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ABSTRACT
Film cooling is a cooling technique widely used in highperformance gas turbines to protect the turbine airfoils from
being damaged by hot flue gases. Motivated by the need to
further improve the turbine hot section cooling performance, a
new cooling scheme, mist/air film cooling is investigated. A
small amount of tiny water droplets with an average diameter
about 7 µm (mist) is injected into the cooling air to enhance
the cooling performance. One key feature in understanding
mist cooling is the ability to capture droplet information. This
paper presents the experimental facility and instrumentation of
a mist/air film cooling study with both heat transfer and
droplet measurements.
A wind tunnel system and test facilities are built. A Phase
Doppler Particle Analyzer (PDPA) system is employed to
measure the two-phase flow characteristics, including droplet
size, droplet dynamics, velocity, and turbulence. Infrared
camera and thermocouples are both used for temperature
measurements. An extensive uncertainty analysis is performed
to assist in identifying large uncertainty sources and planning
for experimental procedure.
It was found during the experiment design process that
resolving the mist agglomeration problem is the key in
successfully generating a well-controlled mist/air mixture and
reducing experimental uncertainties. The test apparatus has
proven to serve the purpose well to investigate mist/air film
cooling with both heat transfer and droplet measurements.
Selected experimental data is presented.
INTRODUCTION
Film cooling has been widely used in high-performance
gas turbines to protect turbine airfoils from being damaged by
hot flue gases. Film injection holes are placed in the body of
the airfoil to allow coolant to pass from the internal cavity to
the external surface. The ejection of coolant gas results in a
layer or “film” of coolant gas flowing along the external
surface of the airfoil. Hence, the term “film cooling” is used to
describe this cooling scheme.
Although the performance of conventional air film cooling
has been continuously improved, the increased net benefits
seem to be incremental, and it appears that they are
approaching their limit. In view of the high contents of H2 and
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CO in the coal or biomass-derived synthetic fuels for next
generation turbines, the increased flame temperatures and
flame speeds from those of natural gas combustion will make
gas turbine cooling more difficult and more important.
Therefore, development of new cooling techniques is essential
for surpassing current limits.
One of the new and potentially advantageous cooling
techniques is mist cooling. The basic idea is to inject small
amounts of tiny water droplets (mist) into the cooling air to
enhance the cooling performance.
The key mechanisms of the enhanced cooling
effectiveness of mist cooling are summarized as follows:
a) Latent heat – High latent heat of water due to phase
change provides a great heat sink. This is always the
first factor that everyone thinks of.
b) Higher Cp values – Mist cooling can provide higher
cooling effectiveness. The heat capacities of both water
droplets (liquid phase) and steam (gas phase) are higher
than that of air. Thus, the sensible heat of the mist/steam
and air mixture is higher than the single-phase film
consisting of air only. Also, due to the latent heat of
evaporation, the water droplets serve as numerous heat
sinks in the mist film flow. The combined effect results
in a higher effective specific heat for the mist film
mixture. Consequently, the mean bulk temperature of
the mist film flow will be lower than that of the
corresponding single-phase air-flow and offers better
cooling protection for the blade surface.
c) Evaporation thrust force – Under real gas turbine
conditions, where the blade temperature is quite high
(800oC-1300oC), instantaneous boiling will occur when
mist droplets hit the blade surface. Due to the much
lower density of steam compared to liquid droplets
(1:950), a sudden volume expansion takes place at the
contact surface, resulting in a “propulsive” force,
thrusting the water droplets away from the surface. This
process will greatly enhance the flow mixing and heat
transfer between the mist and the hot gas and thus
reduce the heat penetration from the hot gas to the blade
surface.
Copyright © 2012 by ASME

Mist has been used to enhance heat transfer in gas turbine
systems in different ways. Gas turbine inlet air fog cooling
(Chaker et al. [1]) is a common application where the droplets
evaporate to lower the compressor air inlet temperature until
the relative humidity reaches 100%. In addition, fog overspray
is used in industry to provide evaporative cooling inside the
compressor. Petr [2] reported the results of thermodynamic
analysis of the gas turbine cycle with wet compression based
on detailed simulations of a two-phase compression process. In
1998, Nirmalan et al. [3] applied a water/air mixture as the
impingement coolant to cool gas turbine vanes. It is noted that
this study actually employed spray-cooling, which utilized a
much higher water volume rate than the proposed mist cooling
in the current study. To explore an innovative approach to
cooling H-type gas turbines, which employs a closed-loop
steam-cooling scheme, researchers (Guo et al., [4,5], Li et al.,
[6]) have conducted a series of mist/steam cooling
experimental studies by injecting 7 μm (average diameter)
water droplets into steam flow (note: not air flow). For a
straight tube, as studied in Guo et al. [4], the highest local heat
transfer enhancement of 200% was achieved with 1~5%
(weight) mist, and the average enhancement was 100%. In a
mist/steam cooling experiment applied to a 180o tube bend,
Guo et al. [5] showed that the overall cooling enhancement
ranged from 40% to 300% with the maximum local cooling
enhancement being over 800%, which occurred at about 45o
downstream of the inlet of the test section. For mist-air jet
impingement cooling over a flat surface (Li et al., [6]), a 200%
cooling enhancement was shown near the stagnation point by
adding 1.5% (wt.) mist. Applying mist/air jet impingement on
a concave surface, as studied by Li et al., results in cooling
enhancements of 30 to 200% within a five-slot distance from
the cooling holes with 0.5% (wt.) mist.
The key difference between mist/steam cooling and the
mist/air film cooling proposed in this study is that mist/steam
cooling uses steam as the main carrying coolant while mist/air
cooling employs air as the main coolant. In mist/steam cooling,
the evaporation process is governed by the temperature and
total pressure of the steam flow, whereas the evaporation
process is governed by the water vapor partial pressure in
mist/air cooling.
As has been reviewed, for air/mist film cooling, only a
limited number of studies have been conducted and are
available in the open literature, all of which are numerical
investigations (Dhanasekaran [7], Wang [8]). Thus, an
experimental study in a quantitative manner will be a milestone
in the research investigation of mist/air film cooling
applications.
While experimental studies on mist/air film cooling have
not been seen much, film cooling, on the other hand, has been
studied for more than 60 years, and numerous experimental
instrumentations and techniques have been developed. A
review of film cooling experimental techniques will be
beneficial for this study. An earlier work of Goldstein [9]
summarized the measurement instrumentations and techniques

