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Abstract
In this experiment ruthenium based polymer/ceramic pressure sensitive paint (PC-PSP) has been used to study the
pressure inside a y-junction at pulsating flow conditions. Pressure has been measured using the intensity based method
and through phase locked averages. The aim has been to investigate the potential of PC-PSP at mass flows and pulse
frequencies typical of those in the exhaust manifold of internal combustion engines.
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Introduction
Fluid flows in internal combustion engine gas exchange

systems are inherently non-stationary but periodic. Thus
time resolved measurements are of great interest in these
contexts. Pressure sensitive paint (PSP) has traditionally
been unable to temporally resolve the pressure fluctuations
at frequencies typical for IC-engine flows, but more recent
research on fast paint formulations has made high speed
measurements possible. One of these fast paint formula-
tions, a polymer/ceramic pressure sensitive paint (PC-PSP)
was used in these experiments.

The basic physics of PC-PSP are the same as in con-
ventional PSP. Pressure is measured by utilizing oxygen
quenching of luminescence in molecules bound to a sur-
face of interest. These luminescent molecules, or lu-
minophores, are excited to a higher energy level by ab-
sorption of photons with appropriate energy content. The
luminophores return to their ground state by a partly ra-
diative process where photons, with less energy than the
ones absorbed, are released. In the presence of oxygen, the
luminophores return to their ground state in non-radiative
process named oxygen quenching. Thus the intensity of
emitted light decreases with increased partial pressures
of oxygen in the measured gas. As long as the oxygen
fraction is constant the gas pressure is proportional to the
partial pressure of oxygen and the total pressure can be
measured. The difference between conventional and poly-
mer/ceramic PSP lie instead in the method of binding the
luminophore to the surface.

In conventional PSP the luminophores are embedded
in an oxygen permeable binder which is then painted onto
a surface. Increasing the paint layer thickness increases
the emitted light intensity but decreases the frequency re-
sponse resulting in a trade-off between a fast system - thin
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Figure 1 Schematic of conventional PSP.

layer - and a sensitive system - thick layer. In PC-PSP this
problem is addressed by first applying a slurry of ceramic
particles in a polymer binder to the surface, thus effectively
increasing the surface area. Luminophores are then applied
to the ceramic layer. Schematics of conventional and poly-
mer/ceramic PSP are shown in figures 1 and 2 respectively.

The relationship between luminescent intensity I and
pressure p can be fairly well described by the Stern-Volmer
relation,

Iref
I

= A+B
p

pref
, (1)

where Iref and pref are intensity and pressure at some ref-
erence condition. This form is convenient since the Iref/I
term can in theory compensate for any non-uniformities in
illumination and paint thickness.

For further reading on PSP in general the reader is re-
ferred to Liu and Sullivan [1] and for fast PSP in particular;
Gregory et al. [2].
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Figure 2 Schematic of polymer/ceramic PSP.

Figure 3 Schematic of the KTH CCGEx flow lab.

Experimental Setup
The measurements were performed in the CCGEx (for-

merly CICERO) lab at KTH in Stockholm, Sweden. The
lab is focused at gas exchange research related to IC-
engines. The facility has two screw compressors delivering
6 bar compressed air at a rate of up to 500 g/s. The facil-
ity also has a rotating valve working as a pulse generator
capable of delivering pulsating air of up to 200 g/s at a
pulse frequency of 100 Hz. A simplified schematic of the
CCGEx flow facilities is shown in figure 3. For a more
extensive description of the facility, see Laurantzon [3].

In this experiment, measurements were performed on a
generic geometry. A y-junction in a channel with a square
cross section measuring 35.5 by 35.5 mm2 with one wall
made of glass in order to provide optical access. The facing
wall was painted using PC-PSP. The length of the painted
part of the pipe along the main centerline was 330 mm and
along the branch centerline, 126 mm. Two right handed
cartesian coordinate systems are defined with origins in the
intersection of the main and the branch centerline. The
main system with x along the main centerline, and the
branch system with x′ along the branch centerline. Both
x and x′ are directed with the flow (see figure 4).

The polymer/ceramic pressure sensitive paint used was
prepared according to a method developed by Scroggin and
Gregory and described in [2]. The base coat was a ceramic
slurry made from a mixture of TiO2 particles, dispersant
(Rohm&Haas D-3005) and pure water at a weight ratio of
1.72:0.072:1. The slurry was ball milled for an hour after
which a polymer binder (Rohm&Haas B-1000) was added
to the mix by a weight fraction of 3.5%. The slurry was

Figure 4 Y-junction dimensions.

