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Global Aeroheating Wind-Tunnel Measurements Using Improved

Two-Color Phosphor Thermography Method

N. Ronald Merski*
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Detailed aeroheating information is critical to the successful design of a thermal protection system (TPS) for
an aerospace vehicle. NASA Langley Research Center’s (LaRC) phosphor thermography method is described.
Development of theory is provided for a new weighted two-color relative-intensity fluorescence theory for quanti-
tatively determining surface temperatures on hypersonic wind-tunnel models and an improved application of the
one-dimensional conduction theory for use in determining global heating mappings. The phosphor methodology
at LaRC is presented including descriptions of phosphor model fabrication, test facilities, and phosphor video ac-
quisition systems. A discussion of the calibration procedures, data reduction, and data analysis is given. Estimates
of the total uncertainties (with a 95% confidence level) associated with the phosphor technique are shown to be
approximately 7-10% in LaRC’s 31-Inch Mach 10 Tunnel and 8-10% in the 20-Inch Mach 6 Tunnel. A compar-
ison with thin-film measurements using 5.08-cm-radius hemispheres shows the phosphor data to be within 7%
of thin-film measurements and to agree even better with predictions via a LATCH computational fluid dynamics
(CFD) solution. Good agreement between phosphor data and LAURA CFD computations on the forebody of a
vertical takeoff/vertical lander configuration at four angles of attack is also shown. In addition, a comparison is
given between Mach 6 phosphor data and laminar and turbulent solutions generated using the LAURA, GASP, and
LATCH CFD codes on the X-34 configuration. The phosphor process outlined is believed to provide the aerother-
modynamic community with a valuable capability for rapidly obtaining (three to four weeks) detailed heating

information needed in TPS design.

Nomenclature

= area of camera array element, m?

= effective aperture factor of camera optics, sr
= vehicle wing span from wing tip to wing tip, m
= heat transfer coefficient constant, h(i,, /T w)
= specific heat of model substrate, J/(kg-K)

= driver constant, i, (T, /i,,) — Tinie

= flux of light, W/m?

= heat transfer coefficient, kg/(m?-s)

= radiant intensity, W/ (m?2-sr)

= enthalpy, J/kg

= fluorescence emission source term, W/(m?>-sr)
= coating coefficient

= thermal conductivity of model substrate, W/(m-K)
= configuration length

Mach number

= Prandtl number

radiant power, W

= heat transfer rate per unit area, W/m?2

= recovery factor

= temperature, K

= time, S

= axial location on configuration, m

= spanwise location, m

= distance into substrate, m

= vehicle angle of attack

= thermal product, v/ pck, J/(m?-K-s!/?)

= ratio of specific heats

= weighted logarithmic difference

ratio of fluorescence exponents, vg and vg
temperature minus initial temperature, K
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K = thermal diffusivity,k/pc, m?/s

A = variable from Laplace transform, C/¢/B
v = fluorescence exponent

0 = density, kg/m?

T = window transmissivity

®(T) = temperature-dependert fluorescence factor
w = phosphor absorption coefficient, 1/m
Subscripts

aw = adiabatic wall conditions

conv = convective

e = boundary-layeredge conditions

eff = effective

G = green component fluorescent light
init = initial conditions

lamp = uvlamp

R = red component fluorescentlight

run = wind-tunnel run data reduction time
tot = total conditions

uv = ultraviolet portion of spectrum

w = conditions at the model surface

A = region of electromagnetic spectrum
00 = freestream

Introduction

NUMBER of fast-paced U.S. hypersonic vehicle initiatives,

such as X-33, X-34, and X-38, have occurred over the past
few years. Programs such as these need aeroheating information
to define the environment a vehicle will experience during flight
and thereby design the vehicle’s thermal protection system (TPS).
The two-colorrelative-intensity phosphor thermography methodol-
ogy described herein is a revolutionary approach to obtaining such
aeroheating information experimentally. With the efficiency of the
approach, vehicle designers can obtain detailed global, quantitative,
parametric heating data within weeks after a request. Because of
its usefulness, this method has played a significant role in recent
vehicle programs. Recent applications of phosphor thermography
include code comparison and crossflow transition studies on the
McDonnell Douglas Delta Clipper vertical-takeoffAertical-lander
(VT/VL) configuration, a Shuttle Orbiter boundary-layertransition
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Fig. 1 Phosphor test setup.

roughnessstudy,! parametric full configuration studies in supportof
Lockheed, Rockwell, and McDonnell Douglas X-33 phase 1 con-
cepts, full configurationheating studies on the X-33 phase 2 (Refs. 2
and 3), X-34 (Ref. 4), and X-38 (Refs. 5-7) configurations, and fi-
nally, base heating for the Mars microprobe project?

Early development of NASA Langley Research Center’s phos-
phor thermography technique is described in Refs. 9-11. With this
method, ceramic wind-tunnelmodels are fabricated and coated with
phosphorsthat fluorescein two regions of the visible spectrum when
illuminated with ultravioletlight. One of the phosphors(ZnCdS:Ag,
Ni) is a broadband thermographic phosphor fluorescing primarily
in the green portion of the spectrum, and the otheris a narrow-band
rare earth (Lay0,S:1%Eu), which has two green emission spikes
and a red emission spike. The fluorescence intensity is dependent
on the amount of incident ultravioletlight and the phosphortemper-
ature. By acquiring fluorescenceintensity images with a color video
camera of an illuminated phosphormodel exposed to flow in a wind
tunnel (Fig. 1), surface temperature mappings can be obtained on
the portions of the model that are in the field of view of the camera.
The green and red camera outputs are utilized, and the resulting
intensity images are entered into lookup tables created during the
calibration of the system. With the present phosphors, a usable tem-
perature range of 22-170°C is obtained. In addition, by the use of
temperature mappings acquired at different times in a wind-tunnel
run, heat transfer mappings are computed immediately following a
run using the one-dimensional heat conduction equation.

