking strength.

The magnitude of hot spots in the vicinity of scratches also would be in-
vestigated. In Phase 3, the effect of bus-bar geometry on heat generation
would be exemined. Finally, a number of 3/4-in.-thick coated windows (or
the thickness deemed necessary if the preliminary tests indicate a value
different from 3/L-in.) would be tested completely. The number of 3/b-in.=-
thick windows would depend on the information gained in Phases I, II, and
III and upon the funds available for the purchase of test specimens. A
test setup has been fabricated which can simulate ram-pressure and thermal
loading. It is believed that controlled ram and thermal loadings can be
accomplished and, thus, actual flight simulation may be possible. No ex=-



perimental work has been performed on this phase, awaiting official sanction
of the Air Force.

The analytical investigation of the effect of scratches on the current
distribution and temperature attained in the neighborhood of a scratch was
initiated. An analogy can be made between the flow of fluid and the flow
of electric current in a conductive sheet since, for steady irrotational
flow, both potentials obey Laplace's equation. The flow about a line per-
pendicular to the direction of flow (a scratch parallel to the bus bars)
can be obtained by a transformation of the flow about a line parallel to
the flow into the flow about a circle and, thence, the transformation of
the flow about the circle irto the flow about a line perpendicular to the
flow. The flow about a line at any degree to the flow can be obtained in
a similar manner. This technique has been established.

It should be pointed out at this time that the glass problem is not
restricted to the photo-reconnaissance aircraft and its photographic win-
dows. All aircraft windshields are subject to the same problem. A typ-
ical example of glass failure has been experienced in the F86 armor-plate
windshields. Armor-plate windshields in the F86 are made up of alternate
laminations of glass and plastic to create a l-l/h-in.-thick shatter-proof
window. A number of these cracked in aircraft used during the Korean cam-
paigns, when the hot-air anti-icing systems were turned on. Fortunately,
the laminate type of construction prevented complete disintegration of the
window. The reason for failure of the F86 windshield appears to have been
due to thermal loading in conjunction with cabin-pressure loading. An in-
restigation of the problem’ indicated that window failure occurred when an
outer-surface temperature of 220°F was reached. A redesign of the air-
supply nozzles is said to have solved the particular problem. However, a
skin temperature of 220°F due to friction alone will be attained in steady
flight at about Mach 1.5, and the problem could arise again.

ANTI-FOGGING OF HIGH-ALTITUDE HEADGEAR

The investigation of the problem of anti-fogging high-altitude head-
gear was undertaken for the Aeromedical Laboratory, WADC, under the au-
thorization of the project officer for contract AF 33(600)-2268. A re-
port was issued® which discusses this problem and its possible solutions.

RESULTS AND CONCLUSIONS

The deviation of a light ray from its original path has been cal-
culated for the case of laminar boundary layers and for a particular
gnock-wave configuration. The results of the calculations for the boundary-



layer analysis are plotted as the ratio 8/tan ©; vs the wall-to-free-stream
temperature ratio, with altitude as parameter. Inspection of Fig. 2 shows
that at sea level the deviation is significant at the very low wall-to-free-
stream temperatures and also at the higher wall-to-free-stream temperature
ratios. The deviation vanishes at a TW/Tm of 1.0. The wall-to-free-stream
temperature ratios of practical interest lie between 0.9 and 2.0. Values
outside this range are of academic interest only. As the altitude is in-
creased, the value of the deviation diminishes. It is apparent that wide-
angle cameras installed in high-speed aircraft operating at low altitude
will suffer the most serious deviations.

With respect to the aircraft glass problem, Figs. 10 and 11 show the
safety factor vs Mach number for ram-pressure loading only on the forward
oblique window of the RF10l. The thermal loeding was found to be approx-
imately half the ram-pressure loading 10 seconds after a dive to 3000 feet
from a 50,000 foot altitude. It was concluded in this phase of the study
that the original specification of l/2-in.-thick windows was not sufficient,
considering the other unknown stresses involved and the unpredictability of
glass as an engineering material.

A program was recommended to determine the minimum safe thickness for
the forward oblique window of the RF10l. The program as planned is ex-
pected to answer the problem with respect to the RF10l and to provide a
basis for future design criterisa.
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APPENDIX I

FORMULAS FOR STRESS CALCULATIONS

A. Assumptions:
(1) Uniformly distributed load
(2) Simply supported rectangular plate
B. Factors Ignored:
(1) Inertia loading
(2) Local mechanical loading at the frame
(5) Thermal stress at the edge induced by a cold frame .
(h) Local stress from hot spots in coating or coating failure
(5) Impact loading by precipitation
(6) Scratches and abrasion
C. Working Formulas for Ram-Pressure Loading:

(1) Square plate (Morley): S, = P AZ/T2

Where P = pressure
A = 1/2 length of side
T = thickness

(2) Rectangular plate (Morley): Sy = 2 A2/A% + B2 p B2/12

B'QAZ

(3) Square plate (Timoshenko): My

Sy = 6 B'QA2/H2

13



Where Q = pressure

A = length of side
H = thickness
B' = factor

(4) Rectangular plate (Timoshenko): My = B'QAZ
Sy = 6 B'QAZ/H?

D. Comparison Between Square and Rectangle:

1-9.125"*[
Fooy
|
|
l
l

i
|
[
' 16.94"
|
|
|

For square: P = .0479 B/A = 1.0

Sy = 6(.0479)q(16.94)2/82

It
0l

For rectangle: B = .0948 for B/A = 1.8 = .0967 for B/A = 1.85

.0985 for B/A

1.9
Sy = 6(.0967)Q(9.125)% /82

5,0 /5y 3 = (LOu79)(16.94)%/(.0967)(9.125)% = 1.71

Use 5,0 /85, 0833 =1.5

Then Sy = (1.5)(.0967)(6)(7.7)(9.125)"

(3

E. Working Formulas for Loading due to Thermal Stress:

= 2230

Assumptions:
(1) Temperature distribution function of y (the thickness) only:

(2) Simply supported rectangular plate

14



1]

il

coefficient of linear expension, 99 x 1077
Young's modulus, 10 x 10° psi
Poisson's ratio, 0.22

1/2 of thickness = 1/4 inch

15
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B-B-TEST SECTION b poTENTIOMETER

Fig. 3. Two-lens schlieren system and photocell
circuit.
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Fig. 5. RF10l nose model setup in the University
of Michigan Supersonic Wind Tunnel.
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Fig. 12. Temperature distribution through the forward
oblique window of the RF10l, 1/2 inch thick, 10
seconds after dive from 50,000 ft to 3000 ft.
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Fig. 13. Stress distribution through the RF101
forward oblique window due to thermal loading.
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Fig. 14. Pressure distribution on RF10l forward
oblique window as a function of angle of attack
at Mach 1.u4k,
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