in a more general manner for heat transfer. A more recent work
by Han et al. [10] gave more descriptions for the measurement
techniques specifically employed for film cooling.
Infrared cameras are useful tools for measuring adiabatic
wall temperatures, thus the cooling effectiveness can be
determined from a steady state experiment. The technique has
been used by Dorignac & Vullierme [11] and Gruber & Page
[12]. Gritsch et al. [13] used an IR technique to study the
effects of hole geometry (expanded exits) on film cooling
effectiveness. A transient IR technique similar to the method
developed by Vedula and Metzger [14] for liquid crystal has
also been performed successfully by Ekkad et al. [15]. In this
technique, the film cooling effectiveness and heat transfer
coefficient distributions were determined using a single
experiment.
Clifford et al. [16] first applied a temperature sensitive
paint (TSP) to measure turbine internal cooling. Since then,
numerous researches have adopted the technique. Baughn et al.
[17] compared the transient method to the uniform heat flux
method. Liu et al. [18] demonstrated the calibration of TSP as
well as the effects of lighting and viewing conditions. The
problem of irreversibility of this method limits its applications.
Transient and steady-state thermochromic liquid crystal
(TLC) schemes have been used by many researchers. The TLC
schemes eliminate the surface resolution limitation and
viewing-accessibility problem. The TLC method assumes a
one-dimensional heat conduction model within a semi-infinite
wall, for which case a theoretical transient solution is
available. With this method, all three parameters, h, η, and the
local heat release q’’, can be obtained simultaneously. Wang et
al. [19,20], Van Treuren et al. [21], Bunker and Metzger [22],
Ekkad and Han [23], and Chen et al. [24] have all made
significant contributions to blade cooling using this technique.
However, when the surface temperature becomes very nonuniform, the error of employing the 1-D TLC method
increases. Therefore, Lin and Wang [25] and Wang, et al. [26]
introduced the 3-D TLC method to improve the accuracy of
measurements.
Mass transfer experiments can also provide detailed heat
transfer coefficient distributions by using the mass-heat
transfer analogy. One advantage of using the mass transfer
techniques is that conduction effects are eliminated. Goldstein
and Taylor [27] conducted mass transfer experiments on a flat
plat with inclined holes at 35°. Pedersen et al. [28] also used a
mass transfer technique to demonstrate the effect of density
differences between the mainstream and coolant flows on film
cooling. Another new mass transfer technique used to
determine the adiabatic film cooling effectiveness uses the
pressure sensitive paint (PSP) scheme. Zhang et al. [29] first
used this technique to determine the adiabatic film cooling
effectiveness on a vane end wall, and it was shown that the
strength of this technique lies in the absence of conduction
effects.
Through the review, it is noted that mist/air film cooling is
a rather new technology and none of the experimental studies
can be found in the public domain. One key feature in
understanding mist cooling is the ability to capture droplet
information. Thus, an experimental study with the combination
of convective heat transfer and two-phase particle flow
measurement is essential in order to evaluate the mist/film
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d) Increased flow speed – After liquid droplets evaporate,
the volume flow rate increases, resulting in a higher
coolant flow rate and surface coverage, consequently,
protecting more surface area from hot gas attack.