This report presents an overview of the NASA Langley Re-
search Center phosphor thermography method and highlights doc-
toral work that will be publishedin greater detail in the near future.
First, a new weighted two-color relative-intensity phosphor ther-
mography theory is introduced that enables a greater degree of ac-
curacy in high-temperatureglobal phosphorthermographymeasure-
ments. In addition, an improved application of the one-dimensional
heat conduction equation is presented that increases the accuracy
of global heating data. Next, an overview of the phosphorthermog-
raphy procedure, calibrations, and data reduction is given. Finally,
comparisons of phosphor heating data to thin-film measurements
and predictions from the LAURA, GASP, and LATCH CFD codes
are presented.

Theory

Weighted Two-Color Relative-Intensity Fluorescence Theory

This sectiondevelopsa weighted two-colorrelative-intensitythe-
ory for quantitatively determining temperature from measurement
of fluorescent light emitted by a model’s phosphor coating. In ana-
lyzing this problem, light from uv lamps illuminates the phosphor
coating; the phosphorcoating then emits visible light, which travels
through a wind-tunnel window into the optics of a video camera and
finally to a charge-coupled device (CCD) array. Ultimately, there

are two primary unknown variables: the local surface temperature
and the amount of local illumination of uv light on the model. A
number of other factors (including model coating characteristics,
facility window transmissivity,and optical response,among others)
must be accounted for, however, or must be kept constant from the
calibration process to the final data reduction.

The flux of uv light that excites the phosphor F,, is equal to the
flux of uv light from the lamps times a coating factor K ,,:

Fuv = Kuv Eamp (1)

The coating factor K, is dependent on the absorption rate of the
phosphor coating, the coating thickness, surface reflectivity of the
model surface, and incidentangle of uv light on a model. A detailed
understandingof the dependency of the coating factor on these vari-
ables can be obtained by using the radiative transfer equation.

The resulting emission response of the phosphors from the uv
illumination is not necessarily linearly proportional to the amount
of uv light incident on the model. Thus, unless the fluorescence
characteristics are the same for two spectral bands or at two dif-
ferent temperatures, a straight ratio cannot be used to remove de-
pendence on uv illumination as is often done for relative-intensity
approaches. This situation is particularly true when phosphors are
mixed that have different response characteristics to uv light. Not
accounting for these fluorescenceresponse characteristicscan affect
measurements on wind-tunnel models having local uv light illumi-
nation levels that significantly deviate from intensities used during
calibration,particularly on configurations with large amounts of sur-
face curvature. Reference 12 describes a number of possible curve
fits for the nonlinear fluorescence response, the simplest of which
is a power curve. A fluorescence emission source term j, (which is
the intensity of fluorescent light per unit path length emitted by a
phosphorilluminated with uv light), therefore, can be described by

= (1) Fr D 2)
All parametersin Eq. (2) are dependenton the region of the emission
spectrumbeing modeled,and this band is denoted by the subscriptA.

The fluorescent intensity of light from the surface of the model
can be expressed as j, times a coating function K, divided by an
absorption coefficient w, :

I, = j,\K,\/a),\ 3)

Once the fluorescent phosphor light is emitted from the model
surface, it passes through the tunnel window to the camera optics
and reaches the camera CCD array. The radiant power of light that
is incident on a CCD array element Q, can be expressed as

0, =nalA 4)
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Substitution of Egs. (1-3) into Eq. (4) yields
0, = [T»\a»\K»\‘b»\(T)A/w»\][Kqulamp]U"(T) (%)

Equation (5) primarily depends on the amount of incident uv light
on the model and the local temperature of the phosphor coating. To
extract temperature from this equation, the dependence on uv light
can be removed using a relative-intensity approach. By analyzing
the fluorescence from the model within two differentregions of the
spectrum, two equations with two unknowns exist, and the uv light
dependence can be removed. To do this, the natural logarithm is
taken of Eq. (5) for two color components (in this case red and
green):

lb(Qr) = laltraKrPr(T)A/wr] + vr(T) o[ Ky Flamp] ~ (6)
t(Q6) = taltgaKs P (T)A/wG] +v6(T) bl Kuy Fiamp]  (7)

At this point, a ratio of the fluorescence powers 7 is defined by
n=vr/ve ®)

Multiplying Eq. (7) by Eq. (8) and subtracting the result from
Eq. (6) causes the uv dependence to drop out, which yields the
weighted two-color relative-intensity equation

ba(Qr) — 0(T) t(Qg) = A(T) ©)
where A is given by

A(T) = ba[traK g ®r(T)A/wg] — n(T) tn[tga Ko @6 (T)A/wg]
(10)

To determine the temperature from Eq. (9), A and n must be cali-
brated as a function of temperature. Then given incidentamounts of
green and red light on the camera array (Q¢ and Qr, respectively),
an iteration has to be performed with the A and 5 functions to back
out the temperature.

Heat Transfer Theory

This section describes the theory used in the reduction of the
phosphor thermography data to heat transfer mappings. In the re-
ducing of the phosphor data, the phosphor coating is assumed to be
infinitely thin, the convective heat transfer is assumed to be trans-
mitted normally into the model surface, and the local surface radius
of curvature is assumed to be large. The one-dimensionalheat con-
duction equation can, therefore, be solved, which greatly simplifies
the data reduction. The one-dimensional approach has its limita-
tions, but for insulative ceramics such as fused silica and for short
test times of less than a second, the approximation works well. In
the development of the present heat transfer theory, the thermal
properties of the fused silica will be assumed not to be dependent
on temperature, and then a simple correction to account for this
assumption will be described at the end of the section.

