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Step Response of Pressure-Sensitive Paints
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An experimental and analytical characterization of the response of three typical pressure-sensitive paint (PSP)
formulations to a step change in pressure is presented. The three PSP formulations tested have all been previously
used in wind-tunnel experiments and have been shown to have acceptable aerodynamic surface properties and
mechanical durability. The time response of the PSP coatings is dependent on the diffusion of oxygen through the
PSP binder material with typical time constants ranging from 0.05 to 2.5 s. The PSP response is best characterized
by a two-term exponential decay function representing a complex first-order dynamic system. In contrast, a
standard pressure transducer responds as a second-order dynamic system. The two-exponential curvefit provides
a convenient way to compare the time response of different PSP formulations. A mass diffusion model of the PSP
response is also presented that is capable of predicting the time response of PSP layers.

Nomenclature
A; = constant in mass diffusion solution, Eq. (7)
a = binder layer thickness
B = constant in two-exponential curvefit, Eq. (10)
C,,C, = constants in two-exponential curvefit, Eq. (10)
D, = mass diffusivity, Eq. (5)
fi, f2 = functional relationships
I = light intensity
N,n = mass concentration in the binder layer
P = pressure
R = calibration constant, Eq. (1)
S = calibration constant, Eq. (1)
x = distant above the substrate
£1,8 = exponential decay terms, Eq. (10)
A = wavelength
A = eigenvalues in mass diffusion solution, Eq. (7)
o = Henry’s constant, Eq. (2)
71,72 = time constants, Eq. (10)
T = time constant, Eq. (8)
Subscripts
atm = atmospheric condition
e = excitation light source
eff = effective value for nonequilibrium mass concentration
distributions
min = initial condition before step increase
max = final condition after step increase
0, = oxygen
ref = reference condition

Introduction

HE pressure-sensitive paint (PSP) technique is a new exper-
imental method for the quantitative measurement of pressure
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on aerodynamic surfaces. PSPs are luminescent surface coatings
or paints for which the luminescence intensity is inversely related
to the oxygen concentration within the layer. The coatings consist
of oxygen sensitive luminescent probe molecules dispersed in an
oxygen permeable polymer binder.

This technology originated with the qualitative surface visualiza-
tion technique presented by Peterson and Fitzgerald.! Advances in
image processing equipment along with improvements in the chem-
ical compositions of the luminescent coatings have led to quanti-
tative PSP measurements with accuracies comparable to conven-
tional pressure transducers.>~* Major advantages of the technique
are high spatial resolutions, global measurement of a continuous
surface pressure field, simplified model construction, along with
the potential for high-frequency response.>> McLachlan et al.> ob-
served that the time response may be as fast as the luminescence
decay time, on the order of 0.1 ms for platinum octaethyporphryin
(PtOEP) probe molecules, but is limited by the oxygen diffusion
through the polymer binder layers currently employed.

Previous research on PSP technology was focused mainly on
steady-state measurements and the attendant difficulties with paint
durability, surface roughness, illumination, image capture tech-
niques, calibration procedures, temperature compensations, and im-
age registration.>® Baron et al.’ investigated the time response of
several PSP coatings but focused mainly on formulations that have
not been proven for use in wind-tunnel testing. In actual wind-tunnel
testing, the PSP coatings must have surface properties that do not
alter the aerodynamic characteristics of the substrate. They must
also have sufficient durability to remain attached to the substrate
throughout the test. This paper is a characterization of the time re-
sponse of three PSP formulations that have been successfully used
for wind-tunnel testing and is an important step toward the rou-
tine application of PSP in unsteady pressure fields. A convenient
means for equitably comparing the time response of different PSP
formulations is also presented.

PSP Theory

Detailed discussions of the theory behind PSP measurements
have been previously presented’=* and are only briefly described
here. The existing theoretical framework is suitable for steady-state
measurements in which the oxygen concentration through the paint
layer is in static equilibrium. The unsteady characteristics of PSP
are largely determined by the diffusion of oxygen through the binder
layer. Accordingly, a description of the unsteady diffusion process
is included.