cooling performance and to understand the fundamental
multiphase flow physics. Since this experiment is the first one
in open literature focusing on mist/air film cooling with both
heat transfer and particle measurements, the objective of this
paper is to provide a detailed documentation of the experiment
design, setups, instrumentations, design considerations, and
uncertainty analysis to benefit future works in this area as well
as experimental data analysis in Zhao and Wang [30, 31].
EXPERIMENTAL SETUP
A schematic of the overall experimental facility is shown
in Fig.1. The experimental facility consists of the wind tunnel
system providing main flow, the coolant film system providing
the secondary cooling air, the atomizing system providing the
water mist, and the test section where the film cooling holes
and instrumented test wall are located, and measurements of
temperature and mist flow are taken. The details of each
component of the test facility are presented in a dedicated
section for each as follows.
Wind Tunnel System (Main Flow)
The wind tunnel system employed in this study is
constructed and tested in the ECCC’s (Energy Conversion and
Conservation Center) laboratory at the University of New
Orleans. The wind tunnel is an open-circuit, blowing type
design, rated to provide 3000 CFM of airflow. The room air is
first heated by the heating unit installed inside the wind tunnel
filter box and then is drawn into the fan inlet to pass through a
diffuser to the flow straightening section, which includes a
screen pack and a settling chamber. Two contraction sections
are designed and constructed to connect the settling chamber to
the test section, speeding up the flow and matching the
dimensions of the test section inlet. With the current setup (two
contractions installed), a maximum air speed of 39.8 m/s
(130.58 ft/s or 89 mph) can be achieved in the test section. The
detailed description of the wind tunnel components are
provided as follows.
To avoid the possibility of dust particles getting into the
system, a filter box is constructed, and the blower of the wind
tunnel is enclosed in the filter box. The design goal of the filter
box structure is to filter out particles larger than 5 μm,
meanwhile minimizing the loss of pressure of the air going
across the filter. A layer of polyester felt, manufactured by
Buffalo Felt Products Corp., is used as the filtering material,
and, in order to reduce the large pressure drop across the thick
felt, the filter box is specially designed to extend the felt
surface area to the limit of the space available. Increasing the
surface area reduces the flow speed and consequently reduces
the pressure drop across the felt. The surface area of the filter
box is about 10.22 m2 (110 ft2), and the flow speed across the
felt at the maximum flow rate (3,000 CFM) is 0.15 m/s. The
corresponding maximum pressure drop is approximately 5.08
mm (0.2 inches) H2O. Another benefit of using the filter is
found to be that the noise radiated from the blower has been
significantly reduced. The box frame is constructed of 2″ x 2″
wooden bars covered with chicken wire of 2-inch nominal gap
width to support the deforming force from the felt when it is
under suction. A thin sheet of muslin cloth is placed over the
felt to filter out the large-sized dust particles. The muslin cloth
can be conveniently removed for laundering. An observation
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window, constructed of Lexan glass, is installed so that the
operator can visually check the heater condition inside the
filter box.
The blower, manufactured by Cincinnati Fan Co., is an
airfoil bladed fan directly driven by a 3-phase, 60 Hz, 230V, 3hp motor. At full load, the motor’s speed is 1756 rpm. The
operating point of the blower is at 3,000 CFM and 4 inches
water column (static pressure). The blower is equipped with an
inlet vane control, which offers a stable flow control at low
speeds. A variable-frequency, constant-torque motor controller
(YASKAWA model GPD 506/P5) is used to control the
blower speed. It is a high performance AC motor drive
modulated by a sine-coded pulse width that generates an
adjustable voltage/frequency three-phase output for complete
speed control of the induction motor. The motor controller is
equipped with automatic stall prevention with a voltage boost
to prevent nuisance tripping during load or line side transient
conditions.
The screen pack serves as the flow straightener to break
up the small eddies to make the flow more uniform. The screen
pack consists of four screen frames of three different mesh
sizes. The screens are made of stainless steel wires and
fastened with extruded aluminum frames. Their specifications
are given in Table 2.1. The four screen frames are arranged in
the order of 24, 30, and 40 meshes from upstream to
downstream. Extruded aluminum bars, 5 cm wide and 0.32 cm
thick, are welded to form a rectangular frame with an inside
dimension of 3 ft x 3 ft. Each screen is then riveted between
two frames. The 7.62 cm wide U channel, formed by bending a
0.16 mm (1/16 inch) thick aluminum plate, is spaced between
every two screens. The spacing between any two screens is 6
inches (15.24 mm), which is about 900 screen-wire diameters
long. This spacing allows enough distance for the wiregenerated wakes to decay.
To remove the pre-established boundary layer in the
expansion and contraction sections, a suction box is installed
on the bottom of the test section inlet 2 inches upstream of the
film injection holes. A perforated plate with holes of 1/8″
diameter and 3/16″ staggered center is installed on a 2” x 4”
slot routed out from the test section. The plate is machined to
flush with the test section surface to avoid tripping the
boundary flow. The open area ratio of the perforated plates is
40%. Two layers of 18-mesh screen are installed in the suction
box to improve the inlet uniformity of the suction flow. A 24inch flexible duct connects the suction box to a suction fan
powered by a motor rated at 3/4 hp. The suction fan’s
operation condition is 324 CFM at 0.24 inch of water static
pressure. Maximum suction flow rate can reach 20% of that of
the main flow.
A great deal of effort has been dedicated to generating a
uniformly-heated main flow. A first effort was made to inject
heated air through embedded heat guns into the wind tunnel
contraction section. The motivation for this practice was that it
would be easy to accomplish without heating up the entire
wind tunnel. A settling box, made of aluminum sheet metal
with heat guns mounted on the side walls, was inserted
between the screen pack section and the contraction section.
Heated air from the heat guns was injected into the chamber to
mix with the main flow. However, the higher pressure of the
main flow was dominant in such a way that the heated air from
Copyright © 2012 by ASME

the heat guns could not be blown into the pressurized wind
tunnel. As a result, the motor of the heat gun was overheated.

Thus, this first effort was not successful.

Beam splitter
and frequency
shift module

Argon‐Ion Laser

Infrared camera

Motor

Flow
meter
Compressor

Injection
holes

Contraction
Nozzle

Settling Chamber

Diffuser
Blower

Screen Pack

Heating Unit

Isothermal
box for TC

PDPA
Transmitter

Filter Box

Ice bath

Pump

Signal and phase
analyzer

Mixing
chamber

Atomizer

Filter
Distilled
water in

Secondary
Air in

Ice bath
for TC

Receiver

Suction box

Suction fan

Thermo‐
couples

Returning
Water

Water & ice
reservoir for
mist generation

Computer analyzing
particle data (PDPA) and
thermal couple data

Figure 1 Schematic diagram of the mist cooling experimental facility

A second effort was made using two units of duct heaters
mounted inside the wind tunnel contraction section as shown
in Fig. 2. Each unit had four heating strings, each rated at 5kW
and 240V.

Figure 2 Preliminary heating elements and installation

There were two major problems associated with this
approach. The first was that the inline heating elements
generate disturbances to the flow field. This disturbance was
especially noticeable near the bottom since there is always a
gap between the heating unit and the bottom wall due to the
installation requirement resulting in an accelerated flow in the
region. The second problem was that the heat was not
distributed uniformly in the main flow since only the air
passing by the heating strings was heated. Also, the contraction
section was not long enough and had not been designed for the
optimum mixing effect due to the limit space in the laboratory.
As a result, the flow was not uniformly heated, and this effort
was not successful either.
With the experience gained in those preliminary efforts, a
heating unit consisting of 11 heat guns was placed in the filter
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box in front of the blower inlet. The advantages of this
approach are:
1. The rotating motion of the fan acts naturally as a
good mixer, so that the air preheated by the heating
unit can mix well with the main flow, generating a
uniformly heated main flow.
2. The suction effect at the fan inlet draws the hot air
into the system naturally.
3. The heating unit is mounted in the spacious filter
box: thus, the problem of confining the concentrated
heat in a small space leading to overheating (as the
potential safety concern in the practice two) can be
avoided.
4. The flow field is not disturbed since the heating unit
is not inside the main flow passage.
The main flow temperature uniformity is tested as
dT/dy<0.1 oC/inch, dT/dz<0.04 oC/inch in the test section
inlet.
Mist-Film Generation and Transportation
Compressed air from a compressor is used as the
secondary air. A spring-and-piston type flow meter (Omega
FLMG-, Range 0-100 SCFM) is used to measure the
secondary air flow rate (approximately 30 SCFM). A pressure
gauge is installed between the flow control valve and the flow
meter to monitor the inlet air pressure. Compressed air is
cooled in an ice chest (120 Quarts, 38¼" L x 17.38" W x
18.06" H) with a 2-inch thick insulation wall. Air passes
through a copper coil (3/8” OD, 1/4” ID, and 6’ long) placed
in the chest, which is filled with an ice and water mixture.
Copyright © 2012 by ASME