The governingone-dimensionalheatconductionequationis given

by
20 9 (00
N 1
P az< az> (a

With the assumption at this point that the thermal properties of the
substrate material are constant, Eq. (11) becomes

a0 926
— =k— (12)
ot 972
where k =k /pc is the thermal diffusivity of the substrate material.
To solve Eq. (12), one initial condition and two boundary con-
ditions are required. For an initial condition, the temperature in a
direction normal to the surface at a given location is assumed to be
constant before the injection of the model in the wind tunnel:

0(z,0)=0 (13)

For one of the boundary conditions, an infinite slab assumption
is made whereby the temperature at some location into the model is
always equal to the initial temperature:

0(c0, 1) =0 (14)

For the second boundary condition, the normal conduction into the
wind-tunnel model is set equal to the convective surface heating:

90
—k—

0z —

= Geonv (15)

where .., is the convective heat transfer rate per unit area.

The convective heating boundary conditionis further assumed to
experience a jump to a constant heat transfer coefficient during the
injection of a model into a wind tunnel. Typically, for the develop-
ment of similar data reduction approaches, the convective definition
is temperature based; however, this assumption is strictly true only
for a calorically perfect gas (gas with constant specific heats). In the
case of the hypersonicfacilities at NASA Langley Research Center,
the reservoir temperature is past the limits of a calorically perfect
gas, and an error can occur when using the temperature-based ap-
proach. Therefore, an enthalpy-based definition is used, where

q.conv = h(izlw - lw) (16)

To solve the conductionequationusing Laplace transforms, the con-
vective condition needs to be rewritten in terms of temperature.
When a ratio of the surface enthalpy to surface temperatureis pulled
out, Eq. (16) can be rewritten as

q.conv = h(lw/Tw)[(Tw/lw)law - Tw] (17)

For the temperature range over which the phosphor coating can de-
tect, the air is calorically perfect, so that the ratio of the surface
enthalpy to the surface temperature is nearly constant and the con-
vection definition is now in a form that can be used with Laplace
transforms.

With the substitutionof Eq. (17) into Eq. (15), the surface bound-
ary condition becomes

22 _cip—ay (18)
0z

z=0

where C and D are constants equal to i (i, /T,,) and i,y (T, /i) —
Tinit» respectively.

Equation (12) can now be solved with Laplace transforms using
conditions given by Egs. (13), (14), and (18). At the surface of the
model, the solution is given by

6,/D =1—eMerfc A (19)

where A = C./t/B. Thisequationis used forreducing the phosphor
data.

Only an initial temperature and a temperature at some time into
a tunnel run are required to solve Eq. (19). Thus, in a wind-tunnel
run, an initial temperature image can be acquired before a run with
no flow on the model, then a temperature image can be obtained
during a run, and Eq. (19) can be solved at each pixel in the image.
No temperature time history is needed. This is important with an
imaging method because temperature histories of images would
require a large amount of computer storage space.

The effect of using an enthalpy-based approach vs the conven-
tional temperature-basedapproachis seenin Fig. 2. In the creationof
Fig.2,aconductioncode was run with a constantheat transfercoeffi-
cientas the surface boundarycondition. Heat transferrates at a given
time were nextcomputed with both enthalpy-basedand temperature-
based approaches by solving Eq. (19) using the computer solution’s
surface temperature value and backing out g.,,, from the appropri-
ate convectiondefinition, Eq. (16). Then the computed heat transfer
rates were nondimensionalized with the heat transfer rate from the
conductionsolution. The resulting heat transfer ratios are plotted vs
atemperaturedifferenceratio, (T,, — Tinit) /(Tiot — Tinit). From Fig. 2,
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Fig. 2 Comparison of heat transfer rate computation between
enthalpy-based and temperature-based methods.

itcan be seen that, as the wall temperature approachesthe tunnel to-
tal temperature, the error with the temperature-basedmethod begins
to climb significantly, whereas the enthalpy-based method remains
constant; thereby the need for an enthalpy-basedapproachis shown.

Inreality, the time f in Eq. (19) does not start from the moment the
model begins to heat. As the model travels through the test section
wall boundary layer, the model does not experience a step in the
heat transfer coefficient as was assumed in the heat transfer theory.
Therefore, the injection process is modeled as a step in heating with
the step in the heat transfer coefficient occurring at some time as
the model passes through the boundary layer. The effective time
at which the step occurs can be calibrated by acquiring data with
a discrete gauge model. The heat transfer rate computed using a
time-history-basedmethod can then be put into Eq. (19) and a time
backed out. Typical variations of the effective time on a model are
between 1 and 2%. After performing a number of these calibrations,
a simple approximation for determining the effective time has been
observed:

Teft = frun — Twan — (tbl - twall) x 0.5 (20)
where ?,, is the run time at which the data were acquired and 7, is
the time thatthe model reaches the edge of the tunnel boundary layer
as determined from tunnel calibrations. This method of determining
the effective time is currently the preferred approach. It effectively
exchanges possible inconsistenciesin the injection hydraulics with
inconsistenciesin the tunnel calibration profile.

The thermal product 8 in Eq. (19) is determined from a combina-
tion of thermal conductivity and thermal diffusivity measurements
from the equation

B =k/Vk 1)

For fused silica, thermal diffusivity and thermal conductivity sam-
ples have been tested, and the following curve fits dependent on
temperature in degrees Kelvin have been computed from the result-
ing data:

£ =9.212605264 x 1077 — 1.325181821 x 10°°T
+1.12667 x 1071272 (22)

k = 0.668170765 — 0.00068163 x T (23)

Up to this point, the heat transfer analysis has assumed that the
thermal properties k, k, and 8 are constant with respect to temper-
ature, although this is not true. If room-temperature properties are
assumed, as much as a 17% error can occur at the high end of the
phosphor measurement range. For the phosphor thermography im-
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Fig. 3 Error of variable thermal properties approximation.

age datareduction,a relativelystraightforwardapproachis proposed
for correcting the variable properties effects. The thermal productat
the initial room temperature Biy;, is averaged with the thermal prod-
uct at the run temperature B, to give an effective thermal product
Betr used for data reduction. Thus,