The PSP consists of a dispersion of luminescent probe molecules
in an oxygen permeable binder layer as shown in Fig. 1. An ex-
citation light source of wavelength A, and intensity I, is used to
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Fig.1 Typical PSP coating (type 1 or 3) showing the coordinate system
for the mass diffusion analysis.

promote the probe molecules to an excited energy state. For PSP
there are two desirable mechanisms for the molecule to return to
the ground state: luminescence, at wavelength A, and intensity I,
or the transfer of energy by collision with an oxygen molecule, a
process called dynamic or oxygen quenching. An increase in pres-
sure P causes a corresponding increase in the partial pressure of
oxygen Py, and an increase in the oxygen concentration within the
binder layer no,. This results in a larger level of oxygen quenching
and lower luminescence intensity. The luminescence wavelength is
red shifted relative to the illumination wavelength allowing optical
separation of the two signals. Assuming an isothermal PSP layer,
the data reduction equation may-be written as?

P =R/} + S (1)

where P is the pressure above the paint layer, I ¢ is the measured
luminescence intensity at a constant reference pressure, I is the
measured luminescence intensity at pressure P, and R and S are
calibration constants. Depending on the exact PSP formulation, R
and S display varying degrees of temperature dependence. Equation
(1) is derived from the Stern—Volmer relation assuming that the
polymer layer obeys a linear form of Henry’s law.>* Henry’s law
states that the concentration of oxygen in a liquid layer, no,, is
linearly proportional to the partial pressure of oxygen above the
liquid, Po,, and is written as

ng, = o Po, 2)

Henry’s constant o also displays a temperature dependence. For a
polymer layer Henry’s law takes on a quadratic dependence on Py, ;
however, the quadratic dependence is weak, and we will follow the
standard practice of assuming Eq. (2) adequately describes the layer.

A static calibration procedure is normally followed in which both
P and I are measured at a series of pressures over the pressure
range of interest. The term I, is generally taken as the intensity
measured at P = P, or some other convenient reference condition.
Sufficient settling time is allowed at each pressure level to ensure
a uniform oxygen concentration across the layer. A least-squares
curvefit is then used to obtain the calibration constants R and S. Any
nonlinearities in the response of either the paint or the photodetector
are accounted for by using a higher order analogy to Eq. (1), which
we will present as a general functional relation,

P = fillet/1) (€))

since the exact form is facility dependent. Equation (3) includes the
facility-dependent effects. A second useful functional relationship is
thatbetween I/ I.¢ and P, without inclusion of the facility dependent
influences, which is represented by

I/Ieg = fo(P) )

Equation (4) is obtained by a static laboratory calibration of the PSP
layer using a linear photodetector and a stable illumination source.
Illumination intensity must also be maintained at low levels to avoid
photodegradation effects. Both Egs. (3) and (4) assume that the
oxygen concentration across the layer is the static equilibrium value
for the air pressure, i.e., no, is constant across the layer and depends

only on P. This leads to an error in measuring unsteady pressure
fields since, under these conditions, the oxygen concentration is not
in static equilibrium.

For an unsteady pressure field, the pressure above the layer is a
function of time, P (¢), causing the oxygen concentration inside the
layer to depend on both time and distance from the plate, ng, (x, ).
The unsteady oxygen concentration distribution may be found by
solving the mass diffusion equation,

82n02 1 al’loz
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where D,, is the mass diffusivity. Any binder layer that exhibits an
inductive effect!® will complicate the analysis during the initial illu-
mination period requiring a correction term in Eq. (5). The inductive
effect is characterized by a continuously increasing luminescence
intensity during the initial illumination period. Uibel et al.!? explain
this effect by the interaction of the binder material with the highly
reactive singlet oxygen excited by the quenching process, which
makes the oxygen unavailable for further quenching of the probe
molecule.