Figure 5 Instrumentation of y-junction.

applied to the surface using a spray gun and let to dry. A
ruthenium based luminophore, [Ru(phen)3]2+, disolved in
methanol at a ratio of 0.3 · 10−3 mol/L was sprayed on top
of the ceramic layer.

To monitor the pressure and temperature several trans-
ducers were fitted to the y-junction (see figure 5). Pres-
sure transducers (Kistler 4045A5 for p1,2,3 and 4075A10
for p4) were mounted in the PSP painted wall and con-
nected to the inner surface via 2 mm deep, �2 mm pressure
taps. The wall temperature was measured by thermocou-
ples (type K) flush mounted to the bottom surface of holes
drilled from the outside towards the inner wall. The thick-
ness of the metal bridge separating the surface from the
sensor was approximately 2 mm.

The painted area was illuminated by two 25 by 4 LED
arrays (Nichia NSPB500S, 470 nm) with blue filters. The
images were captured by a 1.3 megapixel Peltier cooled
CCD 12-bit digital camera (PCO Sensicam 370KD3202)
through a 590 nm low-pass filter (Schott OG590). A pro-
grammable timing unit was used to synchronise the LED
arrays and the camera as well as the pressure and temper-
ature acquisition to the pulse generator via a quadrature
encoder (1000 pulses/rev.). An overview of the setup is
shown i figure 6.

Calibration of the system was done in-situ. The y-
pipe was sealed and the pressure was varied between at-
mospheric and 50 kPa over pressure while images and
pressure transducer readings were taken at 500 Pa inter-
vals. Each image was low-pass filtered using a gaussian
filter with a σ of 0.08D and the Stern-Volmer coefficients
were determined for each pixel using the least squares fit
method.

Six different cases were studied: mass flows of 60 and
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Figure 6 Setup of the y-pipe experiment.

150 g/s at pulsation frequencies of 0, 40 and 80 Hz. For
all cases, flow entered the pipe through inlet A, referring
to figure 5, while inlet B was blocked.

For the steady flow cases a mean of 100 images was
formed and low-pass filtered using the same filter as in the
calibration. Each image had an exposure time of 10 ms.

For the pulsating flow cases a different approach had to
be taken due to angular resolution considerations. For each
image the camera shutter was kept open during a number
of pulses while the LED arrays was flashed in synchro-
nization with the frequency of the pulse generator. The
on-time of each flash was 500 µs at 40 Hz and 250 µs at
80 Hz. For the lower frequency the shutter was open for
75 flashes and for the higher frequency, 150 flashes. For
each angle, 25 images were averaged. The resulting aver-
ages were low-pass filtered using the same filter as in the
calibration before the pressure was calculated. A total of
50 different angles were captured at 7.2◦ intervalls. The
angles were captured in semi random order to remove any
correlation between time and angular effects.

Before and after each test case a wind-off image was
acquired at zero mass flow and atmospheric pressure using
the same method as for the wind-on images. Either of these
wind-off images could be used as Iref , and patm as pref in
the Stern-Volmer relation in order to calculate the pressure.

A drift in recorded camera intensity was noted, and
compensated for by scaling the wind-on images with the
ratio of the dark portions of the wind-off and wind-on im-
ages.

Results and Discussion
The pressure distribution along the main and branch

centerlines are shown in figure 7. Pressures calculated us-
ing reference images from before and after the experiment
are show for comparison. For the case where references
are taken before the experiment the errors are significantly
larger. It seem as, in general, the errors are greater in the
portions of the pipe where the flow rates are higher, which
could be explained by paint being blown away and by tem-
perature effects, and that these differences in luminosity
and temperature are greater when using a reference im-
age taken before the experiment. The temperature effect is
however considered small as the difference in temperature

between calibration, wind-off image and wind-on image is
less than 0.3◦C for the steady flow cases.

The pressure fields for the steady flow cases are shown
in figure 8. As in all following plots, the reference image
taken after the experiments is used.