— ﬂinit + ﬂrun
eff D)

(24)
To check Eq. (24), a one-dimensionalinfinite slab conduction code
was runin a variable property mode for a range of heat transfer coef-
ficients using the fused silica thermal propertiescurve fits [Egs. (22)
and (23)]. The output from the code was a series of temperatures
through time, which were then reduced using Eq. (19). The results
are plotted in Fig. 3. Here again, the ratio of reduced heat transfer
rate to the heat transfer rate from the code, gscp/Gcode, is plotted
against the temperature difference ratio, (T, — Tinit)/ (Tiot — Tinit)-
The heat transfer rates are seen to be within 0.5% for the full range
of temperature difference ratios. This computational error is less
than the errors associated with the thermal properties values them-
selves (which will be seen to be on the order of 6% in the error
analysis section), and so Eq. (24) is believed to be sufficient for data
reduction with fused silica substrates.

The last parameter needed in solving Eq. (19) is the adiabatic wall
enthalpy i,,, which is used to form the constant D. Improper de-
termination of the adiabatic wall values is reported to lead to large
uncertainties in computed heat transfer coefficients.'>!* It is the
contention of this work, however, that, inasmuch as the heat trans-
fer coefficient is based on a definition [Eq. (16)], the uncertainties
that are reported in the literature are not really uncertaintiesbecause
a heat transfer coefficient calculated with an “incorrect” adiabatic
wall enthalpy is just a heat transfer coefficient based on a different
definition. The true uncertainty in the data reduction process lies in
the uncertainties in the computed heat transfer rates on which in-
accurate adiabatic wall conditions have a substantially lower effect.
Figure 4 effectivelyillustrates this point with a plot of some typical
heat transfer coefficient and heat transfer rate uncertainties for the
same i, /i,, ratios. Based on this discussion, i, is typically set to
the total enthalpy i\, for phosphor data reduction.

In some cases at lower angles of attack or higher surface temper-
atures, however, uncertaintiescan become more significant. In such
a case, the ratio of the adiabatic wall enthalpy to the total enthalpy
can be found from the expression

i _ LHrly = 1/21M?
o 1+ [(y —1)/2]M?

(25)

For laminar flows, r is assumed from viscous flow theory to be equal
to o/ Pr, and for turbulent flow it is set equal to Pr!'/3. Typically,
estimation of M, using tangent-wedge or tangent-cone theory is



164 MERSKI

100 ¢~ '
o i
90 i . g
[ | — — = = Heat Transfer Coefficient Uncertainty I
5 Heat Transfer Rate Uncertainty
80 - 1
. !
70 B i
< !
23-’ 60 |- Joo
c E /
'g 50 - o Fos
o 14
8 0F iidl
I s >
o - 8 of
30 : z ] 5 g e ghzn e :
- ”
- ; ] : . .
- B . . -
10}.—;——--,——4 § ; /
P NS FWUNN NUREE FWRRE NUWRE SRS N mitrnnaflnnas
0 01 02 03 04 05 06 07 08 09 1

iw/iaw
Fig. 4 Uncertainties in heat transfer computations with a 10% error
in adiabatic wall enthalpy.

appropriate. Along the body, the adiabatic wall enthalpy decreases
from the total enthalpy. For a global image where the local surface
angle at a pixel may not be known, the strategy with laminar heating
is to find the lowest adiabatic wall enthalpy on a configuration and
then to average this result with the total enthalpy to obtain a global
adiabatic wall enthalpy that splits the difference in possible errors
in the image. In the case of turbulent heating where the flow trips
back on the body, the adiabatic wall enthalpy is just selected as the
adiabatic wall enthalpy on a wedge with an angle equal to the angle
of attack of the vehicle.

Phosphor Thermography Method in NASA Langley
Research Center Facilities
Model Fabrication

Fabrication of wind-tunnel models for phosphor testing is a crit-
ical component in the technique. To obtain accurate heat transfer
data using the one-dimensional heat conduction equation, models
need to be made of a material with a low thermal diffusivity and
well-defined, uniform, isotropic thermal properties. Also, the mod-
els must be durable for repeated use in the wind tunnel, and they
should be subject to minimal deformation when thermally cycled.
To meet these requirements, NASA Langley Research Center has
developed a unique, silica ceramic slip casting method.!* Patterns
for the models are typically made using a numerical cutting ma-
chine or with the stereolithography process. Using these patterns,
investmentmolds are created. Ceramic slip is poured into the molds,
and after the ceramic sets, the investmentmolds crumble off leaving
ceramic shells. These shells are next fired in a kiln and potted with
support hardware. The slip casting method allows for the casting
of relatively fine details, as well as thin ceramic sections such as
wings and fins. Model lengths are typically 0.2-0.3 m; however,
models up to 0.75 m in length have been fabricated for testing at
low angles of attack. In addition, the slip-casting method is a rapid
process whereby, in two to three weeks, a full array of models can be
fabricated, complete with various perturbationsin a configuration,
such as nose radius changes and control surface deflections.

Once the models are fabricated, they must be coated with phos-
phor crystals. Currently, the phosphors are suspended in a silica
ceramic binder and applied with an airbrush. Final coating thick-
nesses have been measured to be approximately 25 um. The coating
method that has been developed produces robust coatings that do
not require reapplicationbetween runs; thereby the efficiency of the
phosphor technique is significantly enhanced.

Facilities

NASA Langley Research Center’s phosphor thermography
method has been used in four of the facilities in NASA Lang-
ley’s Aerothermodynamic Facilities Complex, which includes the
31-InchMach 10 Air, 20-Inch Mach 6 Air, 20-InchMach 6 CF,, and

15-Inch Mach 6 High Temperature Tunnels. A detailed description
of these facilities is given by Micol.'® This section briefly describes
the first two facilities, where the phosphor method has been primar-
ily used to date.