To solve Eq. (5), consider a step change in the air pressure with
initial pressure P(0) = Py, and final pressure P (r) = Ppa = const
forall t > 0. The boundary conditions are derived from the assump-
tions of a well-mixed gas at x = a, i.e., no concentration gradients
in the air and an impermeable wall at x = 0. The initial condition
comes from assuming that the layer is initially in equilibrium with
the air. The resulting boundary and initial conditions are

nOz(av t) = Nmax
a
% 0,1 =0 ©
dx
. noz(x, 0) = Nmin

where Ny = 0.210 Py and Ny = 0.210 Py, (0.21 is the mole
fraction of oxygen in air). These boundary conditions may be trans-
formed to homoegenous boundary conditions through a transforma-
tion of variables to 6 = (Nmax —no,). The solution to Eq. (5) subject
to the boundary and initial conditions, Eq. (6), is obtained using the
method of separation of variables, yielding

no,(x,t) — Ny; N
e =17 2 [Arcosume (420m1)} )
where

2i —1 ~2(=1)
k,:(l ),, A = 22D
2a ai;

This function describes the variation of the oxygen concentration
through the binder layer. The luminescence output of the probe
molecules also varies across the layer in direct proportion to the
local oxygen concentration. Summing the luminescence response
through the layer gives the computed response for the entire layer
at a point.

Based on this model, Eq. (7) is used to make an analytical predic-
tion of the PSP response to an unsteady pressure field. To allow for
a comparison with experimental data, the concentration ng, (x, #) is
converted to an effective pressure, Py (x, t), in the layer by applying
Henry’s law, Eq. (2). Using the laboratory calibration represented
by Eq. (4), with local pressure P = P.(x, t), we then calculate
the luminescence intensity distribution across the layer, I/ Ie+(x, 1).
This intensity distribution is then integrated across the layer to give
a prediction of the total intensity ratio. Recalling that Eq. (4) was
obtained by measuring the luminescence intensity for static equi-
librium oxygen concentration distributions, we see that substituting
the predicted total intensity ratio allows us to compute the predicted
air pressure for comparison with the PSP experimental results.
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Experimental Setup

A small test cell has been constructed in which a series of exper-
iments have been performed to determine the response of a typical
PSP coating to a step change in pressure at isothermal conditions.
The painted surface has dimensions of 76.2 x 6.35 mm and is sep-
arated from the transparent cover plate by a 3.18-mm-thick spacer
plate. A tungsten-halogen lamp is used to illuminate the test cell and
a photomultiplier tube (PMT) is used as the photodetector. The entire
assembly is shown schematically in Fig. 2. The tungsten-halogen
lamp is located in a fan-cooled housing to maintain a constant oper-
ating temperature. Short-term variation in the output intensity (light
ripple) is rated at 0.04% rms. The long-term stability of the lamp
power supply is 0.2% over 8 h after the initial 30-min warm-up
period. The PMT is an integral photomultiplier tube, power supply,
and amplifier with a spectral range of 185-900 nm. Four ports are
located on the back side of the test cell. One is attached to a vac-
uum system to draw the test cell down to approximately 0.7 kPa. A
second port may be opened to atmosphere through a manual toggle
valve. The two remaining ports are attached to a secondary pressure
standard and to a high-frequency response conventional pressure
transducer. An electronic manometer with an uncertainty of +0.28
kPa was used for the secondary standard and was connected through
a valve so that it could be isolated from the system, minimizing the
volume, for the step response tests. The conventional pressure trans-
ducer used during the test was a miniature silicon diaphragm strain
gauge design with resonant frequency of 500 kHz (useful frequency
range of 100 kHz). The PSP coating thicknesses were measured with
an eddy current based nondestructive gauge. The amplified voltage
output of the PMT and the conventional pressure transducer were
sampled at 20 kHz per channel with a 12-bit A/D board.