A pressure atomizing system, provided by Mee Industry
Co., is adopted in this study to generate mist. The system
consists of a water filter, a high pressure pump, and a nozzle.
Filtered water is compressed to a pressure up to 1500 psi by a
motor (Baldor Industrial Motors, 3/4 hp) and then goes
through the nozzle to be atomized. The nozzle consists of a
stainless steel body with a ruby-orifice, impingement pin, and
extended polypropylene filter to avoid trapping particles in the
base of the nozzle. High-pressure water reaches the nozzle,
shooting a fine liquid jet against the impingement pin,
resulting in atomization.

Water Film

Large Water

Film Injection holes
Side Blockers and
Insulators
Main Blocker

Figure 4 Test piece with agglomerated water drops and
water film hanging on the bottom surface of the test
section

Filter Plate

A mixing chamber is used to blend the mist from the
atomizer with the coolant air. The detailed design of the
mixing chamber is shown in Figure 3. Both the compressed air
injection and the mist-generating atomizer are located at the
bottom of the mixing chamber. The top part of the mixing
chamber serves as the blender. Excess water condensate inside
the mixing chamber is drained out and re-cycled for mist
generation. The bottom of the mixing chamber is inclined
toward the drainage hole to prevent water from accumulating
at the bottom plate. Water congestion at the bottom plate needs
to be avoided because it is detrimental to the mist droplet size
control. When the compressed air breaks up the water layer
near the bottom of the mixing chamber (due to water
jamming), the process is highly random, which makes sizing
hard to control. As a result, randomly-sized mist particles are
generated.
One technical challenge identified through the preliminary
tests is the droplet agglomeration problem. When the water
mists land on a solid surface, if the air speed is not fast enough
to blow them off quickly, mists will agglomerate and form big
water drops or a liquid water film on the surface (Fig. 4).
When the water drops reach a certain size, they will be either
be broken up into randomly-sized water particles by the shear
stress of the air passing by or be entrained out to the film
injection hole and slowly creep out to the test section surface.
As stated in the drainage hole design, the breaking up of the
big water drops or water film will result in randomly-sized
water drops, which is hard to control. The creeping out water
droplets will eventually agglomerate and become water streaks
moving on the test surface, which will disturb the temperature
measurement. Both of these effects should be minimized.

Many different practices have been designed and tested
to resolve the mist agglomeration problem. The design
process is nearly a work of art in nature and requires a lot of
trials and errors with utmost patience. The principles for the
design process are:
a. preventing the air-mist flow from shooting directly at
the film hole inlets.
b. directing the flow to go over multiple baffle surfaces
so that agglomeration of larger droplets can take place
before reaching the injection plate.
c. directing the flow field near the film injection plate so
that, right before entering the film holes, the film/mist
mixture has a velocity direction roughly parallel to the
injection hole internal surface.
Following the above-mentioned guidelines, mist
agglomeration near the injection holes is eventually found to
be nearly completely removed. To accomplish the design goal
of minimizing water drops and water film accumulating near
the film hole inlet, three stages of baffle plates have been
added into the mixing chamber.
The first stage is a perforated plate placed 2 inches on top
of the atomizers. The purpose of the perforated plate is to:
a.
block and deflect large water drops/clouds entrained by
the strong air jet.
b. divide the mixing chamber into sections, preventing
recirculation of water drops.
c.
increase the pressure resistance so that the chamber is
pressurized and so that the mist flow will be driven by
pressure instead of inertia and achieve better
uniformity. Otherwise, the inertial driven flow—
energized by the compressed air and atomizer—would
directly hit the film injection hole inlet from the
bottom.
The second inserted plate serves as the main flow
blocker. The purpose is to channel the mist/film mixture to go
over multiple surfaces so that mist agglomeration can occur in
an earlier stage before reaching the film hole inlets. It is noted
that a 1/4 inch gap is left purposely on the front and back side
of the mixing chamber so that the water returning from the
blocker can run down along the walls to the drainage to avoid
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Atomizer
Compressed Air Inlet
Figure 3 Structure of mixing chamber, Note that the top
wall of the mixing chamber is the bottom of the test wall

test surface temperature. The Edmond IR plastic film (0.457
μm thick) was used for about 6 months for conducting
preliminary experiments. Due to its low transmissivity (0.40.6), the infrared signal’s strength is weak, and the
background noise is high, which leads to a low confidence
level of the acquired temperature data. Therefore, it is decided
that the partially open-top practice should be adopted.

being re-entrained by the jet (as shown in Fig. 5). Also as
shown in Fig. 5, looking from the bottom of the mixing
chamber, the film injection holes are not visible. This means
that the air water mixture is blocked and cannot shoot directly
at the film holes, which has caused the early water film
problem.