The 31-Inch Mach 10 facility consists of high-pressure air stor-
age rated to a maximum pressure of 30 MPa, a 12.5-MW elec-
trical bundle heater that heats the air to approximately 1000 K, a
settling chamber, three-dimensional contoured nozzle, test section,
adjustable second minimum, aftercooler, vacuum spheres, and vac-
uum pumps. A 5-um in-line filter, before the nozzle, removes parti-
cles from the airflow that can damage the ceramic phosphormodels.
The nozzle itself has a 2.7-cm square beryllium copper throat, and
its exit height is 0.7874 m. The test section has a 0.75 x 0.45 m
tempered-glass window for illuminating and viewing the phosphor
models. Wind-tunnel models are protected from the flow as the tun-
nel comes to its operating condition by a door in the side wall of
the test section. After the operating condition is reached, the model
is injected to the tunnel centerline in approximately 0.55 s from
the back side of the test section using a hydraulic injection system.
Freestream Reynolds numbers obtained in this tunnel vary from
1.5 % 10° to 6.5 x 10%/m.

The 20-Inch Mach 6 Tunnel has a two-dimensional contoured
nozzle. The bottom and top walls of the nozzle are contoured and
the side walls parallel. The test section size is 0.52 x 0.51 m and
has tempered glass windows on the top and two sides. Models are
mounted on an injection system in a housing below the test section.
During a run, the models canbe injectedin less than 0.5 s. The tunnel
has a range of operating reservoir pressures from 0.2 to 3.3 MPa
and reservoir temperatures of up to 560 K. This corresponds to a
freestream Reynolds number range of 1.5 x 10° to 25 x 10%/m.

Acquisition Systems

Four phosphor thermography video acquisition systems have
been constructed for use in NASA Langley Research Center’s hy-
personic facilities, two of which are currently operational and two
of which will be brought online in the near future. The systems are
composed of a color video camera with a zoom lens and a com-
puter equipped with a digitizer. The camera has three CCD arrays,
which obtain red, green, and blue component images (only red and
green being used for phosphor thermography). Each array has 768
horizontal picture elements and 493 vertical picture elements. The
signal from the color CCD arrays travels into a camera control box,
which performs some analog signal processing. Processing features
such as a gamma compensation circuit and a linear matrix circuit
for obtaining lifelike color are disabled to help keep the response
from the system linear.

Once the signal has been obtained and processed by the camera
control box, it then proceeds to the acquisition computer, where the
video frames are grabbed and digitized with an analog-to-digital
converter (ADC). The ADC digitizes the signal to an eight-bitreso-
lution, which correspondsto 256 discrete counts. Signal digitization
can be modified by black and white level inputs to the ADC from the
system software. Digital interlaced images can be obtained at the
standard video rate of 30 frames per second with a spatial resolution
of 640 x 480 pixels. The system can be put into a live-video mode
with a pseudocolorcolorlookuptable to set up the uv lighting on the
models.

Tunnel Tests

To set up for a wind-tunnel run, the first task after mounting a
model is to set up the uv lighting. The model is injected into the
tunnel, and a monitor is set next to the test section, which displays
a live pseudocolor image of the green component from the video
camera. The lighting is set so that the fluorescence intensity from
the model does not go over the scale limits of the phosphor sys-
tem. This process is performed on the green component because
this componentdecreases throughouta run and ultimately quenches
out if a high enough temperature is reached. By keeping the green
fluorescence intensity as high as possible without going overscale,
the temperature range and resolution is optimized.

Once the lighting is set, the model is retracted and is ready for
the tunnel run. The acquisition system is set to acquire images at
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differenttimes into the run. Because of possible conduction effects,
earlier images provide data on high-heating, high-curvature por-
tions of the model and later images provide data for low-heating,
low-curvature portions of the model. After the acquisition system
and tunnel are ready to run, the model is briefly injected into the
tunnel test section, and a prerun image is obtained of the initial tem-
perature distribution on the model. The model is retracted, and the
tunnel is brought up to the desired reservoir pressure and tempera-
ture conditions. The model is then injected, the acquisition system
is triggered, and the images are acquired at the preset times. Once
the run has been completed, the images are saved and ported over
to a UNIX-based workstation for data reduction and analysis.

Calibration

The phosphor thermography method has been developed to sup-
port work in a number of hypersonicfacilities.In addition, as earlier
stated, four acquisition systems have been made to support tests in
these facilities. The ideal situation would be a total calibration pro-
cess for one system, with one facility window and for one phosphor
mix. However, with the number of systems involved, with the way
acquisition systems can be shuttled between facilities, and with the
batch-to-batchvariations that can occur with the phosphors, the ma-
trix of required calibrations can expand rapidly.

To reduce the number of calibrationsthat are required, a modular
approachhas beendeveloped.Each systemis calibratedindividually
for systemresponse, each facility window is calibrated for transmis-
sivity in the red and green portions of the spectrum, and the tem-
peraturefintensity response characteristics for each phosphor batch
are calibrated separately. All of the calibrations are finally pack-
aged together for any given combination via a lookup table creation
program.

The first calibration required is to determine the response of the
system to a given input of light Q for use in Eq. (9). To perform
this, an acquisition system is pointed at an integrating sphere that
is stepped through different intensity levels. Images are acquired at
each level. From this analysis, a fourth-order fit is made for each
color component of digital system responsein counts vs light inten-
sity. A sample red component calibration, along with the fit and a
repeat run, is shown in Fig. 5.

In characterizing the facility window transmissivities, an inte-
grating sphere is placed behind a window at an angle relative to the
window. On the other side of the window, a camera is set up, and
images are acquired of the integrating sphere port, with and without
the window between the port and the camera. Red component and
green componentimages are converted to light intensity mappings
via the previous system response calibration,and the resulting map-
pings are averaged to yield window transmissivity factors in both
the red and green portions of the spectrum.

