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Micronozzles have recently commanded considerable attention because of their potential applications, such as in
flow control of microspacecraft. It is difficult to understand fundamental physical phenomena in microscale flow due
to the lack of suitable quantitative measurement tools (pressure and temperature sensors, etc.). Pressure-sensitive
paint is one of the most promising options for global distribution measurement in microscale flow. In this paper,
pressure distribution in a supersonic micronozzle with a nozzle throat of 250 ym was investigated using pressure-
sensitive paint, and the experimental results were compared with numerical simulation by Reynolds-averaged
Navier-Stokes equations in three-dimensional space. The pressure-sensitive paint measurement technique
demonstrated its validity for quantitative measurement of pressure distribution in microscale flow and revealed that
the performance of the present micronozzle is critically affected by the boundary layer along the side wall.

Nomenclature
1 = photoluminescent intensity
Kn = Knudsen number
L = total length of nozzle
M = Mach number
P =  pressure
Re = Reynolds number
T = temperature
X = distance from inlet of nozzle
Subscripts
ref = reference
0 = initial state at nozzle inlet

1. Introduction

HE recent development of a microsatellite, or microspacecraft,
has attracted considerable attention in aerospace engineering. A
microspacecraft has the potential to conduct difficult missions that
cannot be achieved by the usual size spacecraft, at low cost and low
risk. The growth of microelectromechanical systems (MEMS)
technology is adaptable to needs and technologies for greater
sophistication and diversity of the microspacecraft [1-9]. MEMS
devices are widely used in fields such as fluid mechanics, heat
transfer, and propulsion. In the aerospace field, engineers are
interested in applications for microdevices such as microjets,
microactuators, and micronozzles. A small-sized nozzle can be used
for attitude adjustment and propulsion of micro- and nanosatellites or
minispacecraft.
However, because of a lack of understanding about microscale
flow, devices based on MEMS technology may not always operate as
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designed. A flow with a low Reynolds number and high Knudsen
number is realized because the characteristic length of objects is
small in a microscale device. In such a flowfield, the data in
macrofield experiments are not necessarily applicable to the
microscale device field. Improvement of prediction accuracy and
reliability cannot be accomplished only with computational fluid
dynamics (CFD), which gives results as a practical design tool in the
“macro” region, for the design of microscale devices because its
verification by experiment is indispensable.

In the design of MEMS, the system construction and fabrication
technology has been done ahead of acquiring a grasp of the physical
phenomena in microscale flow. To optimize the MEMS device
design, it is necessary to conduct experiments that correctly simulate
physical phenomena, and to understand the phenomena in detail.
Therefore, there is a pressing need to develop microscale flow
diagnosis technology. However, this is hampered by a lack of
suitable quantitative measurement tools (pressure and temperature
sensors, etc.). Most of the sensors applied to MEMS device
measurement have limited resolution restricted by sensor size and
device geometry. Pressure-sensitive paint (PSP) [10-16] is one of the
most promising options for global distribution measurement in
MEMS devices. PSP is a “‘molecular sensor,” which is characterized
by small molecular size of luminophores, so that it can be easily
applied in microdevices, and provides more detailed information.
Some experiments have been conducted using PSP for microscale
flow [17-20]. However, there are few cases in which the
experimental results taken by the PSP technique were compared in
detail with the three-dimensional CFD results.

In the present experiment, we demonstrate the use of the PSP
technique for quantitative measurement of pressure distribution in
supersonic micronozzles with a nozzle throat of 250 pm, such as
those that might be employed for flow control and/or small satellite
orbit maintenance. In addition, the flowfield in a micronozzle is
investigated multilaterally by comparing the experimental results
with the CFD results. This paper aims to establish the flow diagnosis
technology and to clarify the phenomena related to low Reynolds and
high Knudsen flows that appear in microscale.

II. PSP Measurement Technique

PSP is an optical measurement technique that uses a
photochemical phenomenon known as luminescence quenched by
oxygen molecules. A schematic illustration of PSP measurement is
shown in Fig. 1. Luminophores, whose ability to luminesce is
inhibited by oxygen, are contained within the paint. Higher local
concentration of oxygen results in lower photoluminescent intensity.
Likewise, lower oxygen concentration results in higher intensity.
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Fig. 1 Schematic illustration of PSP measurement.

Fig. 2 Photo of micronozzle.

