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ABSTRACT

Wind tunnel tests were recently conducted to verify the

applicability of a thermographic phosphor paint technique for the

thermal mapping of model surfaces in hypersonic flow. The tests

provided data that supported the routine use of the thermographic

method in thermal analysis, and demonstrated that the paint technique

could be an effective alternative to other thermal mapping methods.

Two 0.0175 scale models of the Space Shuttle Orbiter were used for the

tests. The models were provided by Rockwell International and were

constructed of a filled, high-temperature epoxy material of very low

conductivity. These models were used because they had previously

provided heat-transfer data with the more conventional thermal mapping

approach of using thin-skin thermocouples [1].

The tests were conducted at the Arnold Engineering Development

Center (AEDC), Arnold Air Force Base, Tennessee. The facility used

was the AEDC von Kdrmdn Facility Hypersonic Wind Tunnel B. Fifteen

(15) runs were made at Mach 8, with Reynolds numbers (per foot) of

0.5 X 10^, 2.0 X 10^, and 3.7 x 10^, and a tunnel total temperature of

890° F (1350° R). Model angles of attack varied from 20 to 35

degrees. The models were painted with two different phosphor paints,

unique in their range of temperature sensitivity, which allowed a

large temperature variation to be examined. Exposed to ultraviolet

(UV) light during the tests, the phosphor painted surface emitted

light, the intensity of which was measured and related to surface

temperatures.
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Heat-transfer coefficients were computed by using a theoretical

thermal response function of transient heating of a semi-infinite slab

and experimental surface temperatures. The coefficients obtained were

compared to coefficients obtained using thin-skin thermocouples.

Agreement between the heat-transfer coefficients obtained by the two

different methods was observed, though the accuracy desired by

Rockwell International was not obtained. However, the thermographic

phosphor technique is promising and further development is encouraged.
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NOMENCLATURE

ALPHA Model angle of attack, deg

C  Constant used in calculating Nusselt number

C  Specific heat of model material, BTU/lb -R
p  ' m

2
h  Surface heat-transfer coefficient, BTU/ft -secR

—  2
h  Average surface heat-transfer coefficient, BTU/ft -secR

hREp Fay-Riddell reference heat-transfer coefficient,

BTU/ft^-sec-R

k  Thermal conductivity of model material, BTU/sec*ft-R

R  Boundary layer average thermal conductivity, BTU/sec*ft*R

Ajp Depth of heat penetration, feet

M  Mach number

Mp Mach number at boundary layer edge

Nu Nusselt number

Free-stream static pressure, psia

P-j- Tunnel stilling chamber pressure, psia

P-r Stagnation pressure downstream of the normal shock, psia
2

Free-stream dynamic pressure, psia

Q" Total heat flux, BTU/ft^

q" Surface heat-transfer rate, BTU/ft -sec

Re Reynolds number

R|^ Reference nose radius, feet

r  Recovery factor

T  Temperature, F (R)

T. Initial model temperature, F (R)
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P  Adiabatic recovery temperature, F (R)

^  Wall temperature, F (R)

Adiabatic wall temperature (a Tp), F (R)

E

pc

Temperature at boundary layer edge, F (R)

Phase change temperature, F (R)

Temperature distribution parameter

Time, sec

V  Velocity, ft/sec

Greek Symbols

2
a  Thermal diffusivity of model material, ft /sec

6  Semi-infinite slab parameter for h(Tp)

Air viscosity based on total temperature

n  Camera viewing angle, deg

n  Ultraviolet light incident angle, deg

p  Density of model material, Ib^/ft^
/ pCpk Lumped thermophysical property of model material,

BTU/ft^-sec°*^-R

Typ Thermal diffusion time, sec



CHAPTER I

INTRODUCTION

The final product of most heat-transfer testing conducted in

wind tunnels is a distribution of heat-transfer coefficients over the

model [2, 3]. This requires that part of the model surface, i.e.,

external wall, behave as a transducer, where temperature changes along

the model exterior are used to determine the rates or amounts of

energy flow across the boundary layer [2, 3]. If the model is

constructed of a relatively thick material with low conductivity, it

can be considered analogous to a slab of infinite thickness for test

periods up to a few minutes [2, 3]. This allows the model surface

temperature to become a sensitive indicator of heat transfer, given

that other thermal properties of the model material are known. Such

properties include the thermal conductivity k, density p, and the

specific heat [2, 3].

Early in 1987, a series of wind tunnel tests were conducted at

the Arnold Engineering Development Center (AEDC) to evaluate aerody

namic heating characteristics of a hypersonic airframe configuration

developed by the Rockwell International Corporation. Information

gathered would provide an experimental data base for the validation of

various analytical techniques [4, 5]. Testing was conducted at the

AEDC von Kdrm^n Facility (VKF) in Hypersonic Wind Tunnel B, and a

thermal mapping technique was used in order to obtain heat-transfer

data.
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Various thermal mapping techniques have been used in testing at

AEDC. These techniques are based on measuring the surface temperature

of test models during their exposure to convective heating in the wind

tunnel [1]. The surface temperature data is then used to determine

the associated convective heat-transfer coefficients. The primary

difference between the various thermal mapping techniques is the

approach used to obtain the surface temperature [1]. Two such tech

niques presently being used in testing at VKF are the phase-change

paint technique and the infrared (IR) camera technique [1]. The

phase-change paint technique uses a temperature sensitive paint

coating on the model. This fusible coating changes from an opaque

solid to a transparent liquid (i.e., melts) at a specific temperature

(Tp^) [4, 6, and 7]. Isotherms along the model surface are defined by

the interface between the solid and melted paint. The rate of pro

gression of these isotherms, using paints of varying temperature

sensitivities, provides a map of surface temperature variation over

time [6, 7]. This information is used to calculate corresponding

heat-transfer rates from the transient heat-conduction equation.