The final calibration determines the fluorescence response char-
acteristics of the phosphors at different temperatures. In performing
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Fig. 5 Red component system calibration.

this calibration, a thin 7.5-cm square plate coated with phosphorsis
placed into a computerized convection oven, which has a window
on the front. The plate is illuminated with a uv lamp with a range
of incident intensities from outside the oven. During a calibration,
the plate is viewed with an acquisition system, and images are ac-
quired at temperatures ranging from 22 to 170°C. The images at
each temperature are analyzed, and log(Q,)-log( Q,) lines are de-
termined with slopes of (T') and y interceptsof A(T') as described
by Eq. (9). A sample sweep of lines from a calibrationis shown in
Fig. 6. Once the slopes and intercepts have been determined, they
are plotted and fit vs temperature as shown in Figs. 7 and 8.

Finally, lookup tables are created from the calibrations for use
in the data reduction code IHEAT, which is discussed in the next
section. When creating the lookup tables, variables are set corre-
sponding to the results of the three calibrations, and a lookup table
creation code iterates on each of the possible red and green acquisi-
tionreadings. Ultimately a 256 x 256 array file containing tempera-
turesis created. Givenred- and green-componentpixel outputs from
the acquisition systems, the data reduction program can reference
the lookup table to determine a temperature.

Data Reduction

Data reduction is performed in a UNIX-based, graphical user
interface (GUI) program called IHEAT. This program efficiently
handles the large amounts of image data associated with phosphor
thermography calibrations,data reduction, and data analysis. When
reducing the data, a setup file is first loaded into IHEAT. The setup
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Fig. 8 Logarithmic differences.

file contains all of the specific information for the test setup, includ-
ing phosphor system used, facility that the test is being performed
in, and the phosphor mix that has been applied to the models. Once
the setup file has been loaded, a file with the tunnel flow conditions
for the run being analyzed is input. This file includes the tunnel
total temperature, model angle of attack, and a predicted stagnation
point heating value, which IHEAT uses to nondimensionalize the
data. Next the position history of the model is input and analyzed
to determine precisely the effective time at which the images are to
be reduced. The prerun intensity images and run intensity images
are input into IHEAT and immediately converted to temperature
mappings.

Once the files have been loaded, the next step is to compute heat
transfer coefficients. If an adiabatic wall enthalpy other than the
tunnel total enthalpy is desired, an option exists that allows for the
calculationof the adiabatic wall temperature on a wedge with a half-
angle correspondingto the model angle of attack using Eq. (25). At
this point, the global adiabatic wall temperature is known, along
with the effective time and the model run and prerun temperatures.
Equation (19) is then solved at every pointthat is in the field of view
of the camera on the model to create heat transfer mappings.

After the heat transfer mappings have been computed, often line
cuts from the image are desired. An automated approach exists in
IHEAT to do this. Desired axial and longitudinal cut locations are
entered into a window in IHEAT. Next, known fiducial mark loca-
tions in the image are clicked on and also input into IHEAT. Profile
cuts are then extracted from the images at the desired locations,
stretching the cuts according to the input fiducial mark locations.
Once the cuts have been obtained, they are automatically saved for
comparison with cuts from other runs.

Error Analysis

In analyzing the error for the phosphor thermography method,
the ATAA standard for assessing wind-tunnel data uncertainty!’
was used, which in turn conforms with international guidelines and
standards.'® Although a number of different uncertainty sources
exist for phosphordata, including those due to calibration, data ac-
quisition, and processing; lack of fidelity in the models; knowledge
of the tunnel test environment; three-dimensional conduction ef-
fects within the substrate; and registration of image pixel location
to physicallocation on the model, this analysisreportserrors associ-
ated only with the first two sources (calibrationand data acquisition
and processing), which are the most readily quantifiable. Errors are
presented with bias limits, precision limits, and overall uncertainty
(which is the square root of the sum of the uncertainties squared).
All errors are reported with 95% confidence limits. The analysis
describes the uncertainty associated with each variable in Eq. (19)
(initial temperature, run temperature, adiabatic wall enthalpy, sub-
strate thermal properties, and effective time) and then presents the
combined uncertainty for all of the variables.
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Temperature measurement uncertainties are plotted in Fig. 9.
The bias error was determined from the uncertainty in the calibra-
tion oven temperature reading. The temperature distribution error
throughthe oven test section was quoted to be 0.015°C and was con-
sidered negligible. The oven thermocouple uncertainty (furnished
by the manufacturer) varied from 2 to 2.7°C. The precision error
was found by putting the temperature calibration images (which
theoretically are isothermal) into IHEAT and statistically looking
at the temperature measured at each pixel element, calculating a
standard deviation from the nominal temperaturereading in the cal-
ibration, and multiplying by two for the 95% limits. From Fig. 9,
the temperature error varies from 2.9 to 3.6°C. It is seen that the
precision uncertainty dominates at the lower temperature, but then
the bias uncertainty dominates the overall uncertainty at tempera-
tures higher than 60°C. For the combined uncertainty analysis, the
error in the initial temperature was assumed to be 2.9°C and the
wall temperature error was assumed to be at the worst case of 3.6°C
through the temperature range.

To compute the uncertaintyin the adiabatic wall enthalpy,a worst-
case situation was applied. The adiabatic wall enthalpy for a plate at
0-deg angle of attack was calculated and averaged with the tunnel
total enthalpy. The difference between the averaged value and the
tunnel total enthalpy was used as the error.

For the substrate thermal properties, the quoted instrumentation
uncertainty was 3% for both the diffusivity and conductivity, and
this was used as a bias uncertainty. A statistical analysis with a num-
ber of samples yielded precision uncertainties of 9.6 and 1.5% for
diffusivity and conductivity, with corresponding overall uncertain-
ties of 10 and 3.4%. The error due to choosing an average thermal
product to account for thermal properties variations [Eq. (24)] was
previously found to be 0.5% and was assumed to be insignificant.
Although the diffusivity error seems large, the heat transfer rate is
not ultimately as sensitive to it because a square root is taken of the
diffusivity within the data reduction.