The Stern—Volmer relationship is used to relate change in intensity to
pressure. This relationship can be expressed as

Iref _ i
T =A(T) + B(T) P €]

where I, ; and P, are the luminescent intensity and static pressure
obtained at a reference condition (wind-off), respectively. Intensity
I, measured at a desired test condition (wind-on), is then used to
calculate pressure P. Coefficients A and B are temperature-
dependent values that are generally obtained by testing a coupon in a
calibration chamber. To make absolute pressure measurements, the
surface temperature must be known to define the local values of A
and B.
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III. Experimental Setup
A. Micronozzle and Optical Setup

Figure 2 shows a micronozzle made of aluminum used in the
present experiment. A planar nozzle was used as a test case because
the geometry is easy to visualize the inside of a nozzle, though an
axisymmetric nozzle was used on actual microspacecraft [21,22]. It
was fabricated with a high-accuracy computerized numerically
controlled machine and the design Mach number M of the nozzle is
4.0. The nozzle shape was calculated by the method of characteristics.
The inlet height is 2.70 mm and the throat height is 250 pum. The
geometry of the throat at the micronozzle is measured by the confocal
laser scanning microscope, shown in Fig. 3. To investigate the effect
of boundary-layer growth, depths of 250 and 500 pm were used. The
design parameters are summarized in Table 1.

PSP is painted on a glass plate with a spray gun, and the glass was
fixed on the surface of a nozzle block with the glue so that the painted
side of glass might become the inner wall of the nozzle, shown in
Fig. 4. In addition, two thermocouples are mounted on the glass to
measure the temperature of the model.

A photo of the experimental setup for the PSP measurement is
shown in Fig. 5, and a schematic illustration is shown in Fig. 6. The
exit of the nozzle is connected to a vacuum tank, and the back
pressure was controlled to keep the pressure constant using a
pressure regulator (Druck Limited, DPI 515). The pressure of the
nozzle inlet was changed from atmospheric pressure to low pressure
by controlling flowing quantity with the valve installed on the left.
The pressure of the nozzle inlet and the back pressure were measured
by using a pressure transducer (Kulite XT-190-25D).

The excitation light source for PSP was used as a UV-emitting
light-emitting diode (LED) with a peak wavelength of 395 nm that
was suitable for exciting PSP in the present test. An optical bandpass
filter of A = 400 £ 50 nm was placed in front of the illuminator to
cut undesirable near-infrared light. The luminescence on the model
was captured by a thermoelectrically cooled 12-bit charge-coupled
device (CCD) camera (Hamamatsu ORCA-ER, C4742-95) with
1024 x 1024 pixels resolution and 12-bit A/D resolution through a
bandpass filter of A = 650 £ 50 nm.

B. PSP Formulation

The PSP wused for this test employs platinum tetra
(pentafluorophenyl) porphyrin (PtTFPP) as a probe molecule, and
Poly (IBM-co-TFEM) [23] as an oxygen-permeable polymer binder.
PtTFPP is commonly used as a pressure sensor because of its high
quantum efficiency and low photodegradation. The peak absorbance
is at a wavelength of approximately 395 and 530 nm, and the
emission peak is 650 nm, shown in Fig. 7. Poly (IBM-co-TFEM)is a
fluorinated copolymer suitable for use with PtTFPP. These materials

Enlarged part of nozzle throat

Surface roughness

Fig. 3 Geometry of throat at micronozzle is measured by confocal laser scanning microscope.
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Table 1 Design parameters of micronozzle

Parameter Value
Mach number, M 4.0

Total length, L 22.0 mm
Inlet height 2.7 mm
Outlet height 2.7 mm
Throat height 250 pm
Channel depth 500 or 250 pm

were dissolved in toluene. The dye concentration of the PSP was
adjusted to maximize the luminescent intensity of PSP.

Figure 8a shows the properties of this combination, which is called
the Stern—Volmer curve. It is seen that the pressure sensitivity is
sufficiently high, but there is also some temperature sensitivity. In the
present experiment, the pressure range is wide from the atmospheric
pressure to about 1 kPa because the gas expands through a nozzle
throat. For that purpose, the calibration was done enough to lower the
pressure to 0.3 kPa, shown in Fig. 8b. It is seen that PSP has enough
sensitivity from this figure in a low-pressure area.