Calibrations of both the PSP coating and the conventional trans-
ducer were performed in a quasistatic manner as described earlier.
A linear least-squares curvefit worked well with the conventional
transducer giving a standard error of estimate of +£0.28 kPa (95%
confidence level, includes uncertainty from curvefit and the sec-
ondary pressure standard). The PMT/amplifier voltage output was
found to be a nonlinear function of input intensity. Measurements
using a cooled charge-coupled device (CCD) camera typically re-
quire a second-order polynomial calibration. Since the CCD camera
has a very linear response, this indicates that the PSP responds as
a second-order function of pressure. Given these two nonlinear ef-
fects, we found that a fourth-order calibration curve for Eq. (3) gave
good results with an average standard error of estimate of +0.83
kPa (95% confidence level, includes uncertainty from curvefit and
the secondary pressure standard). The reference intensity was taken
as an average between measurements at P = Pym immediately
before and after the calibration. The same reference intensity proce-
dure was used for the actual runs that were performed just following
the calibration. These procedures were found to substantially reduce
bias errors due to long-term drift in the voltage output of the mea-
surement system caused by changes in illumination intensity, drift
in the PMT circuitry, drift in the conventional transducer output, and
photodegradation of the PSP lumiphores. Thus, an estimate of the
bias error over the entire range of interest is given by the calibration
curvefit’s standard error of estimate given earlier.

Lamp \
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/ PMT
@‘ldpm‘ Filter
Lens

Cover Plate

Paint

Secondary Pressure
Standard

Vgcuum Pump
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Fig. 2 Experimental setup; lamp bandpass filter centered at 450 nm
and PMT bandpass filter centered at 650 nm.

Results

Three PSP formulations were used for the experiments: type I,
type 2, and type 3. Type 1 coatings consist of a proprietary probe
molecule uniformly dispersed through a polymer binder layer and
coated on top of a white primer layer.2® Type 2 consists of PtOEP
probe molecules sprayed over the top of a white primer layer. This
concentrates the probe molecules near the outer surface of the type 2
PSP and is intended to improve the time response of the coat-
ing. The type 3 coating was prepared following the procedures of
Kavandi et al.> Tt contains PtOEP uniformly dispersed in Genesse
Polymers GP-197 dimethylsiloxane polymer and applied to a white
epoxy-based primer (Krylon® spray paint). Because of the method
of producing the type 2 coating (lumiphores concentrated at the outer
surface), its time response should not depend on coating thickness.
However, the time response of both the types 1 and 3 coatings (lu-
miphores uniformly dispersed through the binder layer) should have
a strong dependence on thickness. The type 3 coating also exhibits
an inductive effect that alters the luminescence intensity during the
initial light exposure period.'® The inductive effect is not observed
in the type 1 or 2 coatings and has been accounted for in the type 3
measurements. A series of experiments were performed comparing
the types 1, 2, and 3 formulations to the conventional transducer.
Four type 1 thicknesses (35, 25, 15, and 13 m), one type 2 thick-
ness (19 um), and three type 3 thicknesses (32, 26, and 22 pm)
were tested. The measured thicknesses are the combined thickness
of the primer layer and binder layer with an overall uncertainty of
43 pm. The primer layer thicknesses were approximately 10 pm
thick for the type 1 samples and 15 pm thick for the type 3 samples.
The type 2 coating does not have a separate primer layer.

For each of the eight test cases the test cell was evacuated to a
minimum pressure Py, of approximately 0.7 kPa and then vented to
a maximum pressure of Ppyx = Pum. Output from the conventional
transducer and the PMT were digitized at a rate of 20 kHz per
channel. Every 100 points in the output data files were then time
averaged to smooth the data giving an effective sampling rate of
200 Hz per channel.

The data are presented in Figs. 3-5 in a dimensionless format
consistent with the analytical model, Eq. (7). The output of the
conventional transducer is used as a reference with the actual pres-
sure rise for each experiment occurring in approximately 0.024 s.
In these figures the PSP output data from the PMT has been further
smoothed to filter the shot noise. The shot noise is not an important
factor at the lower pressures due to higher luminescence intensity
but becomes important at the high pressures due to the lower lumi-
nescence intensity. The thinner paint layers have a lower intensity
output due to fewer probe molecules in the layer, which compounds
the effects of shot noise and causes a higher overall uncertainty in
their results. Thus, a single error band is not possible for the PSP
results, rather an error band at the maximum and minimum pres-
sure levels for each thickness is presented in Table 1. The error
bands include the effects of the calibration uncertainty (bias errors)
and the signal noise (precision error). Errors due to temperature ef-
fects were not considered since the coatings were maintained at a
constant temperature during the tests. A detailed discussion of the
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Fig. 3 Response of the type 1 coatings to a step change in pressure.
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Table 1 Error bands for Figs. 3-5 with
95% confidence levels