¼ inch gaps left
to allow water to
run down for
recycle

Figure 7 Test piece

Exit of

Insert Plate
Suction with Injection
holes

Figure 5 Bottom view of the mixing chamber (perforated Contraction Section
plate is removed for clarity)

The inserted plates in the third stage serve as the side
blockers, which provide the flow guide and insulator. The flow
is guided in line with the film hole direction before entering
the holes. Also, the side blockers serve as insulators to insulate
the film injection plate from the bottom.
As a result of the overall design effort, mist agglomeration
is significantly reduced as shown in Fig. 6.
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Test Section
The test section is designed for studying the mist cooling
scheme performance on a flat plate with cylindrical holes
(Figs. 7 and 8). Transparent acrylic sheet (manufactured by
Piedmont Plastics Inc.) is used to construct the test section
with a wall thickness of 3/8 inches (0.95 cm). The test section
is a 4” (width) x 6” (height) x 24” (length) constant area
channel. The bottom surface is the test surface where the
thermocouples are mounted to measure the surface
temperature. A special, partially open-top (4 inches x 12
inches) test section design is implemented to accommodate the
use of an infrared camera to measure surface temperature and
cooling effectiveness. The main purpose of this practice is to
remove the issues associated with the infrared waves passing
through window material for infrared camera measurement of
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Figure 8 Test Section Setup (a) top view (b) film injection
hole details

However, to ensure that the open-top design does not
adversely affect the main flow conditions in the test section,
an effort is made to compare the velocity profiles between the
closed-top and open-top conditions. The result indicates the
main flow change is negligible. The study of evaluating the
open-top design effect on the flow field is documented in
Zhao and Wang [32].
Five cylindrical holes with an inclination angle of 30o are
employed to inject mist/air film. A special slide-in piece
design is implemented to allow convenient interchanging of
the test pieces with different film hole geometries without
changing other setups. A 2-inch wide trench in the slide-in
piece, covered with a metal sheet, is carefully manufactured
to accommodate the proper mounting of the thermocouples
without breaking the wires during the installation process.
Copyright © 2012 by ASME

The trench is filled with silicon glue to attach the
thermocouple junctions to the bottom of the trench wall.
PDPA System
Particle (water droplets) sizing is an important part of this
program since the particle sizes, particle dynamics, and their
distribution play an essential role in determining mist film heat
transfer and cooling effectiveness. A large number of particle
sizing methods have been developed in the past. A Phase
Doppler Particle Analyzer (PDPA) system, invented by
Bachalo in the 1980's (Bachalo [33]), is used in this study.
The PDPA Method is based upon the principles of light
scattering interferometry (see Fig 9a). Two collimated,
monochromatic, and coherent laser beams are made to cross at
a point (measurement point), where they interfere and generate
light fringes. A particle moving across the fringes will reflect
light, which is picked up by a receiving lens located at a
certain off-axis collection angle. A set (usually 3) of detectors
in the receiver is used to capture the signals. The temporal
frequency of the signal is used to determine the particle
velocity, and the spatial frequency can be used to calculate the
particle size.
Transmitting
Optics
Laser

A
B

Fringes Move
FlowSizer

C
Photodetectors

Receiving
Angle
Receiving
Optics

INSTRUMENTATION
This section includes the instrumentation for
measurements of particles, temperature, flow rate, and
pressure.

PDM
FireWire
FSA
Signal Processor

of the Doppler signal directly as a linear function of the
droplet diameter. As such, PDPA measurements are
dependent on the wavelength of the scattered light, which is
not easily affected by environmental conditions. This feature
gives PDPA measurement a clear advantage over the
conventional intensity-based measurement method which is
sensitive to background noise.
Another noted feature of the PDPA system is that its
detector is commonly placed off the plane of the transmitting
beams at an angle close to 30o. This is because the intensity of
the scattered light, which affects the Signal-to-Noise Ratio
(SNR), can vary by several orders of magnitude depending on
the receiving angle and the droplet concentration. Generally,
within the angle of 0º-20º off the transmitting axis, light is
scattered primarily by diffraction, which contains no
information for the PDPA process. At an angle between 20º90º, which is called the forward-scattering region, the
scattered light, mostly by refraction for non-opaque droplets,
has the highest SNR, thus the size sensitivity is the best. 30o
forward-scattering is adopted in this study due to the special
need to receive the strongest signal at about 30o from light
refraction caused by particle sizes.
The existing PDPA system has a fiber-optic probe with a
focal length of 350 mm and a beam waist diameter of 115
μm. The beam spacing for the probe is 50 mm. The focal
length of the receiver for the PDPA system is 500 mm. The
laser system is an Argon-Ion type water-cooled system with 4
Watts maximum power output. The PDPA system is shown in
Fig. 9b.

Fiberoptic

(a)

(b)
Figure 9 PDPA system overview (a) a schematic of PDPA
transmitting and receiving layout [Source: TSI Inc.] (b)
Photos of the PDPA system for this study

It is noted that one distinguishing feature of PDPA
measurement, compared with conventional interferometric
techniques such a Laser Doppler Anemometry (LDA), is that
the change in phase is independent of the incident intensity or
scattering amplitudes of light, but is directly proportional to
the droplet diameter. PDPA measures the relative phase shift
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Droplet Measurement
The PDPA measurements are verified against Polymer
Latex particles (manufactured by Duke Scientific Corp.) of
known-sizes. These particles, with moderately low standard
deviations for a given size, are microspheres with a density of
1.05 x 103 kg/m3 and a light refraction index of 1.59 at 590
nm. The verification process is performed by putting the
Polymer Latex particles into a container made of the acrylic
sheet with the same thickness as the test section wall. By
doing so, the plastic window effect on the particle
measurement as that would be included during the real test
section measurement will be evaluated. The container is filled
with water and the particles are suspended in the liquid. A
small propeller driven by a mini-motor is immersed in the
container. The purpose of the small propeller is to induce
particle motion in the water so that a certain number of
particles can be captured passing through the measurement
volume to generate enough data rate in the PDPA
measurement system to satisfy the requirement for statistical
purposes. Three different particle sizes are used. Figure 10
shows the result of the PDPA measured particle sizes
compared with the true particle sizes. It can be seen that in the
size range of 2~40 microns, the measured particle sizes from
PDPA agree well with the actual particle sizes. It is noted that
Copyright © 2012 by ASME

the container wall (made of acrylic sheets) does not have a
significant effect on particle size measurements.

40
30
20
10
0
0

5 10 15 20 25 30 35 40 45 50
Actual Size (μm)

Figure 10 Calibration of the PDPA measurement with the
mono-sized polymer latex particles.