However, this technique has several disadvantages. These include the

need for multiple models, required cleaning and repainting of the

model after each run, and a labor intensive data-reduction procedure

[1]. The infrared camera technique of thermal mapping uses an

infrared scanning system coupled with on-line computers and color

printers. The product is an on-line color-coded analysis of the

model's surface temperature distribution [5]. However, this technique



3

has poorer spatial resolution and requires an exact knowledge of the

spectral emissivity of the model material over a potentially wide

range of temperatures [1].

An additional thermal mapping approach is the thermographic

phosphor technique. This approach offers improvements in some of the

problem areas associated with other thermal mapping techniques, though

it also has limitations. During the 1970s, the von Kdrmdn Facility

used this technique to map heating patterns on models in lower

temperature test environments. However, the technique was abandoned

for several years because the data-reduction methods were more labor

intensive than those of phase-change paint [1]. Recent VKF develop

ments in the areas of computer enhanced image analysis and high-

temperature phosphor paints have once again made the thermographic

phosphor technique a viable approach, especially for higher tempera

ture environments [7]. It was this recently refined technique that

was considered for the Rockwell International tests. However, before

the desired model would be tested, additional testing would be con

ducted in order to confirm the technique's practicality. In this

validation test, phosphor measurements were obtained on existing Space

Shuttle Orbiter models for comparison with experimental data obtained

from previous wind tunnel tests.

In February of 1987, wind tunnel testing was conducted in

Tunnel B of AEDC/VKF on two 0.0175 scale models of the Space Shuttle

Orbiter. The intent of the test was to simulate vehicle reentry

conditions and examine the heating characteristics of the models'

windward (i.e., lower) surface using the thermographic phosphor
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technique. Acquired data would be compared to previously obtained

thin-skin thermocouple data in order to evaluate the accuracy of the

phosphor paint technique. Fifteen (15) test runs were made at Mach 8.

This thesis discusses the theory supporting the data analysis

and analyzes the data obtained in the thermographic phosphor valida

tion test. Data includes surface profile information on temperature,

heat-transfer coefficients, and heat-transfer rates along the orbiter

models' lower surface centerline. Comparison data between the

phosphor approach and previously obtained experimental data is also

examined. Recommendations for future work or development of the

technique are provided.



CHAPTER II

TEST FACILITY DESCRIPTION

The tests were conducted in Hypersonic Wind Tunnel B of von

Kdrman Gas Dynamics Facility (VKF). This is a closed-circuit tunnel

with a 50-inch diameter test section. Mach numbers of 6 and 8 are

available by selecting one of two axisymmetric contoured nozzles for

tunnel installation. The tunnel can be operated continuously at stag

nation pressure levels from 20 to 200 psia at Mach 6, and from 50 to

900 psia at Mach 8, with air being provided by the VKF compressor

plant. A natural-gas-fired combustion heater is used to obtain tunnel

stagnation temperatures high enough to prohibit air liquefaction in the

test section (up to 1350° R). The entire tunnel (throat, nozzle,

test section, and diffuser) is cooled by integral, external water

jackets [7]. Beneath the tunnel test section is the model installation

tank. Here, the models are mounted on a sting support mechanism

for insertion into the tunnel. This model injection system allows for

a model's insertion into and removal from the test section while the

tunnel remains in operation [7]. This facility is maintained and

operated by Arvin/Calspan, Inc., under contract to the U. S. Air Force.

The insertion of a model into the tunnel and its subsequent

removal constitutes one injection cycle, referred to as a run. All

data obtained are identified in the data tabulations by a run number

[7]. Personnel enter the installation tank to prepare the model for

each run. The tunnel and installation tank are separated by a pair of

fairing doors and a safety door. Once preparations are complete.
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personnel exit the tank, closing the access door. The tank is then

vented to the tunnel flow, safety and fairing doors are opened, and

the model is inserted in the airflow. With a test run completed, the

sequence is reversed with the model being retracted back into the

installation tank and the tank being vented to the atmosphere. Once

venting is completed, the tank is accessible to personnel in order to

prepare the model for another run.



CHAPTER III

THERMOGRAPHIC PHOSPHOR TECHNIQUE

When phosphor particles are exposed to ultraviolet (UV)

radiation, the result is the temperature dependent emission of light

known as phosphorescence. The intensity of the emitted light depends

on the properties of the phosphor particles, the energy of the

incident UV light, and the temperature of the phosphor treated surface.

The following description of the thermographic phosphor technique

is based upon its discussion in References 1 and 7, and is presented

here to promote understanding of the testing effort.