C. Data Processing

In the present test, the gas temperature changes through a nozzle
throat, hence it is necessary to correct a temperature effect in PSP
measurement because there is a temperature dependency in the
present paint. In the present experiment, the wind-on image / was
taken during an airbreathing after the temperature of the nozzle was
steady. And then, the wind-off reference image /,.; was taken just
after an airbreathing of the nozzle stopped. The influence of the
temperature distribution has been reduced by using the image of as
similar temperature distribution as possible [24]. Five images were
acquired in both the wind-off reference and the wind-on images, and
averaged to reduce shot noise and readout noise. Both the wind-off
reference image and wind-on images were compensated for dark
images. Then, the image ratio [/l was calculated and the
temperature was corrected using a thermocouple mounted on the
glass plate. Finally, the image ratio I/I,.; was transformed to a
pressure image using the calibration characteristics, Eq. (1).

Nozzle block

Fig. 4 Schematic illustration of fixing the glass plate with PSP to nozzle
block.

Pressure sensor
Vacuum tank

Fig. 5 Photo of experimental setup for PSP measurement.

IV. Numerical Method

To validate the PSP technique, we usually use data obtained with
conventional electric sensors. However, in this experiment, the
model was too small to place electric sensors. Therefore, we must
compare the experimental results using PSP with the CFD results.
Here, the surface pressure was estimated by Navier—Stokes (N.S.)
code, using the same inflow conditions as in the experiment. The
governing equations are the conventional Reynolds-averaged
Navier—Stokes equations in three-dimensional space. The ideal gas
equation of state is employed and the constant ratio of specific heat is
assumed to be 1.4. We employ a two-equation model with the
turbulent eddy viscosity. The turbulence model employed in this
study is the g—w two-equation turbulence model developed by
Coakley [25]. The governing equations are discretized using a
conventional cell-centered finite volume scheme. A second-order
spatial accuracy is attained by MUSCL approach. The equations are
integrated in time by using the LU-SGS implicit scheme, which is
known to have a time accuracy of less than unity. The Courant-
Friedrichs-Lewy (CFL) number employed in this study was about
unity. Numerical instability appeared when we attempted using a
larger CFL number. The residual decreases for more than four orders
of magnitude and then begins to fluctuate. The obtained solutions
were judged converged.

We assume the constant upstream condition in the ghost cells
adjacent to the inflow boundary. The numerical flux at the boundary
surface is then determined by using the upwind scheme employed in
the present study. At the exit boundary, we employ a zeroth order
extrapolation from the interior values except for the pressure which is
given as the boundary condition. The solid wall is assumed to be
adiabatic and the nonslip boundary condition is enforced.

For three-dimensional computation, a structured computational
mesh with 233 x 61 x 21 grid points is used in the present
calculations. For two-dimensional computation, the same numerical

Micronozzl Digital multimeter

(Pressure: P, P,)
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Fig. 6 Schematic illustration of experimental setup.
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Fig. 7 Absorption and luminescence spectrum of PtTFPP.
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code is used with 233 x 61 x 2 grid points. Figure 9 shows a
computational mesh in the vertical symmetry plane for the three-
dimensional case.

Before calculating all the cases, a grid refinement analysis in the
two- and three-dimensional cases were performed with fine mesh,
which are 233 x 121 x41 grid points for three-dimensional
computation and 233 x 121 x 2 grid points for two-dimensional
computation. The minimum/maximum values of the mesh sizes in all
directions for the final mesh are shown in Table 2.

The result of the grid analysis is shown in Fig. 10. It is found from
the figure that the results are independent of the mesh size.
Accordingly, the original mesh was used to shorten the calculating
time in the present computation.

V. Results and Discussion
A. Experimental Results

The tests were conducted for six cases, as listed in Table 2. P, and
T, are the total pressure and temperature at the nozzle inlet,

Table 2 Mesh sizes in all directions

Minimum x 107,  Maximum x 1073,

m m
Original mesh  flow direction 0.99 47.10
wall direction 0.17 8.73
depth 1.25 25.0
direction
Fine mesh flow direction 0.99 47.10
wall direction 0.087 4.48
depth 0.62 12.50
direction