Considerations in Droplet Size Measurement
PDPA is essentially a point measurement system. It
measures the droplet size and velocity across the measuring
volume during a certain period of time. To obtain the droplet
size distribution, the PDPA system is traversed in the test
section by means of a specially designed traverse system
which synchronizes the movement of the transmitter and the
receiver of the PDPA system. It is noted that, for this study, the
droplet density is a function of both location and time. A great
change in the particle density exists within the test section. As
a result, the rate of particles being captured by the PDPA per
unit time can vary from less than 10 Hz to more than 20,000
Hz. For different data rates, the set up of the PDPA operation
parameters and signal filtering criteria need to be adjusted
accordingly to correctly measure the particle sizes and
velocities.
An appropriate filtering process is crucial in acquiring
quality data. An important consideration in adjusting the
filtering criteria is to observe the intensity data as a function of
particle size as shown in Fig. 11. The intensity-diameter
relation has a natural upper limit that follows a d2-law
(scattered light intensity being proportional to the square of
particle diameter). The d2-law is based on the geometrical
optics and does not apply to very small particles.
Consequently, the upper curve becomes flat for the diameter
values smaller than the Minimum Diameter Limit.
The lower intensity threshold curve is determined by
setting the Lower-to-Upper Intensity Ratio relative to the
upper curve. This ratio is obviously less than 1. If it is too
close to 1, a large amount of data would lie below the lower
threshold and will be rejected. On the other hand, if it is too
close to 0, some weak signals with erroneous particle size
information would be included in the valid data set. Typically,
a value of 0.1–0.2 is appropriate for this parameter. A
sensitivity study is made to determine the uncertainty of the
result due to the setting of the filter bounding curves as
illustrated in Fig. 12. Three conditions are chosen: unfiltered
and with upper bound slope 20 and 25 mv/µm2, respectively.
The difference in averaged droplet size (D10) among these
three conditions is within 5%.
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Figure 11 Size data with intensity validation and filtering
(Slope of upper intensity curve is 20 mv/µm2)

No filtering

Diameter Count

Measured Size (μm)

PDPA Calibration Curve
50

Slope 20
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1600
1200
800
400
0
0

5

10

15

20

Diameter (µm )
Figure 12 histogram for the three cases: no filtering and
filtering with slopes of 20 and 25 mv/µm2, respectively.

Temperature Measurement
Adiabatic film cooling effectiveness (η) is defined as
(Tg-Taw)/(Tg-Tj), where Tg is the main flow temperature, Tj is
the jet temperature and Taw is the adiabatic wall temperature.
Two methods of temperature measurements are utilized
in this study: thermocouple measurements and infrared
thermograph measurements. Since an accurate infrared
measurement is more sensitive to the variation of surface
emissivity, the thermocouple measurements also serve as the
in-situ calibration standard for the infrared measurements. A
combination of both measurement methods used in this study
enables one to conduct a more informative analysis.
The overview of the temperature measurement system is
shown in Fig. 13. All of the temperatures are measured by
using E-type (chromel-constantan) 36 gauge (0.01 inch)
thermocouples, manufactured by Omega’s Fine Duplex
Insulated Thermocouple Wire (TT-E-36-1000). The
maximum measuring temperature of E-type thermocouples is
4800C.
The characteristics of the boundary layer flow are an
important factor that affects the cooling effectiveness. In
order not to disturb the boundary layer flow, the
thermocouples are mounted from underneath the test surface
without penetrating the top test surface). Holes (d=1/32”) are
drilled from the bottom of the test plate penetrating 9mm
deep, leaving a thickness of 0.5mm from the top surface (Fig.
14). In order to minimize the uncertainty of the temperature
Copyright © 2012 by ASME

measurement, the thermocouples are carefully mounted in a
consistent manner. Since the plate is transparent and also the
clearance thickness (between the hole tip and the top surface)
is thin, visual examination is conducted to make sure the tips
of thermocouple joints have securely contacted with the
surface by showing a noticeable black dot that can be clearly
seen from the top surface. Silicon glue is then used to fill the
hole to ensure that the thermocouple junctions are well
protected and fixed in place.
Test Section
Data Acquisition Board

PC

Thermocouples

Ice
Bath

Isothermal Box

Figure 13 Overview of temperature measurement system

Thermocouple
tip

9.5
9.0

Thermocouple
wires

Silicon
glue

Unit: mm

Lexan
plate

Figure 14 Installment layout of thermocouples
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The temperatures measured by the infrared camera are
compared with the temperature measured by the
thermocouples as shown in Fig. 15. The thermocouple
measurements agree fairly well with the infrared camera
measurement (± 0.2oC). During the experiment, the
thermocouple readings serve as in-situ calibration for the
infrared measurement.
The temperature measurement system uses an in-house
designed isothermal box. The isothermal box provides a
massive body to isolate the thermocouple-copper junctions
inside the isothermal box from the ambient temperature
fluctuations, thereby reducing the unsteadiness uncertainty of
the experiment. The constant ice melting temperature of the
ice bath (0oC) is used as a reference temperature. The
readings from the data acquisition system indicate the relative
temperature
difference
between
the
thermocouple
measurement location and the isothermal box temperature. To
determine the absolute temperature at the thermocouple
junction, the temperature difference between the isothermal
box and ice bath is added on the data acquisition readings.
Therefore, the actual temperature of the isothermal box is not
important; rather the uniformity and steadiness of the
isothermal box temperature provide a system that renders a
good quality temperature measurement. Another function of
the isothermal box is to avoid potential errors caused by the
third material involved in the thermocouple circuits. In this
case, the copper wire and copper connecting junctions of the
multimeter would introduce a third material to the
thermocouple circuits if the isothermal box is not used.
A test has been conducted to verify the uniformity, as
well as the steadiness, of the isothermal box temperature.
Two measurements at both the center of the box and edge of
the box within a 45-minute period have been taken. As shown
in the plot in Fig. 16, the temperature inside the isothermal
box is very uniform (dT<0.03oC from center to corner) and
the steadiness is estimated as dT/dt = 0.002 oC/minute. Six
pairs of thermocouples are calibrated at the ice-melting point
with an average deviation of 0.001mv from the manufacturersupplied table. Since the thermocouple wires were delivered
in the same spool, it is assumed that all of them have the same
property. The average ice-point offset of 0.001 mV has been
applied to all the rest of thermocouples.

