
19th Australasian Fluid Mechanics Conference
Melbourne, Australia
8-11 December 2014

Global Measurement of Temperature and Pressure on the Sidewall of an
Altitude-Adaptive Expansion-Deflection Rocket Nozzle

G. Currao1, A. J. Neely1, K. A. Schomberg2 and E. P. Ringrose-Voase1

1School of Engineering and Information Technology UNSW, Canberra ACT 2600, Australia
2School of Mechanical and Manufacturing Engineering UNSW, Sydney NSW 2052, Australia

Abstract
This paper will report the application of Pressure-
Sensitive Paint (PSP) and IR camera to a small linear
asymmetric nozzle mounted in the UNSW Canberra
supersonic nozzle force-measurement rig. The project
aims to validate numerical results through PSP mea-
surements. The experimental setup, calibration and
data reduction techniques will be described. A number
of example data sets will be reported and discussed via
comparison with CFD simulations.

Introduction

The development and optimisation of the aerodynamic
configuration of propulsion nozzles is largely performed
via CFD analysis, however, confidence in this approach
must be established via experimental validation. Due
to their complexity and cost, it is important to obtain
as much data as possible from each experimental run.
To this end, distributions of pressure and temperature
on the sidewall of the nozzle are more attractive than
sparse discrete measurements.

Thermocouples and pressure transducers are nor-
mally used to measure these quantities at the wall
but they are often inadequate for a wide range of
applications. The first limitation is the intrusiveness of
this type of instrumentation as they must be embedded
in the surface of the model and directly connected to
a data logger. This can prove challenging on complex
models and will often result in sparse arrays of these
discrete sensors. These two aspects are very critical for
small objects, where the gradients in flow properties
may be large and the dimension of temperature and
the pressure taps could significantly alter the adjacent
flow-field.

In this context, global measuring systems have
been developed over the last twenty years to meet this
need. The surface of interest is simply painted with a
thin layer of PSP. PSP is a luminescent coating that
changes its luminescent properties when it experiences a
pressure variation over a specific range [1].

The experiment involves a nozzle model that is
representative of an expansion-deflection nozzle (ED).
Although PSPs have already been used for the study
of micronozzles [2][3] and booster stage nozzles, this
represents the first application to an ED . The ED is
definitely different from the convergent-divergent nozzle
(CD) for a few important reasons. The main aspect
involves the concept of altitude-adaptive nozzle. The
ED is thought to reach the maximum thrust coefficient
at every altitude through a passive exit area change.
Indeed, the exit area changes continuously according to

Figure 1. Expansion-deflection nozzle concept [4].

the ambient conditions[4].

The mechanism behind the ED is explained in fig-
ure 1. The pintle creates a wake region between the
two shear layers that is open to the ambient at low
altitude. Nonetheless, at higher altitudes the shear
layers will eventually close the wake region in order to
maximize the nozzle exit area. This is called passive
altitude adaption. The idea behind the ED is a nozzle
which adapts at each altitude without controlled flow
separation devices.

The PSP is employed to validate the numerical
codes. While the pressure transducers provide reliable
data but only at discrete locations, PSP could poten-
tially rebuild the pressure trends along the ED sidewall.
Indeed, when properly illuminated, PSP emits a light, or
luminescence, whose intensity is inversely proportional
to the ambient oxygen concentration and thus to the
pressure. The Stern-Volmer (S-V) equation states that:

Iref

I
= a(T ) + b(T ) p

pref
(1)

where (ref) stands for reference conditions, p for pres-
sure, I for luminescence and T for temperature. Nonethe-
less, pressure transducers are also employed to calibrate
the paint and calculate the S-V coefficients a and b at
each temporal step as the temperature on the side wall
is continuously changing.



Figure 2. The nozzle block. The side wall is painted with PSP

Experimental method
The experimental rig can be divided in two parts: the
nozzle rig and the illumination and acquisition system.
The former is constituted by four gas bottles of air at
220 bar. When the system is turned on, air is injected
in the nozzle. The nozzle represents a scaled slice of the
real nozzle as shown in figure 2.

The rig is provided with pressure transducers. For
this project, two Xenon lamps have been used to excite
the paint, while a Canon EOS 60D was employed for the
image acquisition. Additionally an IR camera has been
employed to map the paint’s temperature.

The side wall of the nozzle block is painted with a
binary PSP, as it can be seen in figure 2. PSP is
constituted by luminophores (light sensitive molecules)
dispersed in an oxygen porous binder. When the
PSP is properly illuminated, the paint emits light
according to the external pressure. In fact, higher values
of pressure determine a higher concentration of the
oxygen molecules inside the paint which reduces the
luminescence or emitted light.

Unfortunately the luminophores are also tempera-
ture dependent. The temperature, as the molecular
oxygen concentration is a quenching agent that reduces
the luminescence. Thus, understanding at which extent
the luminescence drop is either due to the effect of
pressure rise or of temperature rise represents the main
drawback associated with PSPs.