The thermographic phosphor approach uses phosphor-laden paints

as model surface coatings for aerothermal wind tunnel tests. The

intensity of the light emitted by a given phosphor paint when exposed

to a constant intensity UV light can be related directly to the

paint temperature. The approach presumes that the temperature of

the actual model surface can be taken to be that of the paint, assuming

that the paint offers negligible resistance toward heat transfer.

This requires that the paint have a thermal conductivity significantly

greater than model material, and/or that the paint be applied to the

surface with an acceptable minimal thickness. The phosphor paints

used on the test consisted of phosphor particles suspended in a

pigmentless binder. Phosphors can differ in the temperature range

over which their emitted light shows a measurable intensity change.

Therefore, some expectation must be held as to what the model surface

temperature profile will be in order to select phosphor paints with
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appropriate temperature sensitivity. Two phosphors were used for this

test, acquired commercially through the U. 5. Radium Corporation. One

of the phosphor paints used particles of Radelin® #3251, which is

useful for surface temperatures from approximately 140 to 230° F. The

other phosphor paint used particles of Radelin® #2090, which is

sensitive to temperatures from 320 to 425° F.

A video camera was used to monitor the light intensity emitted

from the painted surface during the test. The camera output was then

recorded by a computer based Image Analyzer System (IAS), a schematic

of which is illustrated in Figure 1. This output can relate phospho

rescence to surface temperature through calibration of each phosphor

paint. Calibrations are performed by applying a sample of the batch

of phosphor paint to be used on the model to the surface of a copper

slug. The slug is then heated to a constant temperature and illumi

nated with UV light of equal intensity to that illuminating the model

during testing. With the slug surface temperature being monitored by

a thermocouple, the intensity of phosphorescence is recorded by the

IAS as camera output. The phosphor paint calibration curves for both

paints used at a given UV light intensity are shown in Figures 2 and

3. Note that the intensity of phosphorescence decreases exponentially

with increasing paint temperature.

Ultraviolet light sources are placed in the tunnel installation

tank and outside the top and side test section viewing ports in order

to provide UV illumination of the model during testing. The lighting

arrangement used during this test is shown in Figure 4. UV light

intensity is measured in the test section prior to testing, with
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adjustments made to provide as near uniform illumination of the model

as possible. These adjustments are necessary in order to obtain

uniform excitation of the phosphor over the entire model surface. In

addition, the UV lamps are filtered to cut off reflected visible light.

Furthermore, the IAS is used to record a tare image of the model at

each model orientation to be tested. Such images are recorded at

ambient cpnditions with the same UV lighting as planned for the actual

test. These tare images are later subtracted from model images made

during the test in order to compensate for small nonuniformities in UV

illumination and phosphor paint application.

When actual testing is in progress, the IAS is used to obtain

and store individual frames of data from the video camera output of

the model. The IAS records such data at predetermined intervals

(identified by seguence numbers) during the actual test, along with

the time that each frame of data is taken. The imaging system used by

AEDC allows for a video resolution of approximately 0.04 in. over

a 30-inch model.

In 1986, AEDC acquired the Kontron Image Processing System

(KIPS), a newer and faster IAS than had been available. This new

system allows for the near on-line presentation of the phosphor data,

processing the data between runs. Tare data is subtracted from actual

test data, and the resulting intensity is related to a surface temper

ature based upon the calibration curve. Temperature data of the model

surface are then illustrated on color plots. Black and white examples

of these plots are shown in Figures 5 through 8, which illustrate

changes in the temperature profile with exposure time in the tunnel.
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Note that each color represents a temperature range, with the addition

of more colors (up to 32 possible) allowing for smaller and more

refined temperature intervals. The exact temperature, however, is

only known at the interfaces between adjacent regions of differing

colors. The corresponding heat-transfer coefficient is finally

computed using the interface temperature, the amount of time the model

was exposed to convective heating, and the model thermal properties

as inputs to the data-reduction equations.
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CHAPTER IV

THEORY

The method described herein is an application of the semi-

infinite slab solution in order to determine the heat-transfer

coefficients. Here, the heat-transfer coefficients are dependent upon

exposure time of the model in the tunnel, the test environment, and

the thermal properties of the model wall. The relationship between

the heat-transfer coefficient and the other parameters is determined

from the solution to the equation governing the transient one-

dimensional flow of heat [6]. This equation is

II
3t

3^T

3x
2*

(1)

The actual tunnel transient test is most accurately described by the

following initial and boundary conditions:

T(x,t) = at t = 0,

T(x,t) = Tj^ at X = ",

(2)

(3)

and

3T(x,t) ^
3x " k

Tp - T(x,t) at X = 0. (4)

where T(0,t) = T^, the wall temperature of the model, Tp is the
R

adiabatic recovery temperature, k is the thermal conductivity, a is

the thermal diffusivity, and h is the surface heat-transfer coeffi

cient. Further assumptions made are:
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1. the depth of heat penetration into the model wall is very

small when compared to the wall thickness and the surface

radius of curvature; therefore, it is assumed that the wall

temperature response is similar to that of a semi-infinite

slab;

2. the model is isothermal when injected into the tunnel

airflow;

3. the surface experiences an instantaneous step in the

aerodynamic heat-transfer coefficient at time zero. Such

an occurrence usually takes place in wind tunnels with

constant stagnation conditions for a laminar boundary

.  layer and rapid injection of the model [6].