The effective time from Eq. (20) was found from thin-film cali-
bration runs to have an uncertainty of 0.055 s. Thus, at 1 s, the error
is 5.5%.

In determining a combined uncertainty, a standard approachis to
use a first-order Taylor series expansion where sensitivities of vari-
ables within an equation are found by taking the partial derivative of
the equation with respect to each variable within the equation. This
approachis only valid, however, when a linear function is being an-
alyzed. The functionin Eq. (19) is not linear, and when a first-order
Taylorseriesis used, artificially large errors arise due to the contribu-
tion of the adiabatic wall enthalpy. To properly compute the errors,
higher-order terms in the Taylor series expansion must be used.
This approach became impractical, and so a computer program was
written where each of the variables in Eq. (19) was varied by its un-
certainty, and the resulting heat transfer rate was compared with the
heat transfer rate calculated with baseline values for the variables.
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Combined uncertaintiesin heat transferrate for the phosphordata
vs measured model surface temperature at 1 s into a run are plot-
ted for the 31-Inch Mach 10 Tunnel and 20-Inch Mach 6 Tunnel
in Figs. 10 and 11, respectively. From Figs. 10 and 11, it can be
observed that the initial temperature and run temperature are the
dominant uncertainties when lower surface temperatures are mea-
sured. Indeed, as the surface temperature approachesthe initial tem-
perature, the uncertainty climbs to infinity. This high error due to
temperature is responsible for the large amount of scatter observed
in phosphor heating data obtained from lower surface temperature
readings. In most cases, however, the wall temperature measure-
ments are higher, and the uncertainty due to thermal properties is
the significant error source. In the case of the 20-InchMach 6 tunnel,
at the higher end of the temperature range, the surface temperature
to adiabatic wall temperature is much larger (due to the lower reser-
voir temperature of the tunnel), and the contribution of the error
due to the adiabatic wall enthalpy is larger than in the case of the
31-Inch Mach 10 Tunnel. For the majority of the temperaturerange,
the resulting total phosphor uncertainty varies between 7 and 10%
in the 31-Inch Mach 10 tunnel and 8 and 10% in the 20-Inch Mach
6 tunnel.

Comparison to Thin-Film Hemisphere Measurements

A '5.08-cm-radiusphosphorhemispheremodel was fabricated and
tested to compare with measurements on a 5.08-cm-radius hemi-
sphere instrumented with thin-film resistance gauges. The phos-
phor hemisphere was made using the fabrication approach earlier

Fig. 12 Thin-film hemisphere.

described. A small fiducial mark was placed at the stagnation point
to determine the stagnation point location in the run images. In the
case of the thin-film hemisphere, the model (shown in Fig. 12) was
made from MACOR® because the films could not be successfully
applied to a fused silica substrate. Nine gauges were placed along
an arc at 2.5-deg intervals from the stagnation point back to the
20-deg location. A gauge was placed at 25 deg and then from 30 to
70 degin 10-degincrements. Four additional gauges were placed in
2.5-deg intervals back from the stagnation point on the other side of
the model as a check on the symmetry of the measurements.

Both models were tested in the 31-Inch Mach 10 Tunnel at
reservoir conditions of 5.0 MPa and 1000 K, corresponding to a
freestream Reynolds number of 3.3 x 10°/m. The phosphor data
were reduced at a time of 1 s after the model had been exposed
to the flow. The thin-film measurements were reduced with a data
reduction code developed by Hollis,'® which uses the Ref. 20 one-
dimensional time history approach. All data were nondimensional-
ized using the Fay-Riddell?' stagnation point heating values calcu-
lated using the stagnation point pressure gradient correlation devel-
oped by Inouye

Computational fluid dynamics (CFD) predictions were also made
using the LATCH program for comparison with the wind-tunnel
data. LATCH uses an axisymmetric analog for three-dimensional
boundary layers with boundary-layer edge conditions from an in-
viscid flowfield solution?* LATCH computations for this compari-
son were performed, assuming equilibrium air properties, at wind-
tunnel conditions, and were nondimensionalized in the same way
as the wind-tunnel data.

A cut on the phosphorimage was taken from the stagnation point
to the aft end of the sphere. The phosphor data from the 80 to
90 deg locations were removed due to low uv illumination, which
putthe dataoutof the phosphorcalibrationrange. Results are plotted
along with the thin-film measurements and the LATCH predictions
inFig. 13. Two errorbars, correspondingto the errorsin the phosphor
measurements, have been placed on the plot: One is near the front
of the sphere with an uncertainty of =7.5%, and one is toward the
back end of the sphere with an uncertainty of £15%. The phosphor
data in the figure agree with the LATCH predictions, stagnation
point theory, and thin-film results through the full 80 deg plotted in
Fig. 13 to within the uncertaintiesof the phosphortechnique, thereby
providing a degree of confidence in the method. In the stagnation
pointregion, the thin-film results are lower than the phosphor data,
the computations,and the theory for reasonsas yet to be determined.
Low thermal properties used for the MACOR ceramic in the data
reduction might be one possibility.

Computational Comparisons

Mach 10 8-Degree Sphere Cone Comparison

In support of the competitive first phase of the X-33 program,
phosphor measurements were performed on a VI/VL configura-
tion and compared with CFD predictions. The VI/VL model was
0.3048 m long, with a spherically blunted 8-deg cone forebody. The
sphericalnose was 2.54 cm in diameter. The conical forebody inter-
sected a cylindrical aft section, which had cuts taken out of it at four
circumferential locations 90 deg to each other. Flaps were located
on each cut.
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For this comparison, the LAURA CFD code was used for obtain-
ing computational predictions. LAURA is an upwind-biased, point-
implicit, three-dimensional,Navier-Stokes algorithm.?* For the pre-
dictions presented here, the code was run in a laminar, perfect-gas,
thin-layer Navier-Stokes mode.