For the pulsating flow experiments temperature effects
can not be completely ignored. As seen in figure 9 there is
some drift with time. This is a slow change in temperature
and the temperature of the y-junction itself does not change
with the pulses. Previous experiments by the authors [4],
using moving shock waves, and thus very high tempera-
ture changes in comparison, has shown very small temper-
ature effects using the present paint formula when applied
to metal. It is believed that heat transfer rate between the
paint and the painted surface is much greater than between
the paint and the gas, thus the paint layer can be assumed
to have the same temperature as the painted object rather
than the gas.

A comparison between the pressure transducers and
PSP for the different pulsating flow cases are shown in
figure 10. The discrepancy between the pressure obtained
from PSP and from the pressure transducers is not fully un-
derstood. One reason for the difference is that good refer-
ence images are difficult to obtain due to the rather long ex-
perimental time, about 100 times longer than in the steady
flow experiments. However, since periodic pulsating flow
is investigated and the error lies in the mean rather than
in random noise, the pressure transducers and PSP could
be compared if their temporal mean values are subtracted,
leaving the pressure fluctuations of each point. A compar-
ison between the pressure fluctuations of PSP and pressure
transducers is shown in figure 11.

Compared to the pressure transducers the PSP has a
higher peak-to-peak value and also a small lead in phase.
The reason could be that the pressure transducers are
mounted via 2 mm pressure taps which would act as a low-
pass filter. Further investigation on the damping by the taps
is required in order to support this idea.

Figure 12 shows the same flow case as is depicted in
figure 11d (150 g/s @ 80 Hz) but as a series of pressure
maps. The pressure pulse goes from its highest pressure at
t/T = 0.46 to its lowest pressure at t/T = 0.96. Here T
is the time between pulses and t = 0 where the pulse gen-
erator is fully open. The maps clearly show the pressure
gradient direction change, from positive to negative with
respect to the mean flow direction, during the intervall.

Note that the low pressure recirculation zone seen in
the 150 g/s steady flow case (figure 8b) directly after the
junction is no longer visible in the pulsating flow, indicat-
ing that it does not have time to develop, which in turn
implies that the flow can not be considered quasi steady at
these flow conditions.
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(a) ṁ = 60 g/s. Reference image taken before experiment.
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(b) ṁ = 60 g/s. Reference image taken after experiment.
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(c) ṁ = 150 g/s. Reference image taken before experiment.
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(d) ṁ = 150 g/s. Reference image taken after experiment.

Figure 7 Pressures from steady flow cases. PSP values along
main (—) and branch (—) centerline along with pressure

taps along main (+) and branch (×) centerline.
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Figure 8 Pressure maps for steady flow cases with pressure
holes marked by + signs.
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Figure 9 Typical temperature drift during pulsating flow
experiment. Temperature for Tlab (—), T1 (—), T2 (—) and

T3 (—). ṁ = 150 g/s, f = 80 Hz.
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(a) ṁ = 60 g/s, f = 40 Hz
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(b) ṁ = 150 g/s, f = 40 Hz

0 0.2 0.4 0.6 0.8 1

0.6

0.8

1

1.2

1.4

t/T

p/
p at

m

(c) ṁ = 60 g/s, f = 80 Hz
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(d) ṁ = 150 g/s, f = 80 Hz

Figure 10 Absolute pressure from pressure transducers
p1 (•), p2 (•), p3 (•) and p4 (•) as well as pressure from PSP

at locations of corresponding color (—).
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(a) ṁ = 60 g/s, f = 40 Hz
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(b) ṁ = 150 g/s, f = 40 Hz
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(c) ṁ = 60 g/s, f = 80 Hz
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(d) ṁ = 150 g/s, f = 80 Hz

Figure 11 Pressure fluctuations from pressure transducers
p1 (•), p2 (•), p3 (•) and p4 (•) as well as pressure from PSP

at locations of corresponding color (—).
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Figure 12 Pressure fluctuation maps for pulsating flow at
150 g/s, 80 Hz. The scales have the same range but are

centered around the mean pressure field of respective map.

Conclusions
It has been shown that ruthenium based PC-PSP can be

used for pressure measurements in the frequency ranges of
internal combustion engines and show qualitative, and to
some extent quantitative, features of the flow.

The main advantage of PSP over traditional pressure
probes lie in its high spatial resolution and ability to cover
large areas. With PSP, flow phenomena that is difficult to
predict can be captured in a way which is virtually impos-
sible using pressure probes.
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