Consider a semi-infinite slab under conditions of nonnegligible

thermal resistance and surface resistance. The temperature distribu

tion for this body is [1, 8, 9]

T(x,t) - T,
R

f  y

X

Ti - Tr
= erf + exp

' hx h at
k  ■*" 2k^

1 - erf
h /o t

2/n

Substitution of Equation (5) into the Fourier's relation

31q" = -k
3x

(5)

(6)

identifies the surface heat-transfer rate, q", as
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q" = k(T, - Tj) + ̂  exp
h^at

1  - erf

'  "

h/^
k

k
exp

2
-h at

9
h/wat k^

(7)

Therefore, the total heat flux during a given time period of duration

T from the beginning of the heating process is

Q" q" (t) dt, (8)

0

Note that Equations (5) and (7) are solved in terms of error

functions. The error function of some parameter 6, erf (b), is

defined as

6

erf (6) = ̂  f
f; '

e ̂  dx, (9)

where X is a dummy variable of integration. Associated with the error

function is the complementary error function, erfc (s), defined as

erfc (B ) =
/7

e ^ dX. (10)

6

Therefore, erf (B) and erfc (b) are related by

erfc (B) = 1 - erf (B). (11)

The general temperature distribution. Equation (5), is now

solved for the model wall temperature, T^, as a function of time.
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Recall that T(x,t) = at x = 0. The solution then becomes

- Tr
= erf

h^ctt
1 - erf

h/^
for X = 0. (12)

If the parameter 6 is defined as

6 =
h/^

(13)

then the wall temperature behavior is given by

= exp (b^) [1 - erf (b)]
i " 'r

(U)

or

" ̂R ^^i " ̂R^

= Tp [1 - exp (b^) (1 - erf (b))] + exp (b^) (1 - erf (b)). (15)

Then,

" ̂i " ̂R (6 ) (1 - erf (b))]

- T^ [1 - exp (b^) (1 -erf (b))]

=  (Tp - T^) [1 - exp (b ) (1 - erf (b))], (16)

and introducing Equation (11) yields

T„- T,
W  1 7

j  j- = 1 - exp (b ) erfc (b)
'r 'i

(17)
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Introducing a temperature distribution parameter T, where

-  - "^i
—r, (18)

'r 'i

the solution at the wall becomes

T = 1 - exp (e^) erfc (b), (19)

The parameter B can now be solved in terms of T in Equation

(19). Once B is known, Equation (13) can be rearranged to solve for

the heat-transfer coefficient. Introducing the equation for thermal

diffusivity,

a = (20)

into Equation (13), one obtains

h(Tp) = 6/—^ (21)

where h(Tj^) is the heat-transfer coefficient as a function of the

adiabatic recovery temperature, is the specific heat of the model

material, p is the material density, and t is the exposure time of the

model to the tunnel environment. Note that h(T„) does not account for
K

surface heating due to thermal radiation. Such heat-transfer effects

were considered insignificant for this test.

The above theory presumes invariance in a and k with changing

temperature, and the thermal properties of the model body material

closely reflect this invariance to allow application of the
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semi-infinite slab solution. The lumped thermophysical property,

/pCpk, of the material does indeed demonstrate a slight variance with

temperature, yet the deviation was not considered significant enough

to disrupt theory application. However, this variance was taken into

account during data reduction. Values of /pCpk for specific ranges of

temperature were provided by Rockwell and are summarized in Table 1.

Since the intensity of phosphorescence of the phosphor paint

varies continuously as the surface temperature changes over time, an

ensemble of surface heat-transfer coefficients are found as a function

of time. Given a wall temperature at some location (x,y) and a time

t.. Equation (17) can be shown as
J

Tw(x»y»t ) - T
j—^ = 1 - exp (6 .) erfc (g J, (22)
'r 'i J J

where T. is the initial model temperature. From this equation, g.
J

is computed and used in Equation (21) to calculate h.dn), where
J

/PC k

1

Given a fixed aerodynamic position on the model surface (i.e., fixed

vehicle orientation, angle of attack) and fixed freestream conditions,

the values of hj(Tp) should all be the same. Therefore, an average of

these values should provide an average surface coefficient, h(Tn) for
K

a given location on the model surface. Hence,

N

h(x,y,Tj^) = 1 I hj(Tj^). (24)
j=1
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Table 1. Orbiter Model Material Lumped Thermophysical Properties
With Respect to Temperature.

T^ (deg °F) /p^ (BTU/ft^-R'sec°'^)
140 - 152 0.G48

153 - 200 0.049

201 - 248 0.050

249 - 350 0.051

351 - 425 0.052

426 - 525 0.051

526 - 530 0.050
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Thus, even though the body may be experiencing nonuniform surface

heating, the surface heat-transfer coefficients can be obtained. Note

that in having the surface heat-transfer coefficients and the wall

temperatures, a correction procedure could be formulated to account

for time-varying boundary-layer transport properties. Consider the

relation for Nusselt number, Nu,

Nu = C (Re)'" (Pr)"
(pp)

W

(pw)
AW

(25)

where

M  hiNu =-g- , (26)

and C is some constant. The boundary layer average thermal conduc

tivity, R, is often selected as.