respectively. Re and Kn are the Reynolds number and Knudsen
number at the constant area supersonic region. The characteristic
length is 2.7 mm. The Knudsen number for each case is smaller than
0.01, so that the flow can be treated as continuum flow in this
experiment. Figure 10 shows a pressure map of supersonic flow in
the micronozzle for case 1. First of all, it is seen that the pressure
distribution in a microscale device, like the micronozzle, was able to
be captured with PSP. The pressure distribution along the centerline
of the nozzle is plotted in Fig. 11. The vertical axis indicates a static
pressure normalized by the total pressure (P/P;), x/L means a
dimensionless length, and L is the length from nozzle throat to the
end. The pressure change by the expansion of gas passing through the
nozzle throat is clearly captured from this figure. The pressure
decreases from the convergent section, passes through the throat at
0.528, and keeps decreasing at the divergent section until x/L equals
0.3, as calculated from one-dimensional isentropic flow analysis.
However, a gradual pressure rise is seen in the constant region. The
pressure at the nozzle exit is higher than that at the constant region.

The comparison between PSP data and one-dimensional
isentropic flow analysis is plotted in Fig. 12, where the total
pressure P, = 100 kPa. The PSP data show the same trend as the
isentropic flow analysis in the throat region, but the Mach number
in the divergent region only increases up to 3.0, and then the flow
starts slowing down. This difference can be attributed to boundary-
layer growth, which is not accounted for in the isentropic flow
analysis.

Figure 13 shows the Mach contour of supersonic flow for the all
cases (case 1—case 6). Figure 14 is the Mach number distribution
along the centerline of the nozzle for the six cases. First of all, it is
understood from Fig. 13a that the Mach number is the highest in the
center part of the downstream region of the nozzle, and the flow
decelerates toward the exits of the nozzle from the center part.
Furthermore, the Mach number distributions are almost symmetrical
against the centerline of the nozzle. This result shows that the
machining accuracy of the nozzle is enough.

Next, it is understood from these results in Figs. 13 that all cases
show the same trend as Fig. 13a, but the Mach number in the
downstream region decreases and the boundary layer grows as the
total pressure P, decreases. It is seen from Fig. 14 that there is an
increasing difference between the experimental results and the
isentropic flow analysis. It is considered that the effect of the
viscosity increases because the Reynolds number decreases with
decreasing total pressure P, and the influence of the boundary
layer on the flow becomes stronger. In cases 5 and 6, where the
total pressure P, is low, the flow decelerates by the upstream part
of the throat probably because of the boundary layer growing and
filling the channel. Accordingly, the area of the nozzle becomes
small somewhat, and influences the flow of the downstream part.
Especially, the nozzle throat is almost filled in the boundary layer
in case 6, and the downstream part has fallen very much into
disorder.
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B. Comparison of Experimental Data and Numerical Results

To more fully understand the experimental results, they were
compared with numerical simulations (two- and three-dimensional).
The computations are made for two cases: case 1 and case 5. The
chamber pressure is 100 and 20 kPa, respectively. The chamber
temperature is kept constant at 300 K. At the exit of the nozzle, we
enforce the zero-gradient exit condition for the dependent variables
except for the pressure. In the present calculation, the back pressure is
currently assumed to be 1/100 of the chamber pressure, namely 1000
and 200 Pa, respectively.

Figure 15 shows the experimental result and the numerical results
in case 1. Figure 15a is the Mach contour of the experiment, Figs. 15b
and 15c are three-dimensional and two-dimensional computations,
respectively, and Fig. 15d is the Mach number distributions along the
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result, b) three-dimensional computation, c¢) two-dimensional compu-
tation, d) Mach number profiles along the centerline of nozzle.

centerline of the nozzle. First of all, the experiment result is compared
with the three-dimensional computation result. It is seen from
Figs. 15a and 15b that the three-dimensional computations give
reasonable agreement with the experimental data for the Mach
contour and the Mach number distribution. Especially, the maximum
Mach numbers are almost the same, and rise up to about 3.0.
However, the position of the maximum Mach number is the upstream
sides compared with the experiment result, and it is understood that
the flow has decelerated rapidly in the downstream region. On the
other hand, the two-dimensional computation differs greatly from
the experimental results and the three-dimensional computation; in
fact, it is seen from Fig. 15d that the flow of the centerline of the
nozzle hardly decelerates and the maximum Mach number became
about 3.7 nearing an isentropy value, which is almost the same as the
isentropic value. However, the boundary-layer growth in the two-
dimensional computation is larger than the experimental result and
three-dimensional computation result in the vicinity of the nozzle
upper and lower wall. The Mach number of the two-dimensional
computation result has become a little smaller than the isentropy
value because of the development of this boundary layer.