x/d

Figure
15
Comparison
between
thermocouple
measurements and infrared camera measurements

"Infrared markers" are objects that are detectable by the
infrared camera. A thin metal stick pre-cooled in a freezer is
placed on the test section surface at X/D=0 with hot main flow
running. The temperature difference makes the stick detectable
in the infrared picture and provides a good reference to locate
the actual location of each pixel in an infrared image. The cold
marker is used just once (off test) to link pixel with physical
location. Then, the location of the camera relative to the test
section is kept the same for all tests so that no cold marks are
present during “real” tests.
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Figure 16 Transient temperature variation inside the
isothermal box during the initial 40 minutes

A total number of 91 thermal couples are used in this
study. A top view of the test section is shown in Fig. 17
marked with the thermocouple locations and corresponding
Copyright © 2012 by ASME

numbers. X is the stream-wise direction and Z is the lateral
direction. D is the injection hole diameter (1/4 inch, 0.635cm).
Z/D=0 is the centerline of the middle hole and Z/D=3.2, 6.4, 3.2, and -6.4 are the other four hole centerlines.
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approximate 30 seconds, the room temperature changes
within this time frame are negligible (less than 1°C in an
hour, as documented in Fig. 18). The data taken before
steady state is reached is not used for data analysis, but it is
kept as reference to observe the tendency of data changes.
The typical time needed to reach the steady state is
summarized below:
•
Main flow: 1.5 hours after turning on the heater.
•
Film Flow: 45min to reach steady temperature after
being turned on
•
Within the test plate, without film: 45min (without
preheating)
•
Within the test plate, with film: 40min
Within the test plate, with mist: more than 30min
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Documentation of room temperature change during
the selected test case
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Figure 17 Top view of the test section with thermal couple
marks

Flow Measurement
Compressed air from the building compressor is used as
the secondary cooling air. A pressure gauge is installed
between the flow control valve and the flow meter to monitor
the inlet air pressure. The flow rate is cross-checked with the
velocity measurement at the jet exit using a pitot-static tube.
Uncertainty of the coolant flow rate is estimated at 5% with a
typical flow rate of 25 SCFM.
The mist flow rate is acquired by measuring the difference
between the water flow rate coming into the atomizer and that
returning to the reservoir. Both flow rates are measured in-situ
by using the catch-and-weigh method. The uncertainty of the
mist flow rate is estimated at 7% to 10% of a typical flow rate
of 0.3 gallons/hour depending on the coolant film flow rate.
The relatively high uncertainty is attributed to the nature of
droplet agglomeration-related unsteadiness inside the mixing
chamber.
A Pitot-tube combined with a pressure transducer is used
in this study to measure the main flow velocity. The analog
electrical signal is then transferred to a signal conditioner and
digitized by a 12-bit A/D converter.
Experiment Repeatability
To make sure the measurement data is taken at a
comparable steady-state condition, repeated measurements are
taken. Since one scanning cycle of all thermocouples takes
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Figure 18 A representative room temperature variations
within 5 hours

Uncertainty Analysis
An uncertainty analysis is performed to assist in
identifying large uncertainty sources and planning for the
experimental procedure. The method used in this study
closely follows the method of Moffat [34] and Wang and
Simon [35] and will not be detailed here. The results of the
uncertainty analysis are summarized below.
Results for the zeroth-order and pretest uncertainty
analyses for the adiabatic film cooling effectiveness are
documented in Table 1, and the first-order and the Nth-order
uncertainty analyses are documented in Table 2.
RESULTS AND DISSCUSSIONS
Flow Conditions
The main flow mean velocity at the inlet is 20.13 m/s.
The turbulence intensity of the stream-wise component is
3.47%, measured at X/D=10 downstream of the film injection
at approximately 2 inches elevation from the bottom wall.
The mean velocity is measured by a Pitot-static tube, and the
turbulence intensity is based on the PDPA velocity
measurements of water droplets sized between 12μm and
20μm at an elevation of 22mm above the test section bottom
surface. Even though smaller droplets would serve better for
turbulence measurements, they are not present at the
prescribed height for meaningful mean flow measurement
because of evaporation due to the heated main flow. Note
Copyright © 2012 by ASME

that, in this study, the main flow is not seeded: the water
droplets (mist) injected from the film holes are used as particle
seeds for velocity measurements. Only large droplets can
possess sufficient momentum residence time and thermal
residence time (the duration before the droplet completely
vaporizes) to travel further away from the injection hole to
reach the main flow. The turbulence intensity value is expected
to be undervalued due to the relaxation time and slip velocity
of the relatively large droplets, which results in differences
between flow velocity and droplet velocity.
In order to measure the main flow temperature distribution
at the inlet, a thermocouple probe is inserted into the test
section perpendicular to the bottom plate upstream of the film
hole at X/D = -2. This temperature probe is made of a small
stainless steel tube of 1/8 inch in external diameter. Four
thermocouples, uniformly spaced 2 inches apart, are attached
to this probe. The bottom thermocouple is 2 inches (Y/D=8)
elevated away from the plate. A measurement is taken every
10 seconds over a total duration of two minutes. The result
shows that the temperature variation in the Y direction is
estimated as 0.12 oC per inch. And the temperature variation
in time (unsteadiness) is estimated as +0.2 oC per minute.
Similar measurements are repeatedly taken by traversing the
probes in the X- and Z-directions (lateral direction) and the
temperature gradient is estimated less than +0.15 oC per inch in
the Z-direction and 0.14 per inch in the X-direction.
The approaching boundary layer thickness in this study is
estimated using PDPA velocity measurement data of small