R = k(T„) . k(T,„) (27)

Thus, for a given h., a corresponding Nu. can be determined to
J  J

within the constant C.. Hence, h- provides a set of C., where
J  J J

N

c" - — y c^ - N ^ j-
j=i

(28)

In this way, the boundary-layer theory is used to obtain not the K,

but rather the C used in the heat-transfer theory appropriate for the

(x,y) location on the body.
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The amount of time that the model is exposed to the tunnel

environment is important, in that the model must not experience

significant departure from its initial interior temperature. As long

as the internal temperature of the model remains near T^, the use of

the semi-infinite slab temperature profile remains valid (note

Equation (3)). Therefore, the time required for accurate measurement

of phosphorescence must be short compared with the thermal diffusion

time of the model wall. This thermal diffusion time, is inde

pendent of the aerodynamic heat-transfer coefficient and depends only

on the thermal diffusivity of the wall and the allowable depth, Jl^p,

of heat penetration [6]. A conservative equation for the thermal

diffusion time is given as

'td
(29)

and was derived by NASA/Langley in considering the accuracy of heat-

transfer data obtained from models coated with phase-change paint.

Equation (29) was obtained by assuming a cubic distribution of

temperature with depth in a slab subjected to an instantaneously

applied constant heat-transfer rate at one surface. A solution to

the equation was then obtained for a value of for which a signifi

cant change in temperature occurred at depth [6]. It is important

that Jl-j-p is small compared with pertinent model dimensions, such as

wall thickness and nose radius. Therefore, in order for the semi-

infinite slab solution to remain acceptable,
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t i Tjp (30)

must be a constraint on the time permissible to conduct measurements

on phosphorescence. Figure 9 shows the response to Radelin® #2090

phosphor paint on different model materials. Note that the thermal

diffusion time for a 0.25-inch thick wall of Novamide® is approxi

mately 30 seconds. The material used to construct the test models had

very similar thermal properties to that of Novamide®, with walls much

thicker than 0.25 inch. In addition, exposure times during testing

were generally kept below 30 seconds. Therefore, the constraint

of Equation (30) was maintained during testing.

It has been shown that the heat-transfer coefficient can be

calculated, provided the values of T., T„, t, and /pC k are known. By
I K p

far the most elusive of these parameters is the adiabatic recovery

temperature, T^^. Based on the definition of the recovery factor, one

can obtain the equation

^E
r + J-, (31)

't

where, for laminar flow,

r =/P^ (32)

and for turbulent flow,

r =

where T^ is the temperature at the boundary layer edge.
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The temperature ratio at the boundary layer edge is

T. , 2^-1
1 + 0.2

T
T

(34)

Since the edge Mach number, is usually unknown, wind-

tunnel heat-transfer data are often reduced using the assumption that

Tr = Tj. Furthermore, stagnation enthalpies found in the wind tunnel

are significantly lower than those experienced in flight. The result

is that the wall temperature ratio, T^/T^, experienced in the wind

tunnel is normally greater than that of a flight vehicle, and the

heat-transfer coefficients experienced in flight can be significantly

larger than those based on the Tr = T^. In the VKF it has become a

common practice to reduce heat-transfer data based on three assumed

values of Tr. These values are

Tr = (35)

Tr = 0.9 T^, (36)

and

Tr = 0.85 T^, (37)

which illustrate the sensitivity of the calculated h to the assumed

value of recovery temperature used [7].

In presenting heat-transfer coefficient results, it is often

convenient to use reference coefficients to normalize the data.

Eguilibrium stagnation point heat-transfer coefficients, derived from
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the work of Fay and Riddell, were used to normalize the data obtained

on this test [10]. These reference coefficients are given by

8.17173

12

0.25

[0.2235 + (1.35 X 10 (T, + 560)], (38)

where is the stagnation pressure downstream of a normal shock,

Uj-j- is air viscosity based on T^, P^ is the free-stream pressure, and

R|^ is a reference nose radius.
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CHAPTER V

TEST DESCRIPTION

This convective heat-transfer test was conducted using 0.0175

scale models of the Space Shuttle Orbiter in the AEDC/VKE Wind Tunnel

B. An orbiter model was selected to validate the thermographic

phosphor technique because its configuration was well documented and

had an extensive experimental data base. Two models, designated as

series 56-0, were provided by the Space Transportation Systems

Division of Rockwell International. The orbiter models were con

structed of a filled high-temperature epoxy material called Lockheed

LH. This material is very similar in appearance and properties to

Novamide® 700-55, an epoxy often used in the construction of models

for hypersonic testing. Indeed, these models had been used in

previous thermal mapping tests. An illustration of the models can be

seen in Figure 10.