The VT/VL model was tested in the 31-Inch Mach 10 Tunnel
at 0-, 5.0-, 17.5-, and 25.0-deg angle of attack. The data were non-
dimensionalizedwith the stagnationpointheatingto a2.54-cm-diam
hemisphere, as calculated with the Fay-Riddell theory. CFD predic-
tions were calculated using tunnel run conditions at each angle of
attack. The CFD results at 17.5-deg angle of attack are compared
with phosphordatain Fig. 14.InFig. 14, good agreementon the con-
ical forebody can be observed, although back on the flap (deflected
at20 deg), the phosphordata show substantiallyhigherheating. The
disagreementon the flap is believed to be due to the separated free-
shearlayer from the cone transitioningand reattachingon the flap, a
flow situation that is challenging for CFD computations to predict.

Centerline cuts were also obtained at each angle of attack on the
conical forebody only, and the results comparing the CFD predic-
tions with the phosphordata are shown in Fig. 15. The results at the
higher angles of attack show an initial drop in heating followed by
a slight rise due to the occurrence of an overexpansionfollowed by
a recompression in the nose region of the model. In general, at all
angles of attack, there is very good agreementbetween the phosphor
data and CFD predictions.

Mach 6 X-34 Comparison

CFD comparisonshave also been made on an X-34 configuration
(planform shown in Fig. 16) at Mach 6 conditions. For this study,
0.0183-scale phosphor models were fabricated and tested in the
20-Inch Mach 6 Tunnel at freestream Reynolds numbers varying
from 1.9 x 10° to 25.6 x 10°/m, as described in Ref. 4.
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Fig. 13 Phosphor/thin-film hemisphere comparison.
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Fig. 14 VT/VL Mach 10 phosphor/LAURA comparison, o =17.5 deg.

The CFD computations were performedusing LAURA, LATCH,
and GASP,? as described in Refs. 26, 27, and 4, respectively. The
codes were run in laminar and turbulent perfect gas modes at tun-
nel conditions corresponding to a freestream Reynolds number of
25.6 x 10%/m. The LAURA and the GASP calculations used the
same grid, which was shock adapted from the LAURA code.

Comparisonsbetween the laminar LAURA and GASP resultsand
phosphordata are shown in Figs. 17 and 18. Turbulence results are
shown in Figs. 19 and 20.

In the images, the phosphor data are seen to have a sharp jump in
heating due to the onset of transitionstarting a third of the way back
along the centerline. In comparing the phosphor data to the compu-
tational results, laminar predictions should be compared only with
laminar phosphordata and turbulentpredictions with turbulentdata.
The images show that the GASP predictions appear to run higher
than the LAURA predictionsin both the laminar and turbulentcases.

Line cuts were taken from the phosphor and CFD results along
the centerline and at axial stations (shown in Fig. 16) of x /L =0.2
and 0.79, where L is defined to be from the nose to the junction
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Fig. 15 VT/VL Mach 10 windward centerline heating comparison
between phosphor data and LAURA computations.

x/L=1.0

|« x/L=.79 ‘—l
Centerline _I

x/L=.20
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Fig. 18 Laminar phosphor/GASP X-34 comparison, o = 15 deg.
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Fig. 20 Turbulent phosphor/GASP X-34 comparison, o = 15 deg.

between the flap and the fuselage. The centerline phosphor heating
in Fig. 21 in the nose is laminar. A minimum is seen in the heating,
and then the flow transitions to turbulence from an axial station of
0.25 to about 0.55. Agreement between the LAURA predictions
and the phosphor data in both the laminar and turbulent regions
is within experimental uncertainty. The GASP data tend to agree
in the laminar region but are higher than the phosphorresults in the
turbulent region. The LATCH results split the difference between
the LAURA and GASP resultsin the turbulentregion but are higher
than the phosphor data and LAURA and GASP predictions in the
laminar region.

Figure 22 shows laminar comparisonsat the 0.2 axial station with
respectto 2y /b, where y is the spanwise location and b is the total
span from wing tip to wing tip. The LAURA predictions agree with
the phosphor data to within the data uncertainty for most of the cut,
whereas the GASP predictions tend to run a little higher than the
phosphor data and the other predictions. The LATCH predictions
start off higher than the phosphor data near the centerline and end
up low outboard on the fuselage.

In the case of the 79% cut (Fig. 23), accurately predictingthe heat-
ing is more difficult because of the presence of the bow shock/wing
shock interaction on the wing. Along the cut from the centerline,
the heating experiencesarise as the heating from the wing/fuselage
junction is reached. This first rise is seen in the phosphor data, as
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well as the computational predictions. As the bow shock interac-
tion is reached (seen by the second and third humps in the phos-
phor data), however, the computationstend to smear out the heating
levels. The LAURA and GASP predictions show a single slight
rise in the heating but not to the same levels as the heating from the
wing/fuselage junction, as is the case with the phosphor data. The
LATCH code, however, misses the shock interaction completely.

Concluding Remarks

This paper has presented the basic process that is used at the
NASA Langley Research Center in obtaining phosphor thermogra-
phy data in hypersonicfacilities. A new weighted relative-intensity
fluorescence theory allows for the quantitative determination of sur-
face temperature measurements on complex models having large
amounts of surface curvature. Application of an enthalpy-basedap-
proach to solving the heat conduction equations, along with cali-
bration of the effective starting time of a run and a simple approach
for accounting for variable substrate thermal properties, improves
the accuracy of global heat transfer computations. A user-friendly
GUI data reduction code IHEAT allows for the rapid reduction and
analysis of the large amount of image data associated with phosphor
thermography. Coupled with this process is a rapid ceramic model
casting technique. The resultis a methodology that quickly provides
a wealth of information critical to the design of a thermal protection
system including effects of Reynolds number, Mach number, angle
of attack, control surface deflection, and sideslip angle.
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