@ Pax @ Pyin

Conventional transducer 0.01 0.01
35 pm £ 3 pmtype 1 0.02 0.01
25 pm %= 3 pmtype 1 0.02 0.01
15 um+ 3 pmtype 1 0.04 0.01
13 pm £+ 3 pmtype 1 0.04 0.01
19 um £ 3 pm type 2 0.03 0.01
32 um £ 3 pm type 3 0.01 0.01
26 um =+ 3 pmtype 3 0.01 0.01
22 wm £ 3 pm type 3 0.01 0.01
1.00+
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Fig. 4 Response of the type 3 coatings to a step change in pressure.
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Fig. 5 Comparison of the types 1, 2, and 3 coating responses to a step
increase in pressure.

uncertainty calculations is presented by Lukas.!! Multiple exper-
iments with each paint sample confirmed the repeatability of the
experiments to within the quoted uncertainties. Caution must be
used in extending these results to other PSP coatings since differ-
ences in PSP formulations and application methods can affect the
resulting time response.

Turning attention to Fig. 3, we see an improvement in the rise
time of the type 1 PSP as the layer thickness decreases. This re-
sults from the longer time required for oxygen to diffuse through
the thicker paint layers. The 13-um type 1 layer reaches the final
pressure in approximately 1 s whereas the 35-pum type 1 layer takes
approximately 3 s to reach the final pressure. Similar behavior is
observed in Fig. 4 for the type 3 PSP coatings. The time response of
the type 3 coatings is significantly slower than the type 1 coatings of
comparable thickness. The type 3 coatings require approximately
9 s to reach the final steady-state value.

In Fig. 5, the 19-um type 2 layer is compared with a 15-p4m type
1 coating, a 25-pm type 1 coating, and the 22-m type 3 coating.
Even though the 19-pm type 2 layer is thicker than the 15-pm type 1
coating, it has a faster initial response. However, after approximately
0.2 sthe 19-pumtype 2 layer actually responds slower than the 15-pm
type 1 coating. This observation illustrates the deficiency of using a
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Fig. 6 Comparison of an ideal first-order dynamic system with the
35-pm type 1 coating.

90% response time as a comparison for the time response of different
PSP formulations. The physical reason for the unusual behavior of
the type 2 coating is unknown. We speculate that it is due to the
diffusion of lumiphore molecules into the binder material so that the
type 2 PSP consists of a fast responding surface layer of lumiphores
and a slower responding subsurface layer of diffused lumiphores.
The 25-pm type 1 is compared with the thinnest type 3 coating
tested (22 pm). Recall that the type 3 primer layer is thicker than the
type 1 primer layer, thus the 22-;4m type 3 layer has a considerably
thinner binder (or active) layer, leading one to speculate that the
22-pm type 3 coating would have faster response than the 25-um
type 1 coating. However, the type 1 layer is observed to respond
quicker, with the 25-um type 1 coating reaching steady state at
about the same time as the type 2 PSP, but the 22-pm type 3 layer
taking much longer. The time response of the type 3 coating is
comparable to that found by Baron et al.? (2.5-s 90% response time)
for a type 3 coating of unknown thickness. In spite of the different
time responses of the various coatings, all of the coatings have a
generally similar exponential type response as would be expected
for a diffusion process.