The binary PSP has two kinds of luminophores to
reduce the temperature dependencies. The main lu-
minophore is the most pressure sensitive, and we will
name it signal probe. If we limited our analysis only to
the data acquired from the signal probe, then we are
using the binary PSP as a normal (mono-luminophore)
PSP. The other luminophore, reference probe, has a
lower pressure dependency but the same temperature
sensitivity, therefore a ratio between these two values
of intensities could be virtually temperature indepen-
dent. A correct post-processing should also take into
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Figure 3. Intensity ratio for the red channel (full line) and
temperature trend (dashed line)
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Figure 4. Ratio of ratios (full line) and temperature trend
(dashed line)

account the luminophores non homogenous illumination,
luminophores concentration and paint thickness. Hence,
a ratio of ratios between wind-on and wind-off (there is
no flow through the nozzle) conditions is employed, as it
is explained in the following simple equations:

ratio: φ= IR/I
∗
R

ratio of ratios: Φ = (IR/IG)/(I∗
R/I

∗
G)

where (∗) means wind-off condition while R and G stand
for red and green as the signal and reference probes emit
red and green light respectively. Finally, two pressure
transducers have been used to evaluate the coefficient a
and b of the S-V equation:

S-V normal PSP: p=A+B/φ (2)

S-V binary PSP: p=A+B/Φ (3)

That is the same of equation 1 where A= −apref/b and
B = pref/b.

Results and discussion
Figure 3 plots the intensity ratio trend over the paint
length at different time steps. The trends are the result
of post-processing of three frames taken at 2, 5 and 10
seconds. Particularly an average has been made over the
paint’s width and length. The temperature trend of the
paint has been recorded through an IR camera because it



can potentially affect the paint response. The intensity
ratio has to be referred to the red channel, nonetheless
in figure 4 the same information is shown for the ratio of
intensity ratios between the red (pressure luminophore
signal) and the green channel (reference luminophore
signal) to abate the temperature dependency. Regardless
the difference between the two graphs is small: the
positive peaks in the second figure are lower than the
first but the overall trend is roughly the same. The
reference intensity is taken at room temperature, a fact
that introduces errors if not properly taken into account.
Indeed, the wall temperature is continuously decreasing
at a rate of approximately one degree per second.

In figure 5a, we show the pressure trends for the
PSP, calculated using equations (2) and (3), and for
the numerical model or CFD. We will consider only the
trend at the right of the vertical dashed line. Indeed,
there are reasons to think that the first PSP peak is
due to the shadow of the nozzle’s left side, as shown in
figures 2. The physical phenomena corresponding to the
CFD trend are explained in [4]. Essentially, we have
multiple reflections of acoustic waves interacting with
the shear layer and the sidewall resulting in a series of
compression and expansion waves. All computational
results were generated using the ANSYS Fluent finite
volume code. In this work, the Navier-Stokes equations
were solved using a time or Reynolds-averaged approach,
where an implicit pressure-based solver was coupled with
second order discretisation schemes to describe fluid
behaviour within the domain. A detailed description of
the numerical parameters in addition to the verification
and validation of the model is provided in ref [4]. PSP
and CFD present similar overall trends with complete
agreement on the position of peak#1. Additionally, the
deviation between CFD and PSP is the least around
plateau#2. However, the average pressure predicted by
CFD is higher than that measured by the PSP. Finally,
the CFD results do not match the values from the
pressure transducers.

As mentioned earlier the temperature dependent
S-V coefficients have been calculated at every temporal
step on the basis of pressure transducer data (figures 5b
and c). This means that the temperature dependency
has been taken into account through the S-V coeffi-
cients. One could argue that the lower the temperature
uniformity the higher the number of coefficients re-
quired; in a few words the S-V equation is not accurate
enough. Indeed, for this experiment, we are limited to a
number of two pressure transducers, or a two coefficient
equation. Notwithstanding, A and B reach a plateau
after two seconds (when the flow becomes steady),
thus the temperature does not significantly affect the
paint’s response. Moreover, binary PSP and PSP trends
virtually overlap. Additionally, figure 6 shows the mean
and the standard-deviation trend for the PSP pressure
trends over 19 frames taken consecutively from 1 to 10
seconds. Not only is the standard deviation particularly
small but also the binary PSP and normal PSP almost
coincide. In other words, the S-V equation calculated on
the basis of the two pressure transducers is capable of
taking into account the temperature change that appears
to have a marginal effect on the paint’s response.

Conclusions
While the spatial trends in the pressure levels measured
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(a) Comparison between empirical and numerical results at
∆t ∼ 10s, frame no.22
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(b) “A” coefficient of the equations (2) and (3).
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(c) “B” coefficient of the equations (2) and (3).

Figure 5. Comparison between PSP pressure measurements
and numerical results at 10 seconds (a). A and B trend over
the time (b)(c).
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(a) Mono-luminophore PSP
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(b) Dual-luminophore PSP
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(c) Mono- and Dual-Luminophore PSP

Figure 6. Mean and standard deviation pressure trends and
comparison with numerical results. The PSP trends are rep-
resentative of 19 frames taken between 1s (frame no.4) and
10s (last frame no.22).

by the PSP are in general agreement with the CFD there
is noticeable disagreement in magnitude along the noz-
zle. Given that the PSP pressures were derived from
readings taken at the two pressure transducers the ob-
served agreement between the PSP and transducers is
understandable. This suggests both possible issues with
the quality of the PSP data and potential discrepancies
in the CFD possibly due to a mismatch in geometry or
boundary conditions. The comparison could benefit from
additional pressure transducers which could be used to
verify the goodness of the empirical PSP data. There-
fore, two pressure transducers could be used to calibrate
the paint and a third one to verify a possible mismach-
ment between the PSP and actual pressure value at the
transducer’s location.
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