Figure 16 shows the experimental result and the numerical results
in case 5. Figure 16a is the Mach contour of experiment, Figs. 16b
and 16c¢ are three-dimensional and two-dimensional computations,
respectively, and Fig. 16d is the Mach number distributions along the
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Fig. 16 Experimental and numerical results of Mach contour for
vertical symmetric plane in case 5 of P, =20 kPa: a) experimental
result, b) three-dimensional computation, c¢) two-dimensional compu-
tation, d) Mach number profiles along the centerline of nozzle.
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centerline of the nozzle. First of all, the experiment result is compared
with the three-dimensional computation result. Contrary to case 1,
the Mach number contour and distribution differs greatly from the
experimental results. The maximum Mach number is about 2.2 in the
experiment, whereas it is about 2.5 in the three-dimensional
computation result. The position of the maximum Mach number is
also different in the experiment and the three-dimensional
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computation results. In addition, it is the upstream sides compared
with the experiment result and three-dimensional computation result
of case 1. In the case of Fig. 16d, the deceleration of the flow is far
larger than the experiment result. After the flow decelerates once in
the constant region, it accelerates again in the vicinity of the nozzle
exit. The reason for the reacceleration is that the back pressure in the
experiment might be substantially higher than that assumed in the
computation. In computation, the boundary condition of the back
pressure is currently assumed to be 1/100 of the chamber pressure,
namely 200 Pa. The computational results are sensitive to the back
pressure, and so the pressure in the constant region approaches the
back pressure.

Then, the boundary-layer growth seems to be larger than the
experimental result in the vicinity of the nozzle upper and lower wall,
shown in Figs. 16a and 16b. The reason for this is that the
computational model has employed a two-equation model with the
turbulent eddy viscosity. Itis considerably small in case 5, though the
Renumberis large in case 1, shown in Table 2. Accordingly, it seems
that the laminar flow realizes in the micronozzle for case 5.
Therefore, it is thought that the three-dimensional computation result
differs from the experiment result in case 5, though there were not so
many differences in case 1.

Next, the two-dimensional computation result in case 5 is
discussed. It is seen from Fig. 16¢ that the boundary layer is growing
very much compared with the result in case 1. As mentioned before,
the effect of the viscosity became strong because the total pressure Py
became small. However, in Fig. 16d, the influence of the boundary
layer on the flow has not gone out as remarkably as the three-
dimensional computation result owing to the Mach number profile
along the centerline of nozzle. It is noted that the maximum Mach
number becomes about 3.4, and has decreased by about 9%
compared with Fig. 15¢ of case 1.

From a current comparison, the three-dimensional computations
give reasonable agreement with the experimental data for both cases.
On the other hand, the two-dimensional computation differs greatly
from the experimental results and the three-dimensional computation;
in fact, it is almost the same as the isentropic value. To investigate this
reason, the experiment that used the nozzle with different channel
depth was done. Figure 17 shows the Mach number distribution along
the centerline of the nozzle with different channel depths of 250 and
500 pm. It was found that the difference in the shallower channel with
the isentropic flow analysis is greater than that of the deeper channel.
This means that the influence of the boundary layer from the side wall
is stronger in the shallower channel case. Figure 18 shows the three-
dimensional computation results of Mach contour for horizontal
symmetric plane in cases 1 and 5. It is seen from these figures that the
boundary layer develops remarkably along the sidewall of the nozzle.
In case 5 with the Py, =20 kPa, the boundary layer reaches the
sidewall at once after the flow passes through the nozzle throat. This
causes the drastic deceleration of the flow for three-dimensional
computation results in case 5. From the experimental and numerical

results, we can say that the performance of the present micronozzle is
critically affected by the boundary layer along the side wall.

VI. Conclusions

In the present study, the micronozzle was investigated using
pressure-sensitive paint. We compared the experimental results with
numerical simulation by CFD to validate the PSP measurement
technique. The following conclusions were obtained from the
experimental results:

1) The PSP measurement technique demonstrates its validity for
quantitative measurement of pressure and Mach number distribution
in supersonic micronozzles.

2) The effect of boundary-layer growth becomes dominant as the
Reynolds number decreases with decreasing total pressure P,,.

3) Three-dimensional computations give reasonable agreement
with the experimental data.

4) The performance of the present micronozzle is critically
affected by the boundary layer along the side walls.
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