water droplets (< 5μm) at X/D = 0.5. The measurements are
compromised due to a few constrains:
1. Small droplets, which follow the flow better (i.e. lower
slip velocity and less momentum relaxation time),
serve better in measuring the air velocity. However, as
explained earlier, they are injected from the film
cooling holes and do not have enough momentum to
travel to higher elevations away from the plate surface.
Thus, droplets smaller than 5 μm are not present for
measurements beyond certain elevation levels (for
example Y > 12mm at X/D=0).
2. Bigger droplets have enough momentum to travel to
higher elevations, but they do not follow the flow well,
generating much higher uncertainties in velocity
measurements.
3. Ideally, the stream-wise location for approaching
boundary layer thickness would be upstream of the
film injection holes at X/D = -2. However, no water
droplets can be detected in this area.
Despite the constraints mentioned above, an effort is
made to give the best estimation of the approaching boundary
layer thickness. With the velocity profile shown in Fig. 19,
the boundary layer displacement thickness
is measured as 1.936 mm and the momentum thickness, is
1.047 mm. The shape factor (δ/θ) is 1.849 based on the
measurements.

Table 1 Uncertainty Analysis: Zeroth-Order and Pretest Uncertainties

variable
o

Tw ( C)

Nominal
Unsteadiness
Value dx_r/dx_i Imprecision Calibration
(film only)
40.00
0.02
0.02
0.20
0.03

Unsteadiness Zeroth
Pretest
(with mist) Order (%) uncertainty Pretest (%)
0.20
0.17
0.20
2.01

o

50.00

0.02

0.02

0.20

0.02

0.02

0.12

0.20

1.47

o

10.00

0.01

0.02

0.20

0.03

0.10

0.04

0.20

0.50

T∞ ( C)
Tj ( C)
Total Uncertainty
(%)

0.21

2.54

Table 2 Uncertainty Analysis: First Order and Nth Order Uncertainties

variable
o

Tw ( C)
o

T∞ ( C)
o

Tj ( C)
Total
Uncertainty (%)

First order
First order
magnitude (film (film only)
only)
(%)

First order
magnitude
(mist/film)

First order
mist/film
(%)

Nth order
magnitude
(film only)

Nth order
(film only)
(%)

Nth order
magnitude
(mist/film)

Nth order
(mist/film)
(%)

0.03

0.34

0.20

2.01

0.20

2.03

0.28

2.83

0.03

0.19

0.03

0.19

0.20

1.48

0.20

1.48

0.09

0.10

0.25

0.20

0.51

0.22

0.03

0.40

2.03

The flow conditions together with the uncertainties are
documented in Table 3. Uncertainties of the flow conditions
are given in Table 3, shown as delta with the confidence level
of 95%. Three blowing ratios are employed in this study: 0.6,
1.0 and 1.4. Those are typical values employed in gas turbine
film cooling applications. Efforts have been made to reduce
the uncertainties of the measurements, including reducing the
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2.56

0.56

3.24

effect of environmental condition variations, main flow speed
fluctuations, main flow temperature non-uniformity, jet flow
speed, and mist mass flow fluctuations. The major source of
the experimental uncertainty arises from the unsteadiness
feature of the mist flow rate. In order to acquire good-quality
mist, which would suspend in the air, filters and blockers are
employed in the mixing chamber. Mist agglomeration and the
Copyright © 2012 by ASME

actions of water droplets breaking up (processes that may
occur on the surface of mixing chamber structures) are
transient and unsteady in nature. As a result, the unsteadiness
of mist flow is identified as the main contribution to wall
temperature uncertainty.

Figure 19 Velocity profile measured from droplets 5 μm
or less at X/D=0.5

X/D
Figure 20 Contour of mist/air film cooling effectiveness
for blowing ratio 0.6

Table 3 Summary of Flow Conditions

Main flow

Secondary flow
---------M=(ρV)j/(ρV)∞

U(∆)
(m/s)

Tu (∆)
(%)

ReL

Red

T∞ (∆)
(oC)

20.23
(0.22)

3.47
(0.08)

206,756

8,615

54.88
(0.28)

M

V (m/s)

Tj (∆)
(oC)

Density
Ratio

Mist ratio
(∆) (%)

1.4

25.04

1.16

8.15 (0.52)

1

18.24

1.15

7.39 (0.47)

0.6

11.58

1.14

7.14 (0.44)

10.25
(0.32)
12.16
(0.22)
15.35
(0.20)

One example of air/mist film cooling effectiveness
contour plot using this experimental setups is shown in Fig.
20. Detailed analysis of the test results including heat transfer
and droplets studies are shown in the companion papers [30,
31].
CONCLUSION
In this study, an experimental test apparatus to
investigate mist cooling under laboratory conditions has been
shown with details. The test apparatus was designed to take
thermal and particle data simultaneously in the effort to
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understand the interactions between heat transfer
characteristics of mist/air film cooling and droplet behavior.
A wind tunnel system and test facilities are built. A
Phase Doppler Particle Analyzer (PDPA) system is employed
to measure the two-phase flow characteristics, including
droplet size, droplet dynamics, velocity, and turbulence.
Infrared camera and thermocouples are both used for
temperature measurements. An extensive uncertainty analysis
is performed to assist in identifying large uncertainty sources
and planning for experimental procedure.
It was found during the experiment design process that
resolving the mist agglomeration problem is the key in
successfully generating a well controlled mist/air mixture and
reducing experimental uncertainties. The test apparatus has
proven to serve the purpose well to investigate mist/air film
cooling with both heat transfer and droplet measurements.
Selected experimental data are presented.
Although this test facility and instrumentation is
designed under low temperature, pressure and Reynolds
number condition, it can be used as a step stone for building a
more complicated facility which provide conditions more
close to real engine environment. The experimental results
can be use to validate and improve CFD models, which can
be applied to more accurately predict potential mist cooling
effect in more complicated real engine condition with real
blade geometry in a rotating frame.
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