The conventional pressure transducer employed is a miniature
diaphragm type that responds as a second-order dynamic system,
similar to a spring-mass-damper mechanical system. The PSP re-
sponds more as a first-order dynamic system as will be shown next
following the procedures of Doebelin.!? Assume a first-order re-
sponse to a step change in pressure given by

P—P min

—_— (1=

P, max P, min ( ) (8)
where P is the pressure derived from the PSP measurements, P,y is
the final pressure, P, is the initial pressure, T is the time constant,
and ¢ is time. This expression is similar in form to the diffusion
model for the PSP layer, Eq. (7). Rearranging and taking a natural
log of the equation gives

Z=—=1ln 1_1___!& ©)
T Pmax_Pmin

Plotting Z vs time for an ideal first-order system will give a straight
line with the slope of the line equal to the negative inverse of the
time constant. A time constant may be defined by fitting a straight
line through the experimental data as has been done in Fig. 6 for
the 35-pm type 1 layer. The PSP does not behave exactly as an
ideal first-order system, as may be expected by comparing the ideal
first-order response, Eq. (8), with the PSP diffusion model, Eq. (7).
Using the linear curvefit to the data presented in Fig. 6 would give a
misleading estimate of the time constant for the PSP since the slope
is dependent on the time domain chosen. This is consistent with the
findings of Baron et al.,® who found that a single-exponential model
did not adequately represent the response of a type 3 formulation.
The form of Eq. (7) suggests that a summation of exponential terms
would provide a good representation of the PSP response.
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Table 2 Two-exponential curvefit parameters

B C 71, § Ca 72,8

35-umtypel 1.0 0.99 0.42 0.11 2.4
25-umtypel 1.0 0.99 0.20 0084 12

15umtypel 1.0 1.0 0084 0074  0.88
13-umtype1 1.0 1.1 0042 0058 048
19-umtype2 1.0 0.95 0045 016 0.82
32-umtyoe3 1.1 0.068 0082 097 24
26-umtype3 098 0.1 0.29 0.84 1.6

2-umtype3 097 034 0.47 0.60 1.4

1.001
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Fig. 7 Comparison of the mass diffusion model and the two-
exponential curvefit to the 35-z4m type 1 experimental results.

Combining two exponential terms gives the function

P - Pmin
—F =B -la+s) (10)
Pmax - Pmin !
where
£y = C]@ﬁt/lrl £y = Cy,evt/t2

This two-exponential function was found to accurately character-
ize all of the experimental data. Normally, the constraints B = 1
and C, + C; = 1 would be imposed. Difficulties arise from impos-
ing these constraints in this case since the data sets have an initial
concave upward curvature with an inflection point at approximately
0.05 s due to the finite rise time (0.024 s) for the pressure in the
test cell. Therefore, we have not imposed these restrictions, giving
a more robust curve-fitting procedure. Baron et al.” accounted for
the finite rise time effects using a convolution integral. However,
they still had difficulty fitting a two-exponential model to their type
3 coating and resorted to quoting the 90% response times. Their
convolution integral method worked well for other fast coatings
they tested. Since these fast coatings have not been demonstrated in
wind-tunnel testing, they were not considered in this investigation. A
Levenberg-Marquardt least-squares curve-fitting routine was used
with Eq. (10) to obtain the constants B, Cy, Cs, 11, and 7, given in
Table 2.

The two-exponential curvefit for the 35-um type 1 layer is shown
in Fig. 7 along with the results using the mass diffusion model,
Eq. (7). The mass diffusion computation was performed with a
mass diffusivity of D,, = 9.0 x 107% cm?/s, which is compara-
ble to published values for vulcanized silicone rubbers. We see that
the mass diffusion model has the potential of predicting the time
response of the PSP layer, assuming accurate measurements of the
mass diffusivity for the binder layers are available.

A second difficulty in using the mass diffusion model is that the
distribution of probe molecules through the layer must be known.
This complicates application of the mass diffusion model to type 2
formulations that have a higher concentration of probe molecules
near the outer surface. The two-exponential curvefit gives better
agreement with the experimental data than does the mass diffusion
model. However, the two-exponential curvefit is not predictive and
must be obtained from measurements on an experimental sample.
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—o——— 13 um Typel
—a——— 15 um Type1
——e—— 25 um Type1—
35 um Typel

0.00 3 & =0
000 010 020 030 040 050
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Fig. 8 Exponential decay ratio, £1 /£2, based on the two-exponential
curvefit for the types 1 and 2 formulations.
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Fig. 9 Exponential decay ratio, €1 /22, based on the two-exponential
curvefit for the type 3 formulation.