Both models were painted twice in preparation for testing. A

white paint undercoating was first applied to both models in order to

provide a good reflective background. A primary coat of the phosphor

paint was then applied, consisting of Sperex clear coating mixed with

the selected phosphor powders. One model was painted with the

Radelin® #3251 phosphor powder paint, while the other model was

painted with the Radelin® #2090 phosphor powder paint. The paint

layer is assumed to be thin enough such that the entire layer is at a

temperature equal to the model surface temperature. From measurements

made of paint layer thickness on previous tests, the paint layer has a
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depth of generally less than 0.001 inch. A picture of one model is

shown in Figure 11. The pretest phosphor paint calibration was then

performed by the IAS, defining the relationship between the intensity

of phosphorescence to that of the model surface temperature. Calibra

tion was performed using phosphor paint from the same batch applied to

the models, and using the same intensity of UV light illumination

provided in the tunnel test section during actual testing.

Cameras and UV lamps were installed outside the tunnel windows.

The IAS was again used to record a tare image of the model at each

angle of attack to be considered. The model was sting mounted by its

aft end and injected into the tunnel inverted, allowing for better

exposure of the model's windward bottom surface. The tares, taken

under the same UV lighting conditions as the actual test, were

used to establish a model reference intensity. Using these tares in

the image analysis compensated for any nonuniform application of the

phosphor paint or any nonuniform UV illumination of the model. The

intensity of the UV source varied with the paint being used. The

model using Radelin® #3251 was exposed to an intensity of 400 pW/cm^

of UV light, while the model using Radelin® #2090 was exposed to a UV

intensity of 200 uW/cm^.

The acquisition of the wind tunnel instrumentation data was

automatically controlled by a Digital Equipment Corporation (DEC)

PDP 11/40 computer. This computer uses VKF's Random Access Data

System (RADS) with all instrumentation signals preprocessed by a

digital data scanner, operating in conjunction with an analog sub

system [7]. The data were then transmitted to a DEC-10 computer for
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processing. During actual testing, the data system was started at the

time of model injection (lift-off), with continuous data taken during

a run, at a rate of approximately 10 complete data scans per second

[7].

Just prior to each run, the initial temperature of the model

was measured and the model attitude was set. The model was then

injected into the wind tunnel airflow. The IAS began taking data when

the model arrived at the tunnel centerline, digitizing and storing

individual frames of video data from each camera. The frames were

taken at model exposure times that were determined by pretest thermal

analysis, with the time of each frame being recorded by the RADS [7].

Color representations of the surface temperature profile were also

produced by the IAS, including color thermal maps that were displayed

on IAS video monitors and photographed. Figure 5 is an example of

such a display.

At the conclusion of each run, the model was retracted from the

tunnel test section and allowed to cool using the high-pressure air

cooling system in the tunnel holding tank. The model was kept in the

holding tank for several minutes after the cooling system was shut off

in order to allow the model to reach thermal equilibrium. Once

thermal equilibrium was achieved, the next run could begin.

Fifteen (15) runs were conducted at Mach 8 at Reynolds numbers

(per foot) of 0.5 x 10^, 2.0 x 10^, and 3.7 x 10^. The angles of

attack for the models ranged from 20 to 35 degrees. Four (4) video

cameras were set up outside the tunnel providing top, bottom, and side

views of the models. A summary of the test matrix is provided in
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Table 2. Note that the model with Radelin® #2090 phosphor paint was

used at the higher Reynolds number (3.7 x 10^). This was due to the

phosphors having a higher temperature sensitivity. Likewise, the

model using Radelin® #3251 phosphor paint was used at the lower

Reynolds number (0.5 x 10^) because of its sensitivity to a lower

temperature range.



Table 2. Orbiter Model Test Summary.
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Run

Number

Model

Paint

Re/ft
(x 10-6)

Angle of
Attack (deq)

Time in

Tunnel (sec)

1 2090 2.0 30.0 *

2 2090 2.0 30.0 *

3 2090 2.0 20.0 13

4 2090 2.0 35.0 24

5 2090 2.0 30.0 28

6 2090 3.7 30.0 13

7 2090 3.7 35.0 13

8 2090 3.7 30.0 13

9 2090 3.7 30.0 37

10 3251 2.0 30.0 12

11 3251 2.0 20.0 12

12 3251 2.0 30.0 12

13 3251 0.5 30.0 27

14 3251 0.5 20.0 36

15 3251 0.5 30.0 36

* No tab data due to DEC-10 problems. Run 5 is probably very similar.

Note: The model paints used are designated by numbers. Paint
3251 has a temperature sensitivity between 140 and 230° F.
Paint 2090 has a temperature sensitivity between 320 and
425° F.
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CHAPTER VI

DATA UNCERTAINTIES

The application of the thermographic phosphor technique

for determining the thermal characteristics of the Space Shuttle

models provided a means for rapid data processing without manpower

intensive data-reduction methods. During the examination of the data,

however, one had to take into account those factors which had an

impact on data quality. The most important factors are discussed

here.

One factor which is inherent to any of the thermal mapping

techniques is the introduction of error due to the model having a

nonuniform surface temperature at the start of a test run. Each run

requires that a model have, initially, an isothermal wall of known

temperature in all directions. Such initial conditions are necessary

in order to use the one-dimensional heat conduction equations to

obtain heat-transfer coefficients from temperature data. However, it

becomes increasingly difficult to meet the isothermal constraint

during a test. As more runs are made, the model internal temperatures

increase and are not uniform throughout the model. Temperature

gradients through the depth of the wall are generally very small,

largely due to the wall material used. However, spatial variation in

temperature can become quite large over the model surface, and must be

eliminated (or effectively reduced) prior to a run. A hand-held

probe was used on this test to measure surface temperature at various

points on the model prior to its injection into the wind tunnel. From
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these values, an approximate mean temperature was obtained, being

defined as the initial model temperature for data processing.