An advantage of the two-exponential curvefit is simple implmen-
tation. It is easily applied to PSP formulations that do not have
uniform probe molecule distributions through the layer (e.g., type 2
coatings) or for those with unknown mass diffusivity. The two-
exponential model also provides a convenient way of comparing
the time response of different PSP formulations and may be used as
an index of merit for evaluating PSP time response. For our applica-
tions, constant B always has a value near unity. Looking at the other
four constants we see that a fast responding PSP formulation must
have small values for both time constants 7; and 7. The constants
C; and C; are important in determining the relative dominance of
the two time constants over different portions of the time domain.

The time constants 7; and 7, control the initial and final exponen-
tial decay rates, respectively. This is seen by looking at the ratio of
the exponential decay terms, €, /&5, plotted in Fig. 8 (types 1 and 2)
and Fig. 9 (type 3), for the first 0.5 s. Initially, at time ¢t = 0, £;/&,
has a value greater than one for the types 1 and 2 PSP, indicating
that the first exponential decay term &, and corresponding time con-
stant 7; have a greater influence. As time progresses, the ratio &; /&,
decreases until eventually &, and 7, dominate. All of the type 1 for-
mulations behave in a similar manner. The thinner type 1 layers have
a higher initial exponential decay ratio with the transition to £, dom-
inance occurring sooner. The thinner layers also have smaller time
constants 7; and 1. These characteristics are consistent with the
quicker overall time response of the thinner type 1 layers displayed
in Fig. 3.

The type 2 formulation behaves in a much different manner. As
shown in Fig. 5, the 19-um type 2 layer and the 15-um type 1
layer have comparable overall response times. However, the type 2
coating has a quicker initial response, given by its smaller 7; for
nearly equal Cy, followed by a slower final response. Although both
formulations have comparable final time constants 7,, the higher
value for C; in the type 2 coating causes an earlier transition to 1,
dominance. The exponential decay ratio, &, /¢,, for the type 2 layer
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shows that the initial decay term is dominant for roughly the first
0.08 s compared with 0.24 s for the 15-um type 1 layer.

The type 3 formulation also has a surprisingly different exponen-
tial decay behavior with €; /e, < 1.0 for the entire time domain, as
shown in Fig. 9. This indicates that the faster responding (smaller
time constant) €, term is always dominated by the slow response
&, term, giving the lower overall type 3 response. These differ-
ences in performance are probably caused by the use of different
probe molecules, different binder materials, and the distribution of
probe molecules through the layer and will be the focus of future
investigations.

Conclusions

An experimental investigation of the time response of three PSP
coatings to a step change in pressure has been performed. All of
the formulations considered have been successfully used in steady-
state wind-tunnel tests. The time response of these PSP formula-
tions are controlled by the diffusion of oxygen through the binder
layer. Comparison to a high-frequency response conventional strain
gauge pressure transducer shows the fundamentally different behav-
ior of PSP measurements. The conventional device responds as a
second-order dynamic system, whereas the PSP responds in a com-
plex first-order manner. The physical mechanisms responsible for
this complex PSP behavior have not been identified and need to be
investigated. However, a two-exponential curvefit was found to ac-
curately represent the time response of various PSP formulations,
giving a much more descriptive characterization than the 90% re-
sponse time. The experimentally obtained two-exponential model is
ideally suited as an index of merit when comparing the time response
of various PSP formulations. We speculate that the two-exponential
model reflects multiple diffusion time scales caused by the pres-
ence of the lumiphore in the primer layer. This may also explain the
unusual performance of the type 2 PSP coating since some of the
lumiphore may have diffused deep into the coating while the ma-
jority of the probe molecules are very close to the coating surface.
The diffused probe molecules would display a much slower time
response than those near the surface.

An analytical solution to the mass diffusion equation also pro-
vides a good prediction of the PSP response to a step change in
pressure, provided the mass diffusivity for the binder material is
known. This model is suitable for predicting the time response of
PSP coatings and can be extended to allow arbitrary pressure vari-
ations. The mass diffusion model is also well suited to parametric

studies of the behavior of PSP coatings in a variety of fluctuating
pressure conditions.
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