Differences between this mean initial temperature and the actual

initial temperature at a given point would result in some amount

of error incurred by the reduced data at that point. Figure 12

illustrates the sensitivity of the data-reduction method to initial

temperature inaccuracies. Percentages of error in the computed

heat-transfer coefficients is plotted as a function of varying

amounts of initial wall temperature inaccuracies. Note that for

the tunnel conditions given, the amount of error to the heat-transfer

coefficient can reach 60 percent with a difference between actual

and mean initial surface temperature of 30 degrees.

Another factor influencing data quality, and also common to any

thermal mapping technique, is estimating the amount of uncertainty in

the calculated heat-transfer coefficient when using the semi-infinite

solid assumption. The amount of uncertainty approaches infinity as

the model wall temperature approaches either its initial temperature

or the adiabatic wall temperature (also known as the aerodynamic

recovery temperature) [1]. Figure 13 shows this uncertainty as a

function of the wall temperature. The calibrated temperature ranges

for the two phosphors used for this test, is also shown. Note that

though the Radelin® #3251 phosphor had a calibrated range of 80 to

225° F, the range used in the final data reduction was limited to

considering a minimum temperature of 140° F. This was done to

maintain the uncertainty of the heat-transfer coefficients to at or

below 20 percent.
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An additional influencing factor, inherent to optically

based emission detection systems, is "roll-off" error from the model

surface. This is error due to UV incident angles and camera viewing

angles which are not normal to the model surface. These effects,

referred to as "roll-off," occur on curved model surfaces or flat

plates inclined relative to the viewing/lighting direction [1].

Experiments were conducted at AEDC independent of the Space Shuttle

arbiter model test to evaluate the effect of varying the camera

viewing angle, n> and the UV incident angle, SJ. The experiments

demonstrated that there was little disagreement between aligned data

(n = = 0°) and data from misalignments up to 30 degrees. Further

more, it was found that UV lighting misalignment was the primary

contributor to roll-off error. Though it was considered possible to

correct the data for this misalignment, the further efforts reguired

were not pursued. Therefore, it was recommended that phosphor data

obtained with a viewing angle or UV incidence of greater than 35

degrees be considered erroneous [1]. An example of the experimental

apparatus and of data obtained can be found in Figure 14.
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CHAPTER VII

DATA EVALUATION

The proposed test run schedule listed in Table 2 was completed.

The phosphor paint successfully withstood the Tunnel B environment,

with comparisons between pre-test and post-test tares showing

negligible degradation of the paints during the test. This,fact put

to rest fears that the paint would not survive the impact of the

Mach 8 airflow, nor the total temperature of 890° F achieved in

Tunnel B for any effective period of time.

Due to surface temperatures achieved on the model, runs 10

through 15 demonstrated the greatest sensitivity to the thermographic

phosphor technique. Heat-transfer data from these runs, taken

along the lower surface (windward) centerline of the model, are

illustrated in Figures 15 through 20. In these figures, the heat-

transfer ratio is plotted with respect to surface position for

various exposure times during a run. Analogous data obtained from

earlier model tests using thin-skin thermocouples is also plotted for

comparison. In general, good agreement is observed between the

thermographic phosphor data and the thin-skin thermocouple data. Also

illustrated in these figures is an indication of the repeatability of

the phosphor data within a given run. Repeatability refers to the

extent of variation between data obtained at different sequences

(i.e., exposure times) during a given run.

A technique-induced error, previously discussed, was that error

brought about by directional sensitivity to camera viewing angle and
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UV incident angle. The accuracy of phosphor data had to be suspect if

obtained from a phosphor-treated surface with an excessive inclination

from the camera or UV light source. Therefore, the nose region of the

model was quite sensitive to roll-off error, since the curvature would

bring about large camera viewing and UV incident angles. This problem

is illustrated in each of the figures, with significant differences

observed between the phosphor data and thin-skin thermocouple data

at positions of x/L < 0.15. Forward of this point, the phosphor

data should be considered invalid and either discarded or subjected

to some procedure for correction.

A problem encountered during testing was the injection of a

model having a nonuniform temperature distribution. The cooling

system in the Tunnel B installation tank was known to be more

effective on the aft end of the model than on the forward end. Once

the cooling system was shut off, it was important to expose the model

to a stable, ambient environment for an extended period of time. This

was needed in order to allow the model to reach thermal equilibrium.

Figures 15 and 17 show data from runs 10 and 12, respectively. Tunnel

conditions and model configuration were the same for both runs.

However, run 10 began with a lower mean initial temperature than run

12. Run 10 was also conducted only after the model had experienced a

long period of ambient exposure, allowing an isothermal wall to

develop prior to injection. This was not the case for run 12,

initiated shortly after exposure to the active cooling system.

Comparison of Figures 15 and 17 shows that a lower heat-transfer rate

was measured from run 12, then from run 10. This difference became
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more pronounced toward the aft end of the model. It is suspected

that this variation is due to erroneous measurements of the model

surface temperature prior to run 12. Since the cooling system

was more effective on the model's aft regions, these regions were

slightly cooler than the forward regions of the model at the time

of initial wall temperature measurement and model injection. Figure

9 illustrates that the calculated heat-transfer coefficient can

be erroneously low when the actual wall temperature at injection

is below the initial wall temperature used in the data reduction.

In examining Figures 18 and 20 (runs 13 and 15, respectively),

a similar problem appears to exist for run 15 when compared to

run 13; both runs occurred under the same tunnel conditions and

model configuration. These observed biases provide testament to

the importance of obtaining a uniform wall temperature prior to

model testing.
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CHAPTER VIII

CONCLUSIONS

Several issues were of concern at the beginning of this test.

These included the accuracy of the thermographic phosphor as compared

to data obtained from the more conventional approach of using thin-

skin thermocouples. Additional interests were the survivability of

the phosphor paint under hypersonic flow conditions and the effects of

UV incident lighting direction on data accuracy. From general

observations made during the test and examination of the data obtained,

the conclusions about the use of this technique are that:

1. the thermographic phosphor data generally compared well to

data obtained from thin-skin thermocouples;

2. the technique is sensitive to uneven cooling of the

model; a uniform internal temperature distribution along

the model surface is required in order to accurately

measure the initial model wall temperature at time of

injection;

3. model surface inclination from the incident UV lighting

direction should be kept to a minimum and is recommended

not to exceed 35°; data obtained from angles beyond 35°

are considered suspect; and

4. the phosphor paint maintained its integrity during repeated

exposure to Mach 8 flow at 890° F and Reynolds numbers up

6  -1
to 3.5 X 10 ft. ; no appreciable degradation was observed.
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Though the thermographic phosphor technique is a promising

approach to heat-transfer analysis, additional development is en

couraged. Improvements need to be made in data-reduction procedures

to reduce error associated with UV incident sensitivity. Also,

improvements in model cooling are needed to allow for more rapid

attainment of an isothermal surface prior to testing.

At present, the thermographic phosphor technique appears

satisfactory for "flat plate type" surfaces, but not for the nose

regions of aerodynamic models where temperature gradients are too

large to resolve accurately. Thus, the use of phosphor paint could

be part of a combined technique using thermocouples in the model's

nose region and paint on the remainder of the body. However, further

attention needs to be given to improve model interior cooling, and

may best be done by designing models specifically for use with

the phosphor technique. This technique may also lend itself to

surface-blowing experiments where the use of thin-skin thermocouples

would make the experiment too expensive to conduct. It may also

be useful in testing models with roughened surfaces, or in testing

specific components of a model.



LIST OF REFERENCES



57

LIST OF REFERENCES

1. Parkinson, M. L. and S. A. Stepanek. "Evaluation of a Video-
Based Thermographic Phosphor System as a Thermal Mapping
Technique." AEDC-TMR-87-V18, April 1988.

2. Dixon, W. P. "Transient Thermophysical Property Calibrator."
Compiled laboratory notes. Arnold Engineering Development
Center (AEDC), 1979.

3. Dixon, W. P., D. N. Kendall and E. H. Schulte. "Semiconductor
Surface Thermocouples for Determining Heat Transfer Rates."
McDonnell Aircraft Corporation 26th Semi-Annual Supersonic
Tunnel Association Meeting. September 26-27, 1966.

4. Lowrey, G. A. "Phase Change Paint Heat-Transfer Test of the
0.02 Scale Model of the Rockwell International NASP Baseline
Technology Configuration in the AEDC VKF Wind Tunnel B."
Rockwell Internationl post-test report. September 24, 1987.

5. Mathews, R. K, K. W. Nutt, G. D. Wannenwetsch, C. T. Kidd and
A. H. Boudreau. "Developments in Aerothermal Test Techniques
at the AEDC Supersonic/Hypersonic Wind Tunnels." AIAA 20th
Thermophysics Conference. June 19-21, 1985.

6. Jones, R. A. and J. L. Hunt. "Use of Fusible Temperature
Indicators for Obtaining Quantitative Aerodynamic Heat-Transfer
Data." NASA Langley Research Center, NASA TR R-230. February
1966.

7. Parkinson, M. L. and S. A. Stepanek. "Aeroheating Evaluation of
the Rockwell NASP Configuration at Mach 8." AEDC-TSR-V11,
July 1987.

8. Arpaci, V. S. Conduction Heat Transfer. Reading, Massachusetts:
Addison-Wesley Publishing Co., 1966.

9. Carslaw, H. S. and J. C. Jaeger. Conduction of Heat in Solids.
Second Edition. London: Oxford University Press, Amen
House, 1959.

10. Fay, J. A. and F. R. Riddell. "Theory of Stagnation Point
Heat Transfer in Dissociated Air." Journal of the Aeronautical
Sciences. Vol. 25(2), February 1958.

11. Wing, H. Y. Heat Transfer for Engineers—Handbook of Essential
Formulae and Data. London: Longman, 1977.



APPENDIX

TABULATED HEAT-TRANSFER DATA

FOR RUNS 10 THROUGH 15
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