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ABSTRACT

An experimental method has been developed to determine the droplet
impingement characteristics on two and three-dimensional bodies. The
experimental results provide the essential droplet impingement data
required to validate water droplet trajectory codes, which are used in
the analysis of aircraft icing.

A body, whose water droplet impingement characteristics are required, is
covered at strategic locations by thin strips of moisture absorbing
(blotter) paper, and is exposed to an air stream containing a water-dye
solution spray cloud. Water droplet impingement data are extracted from
the dyed blotter strips by measuring the optical reflectance of the dye
deposit on the strips, using an automated reflectometer.

Models tested include a 4 inch diameter cylinder, a NACA 652015 airfoil
section, a MS(1)-0317 supercritical airfoil section, three simulated ice
shapes, an axisymmetric inlet and a Boeing 737-300 inlet model.

Detailed descriptions of the dye-tracer technique, instrumentation, data
reduction method and the results obtained are presented in this report.
Analytical predictions of collection efficiency characteristics for most
test configurations are included for comparison.
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EXECUTIVE SUMMARY

The design of ice protection systems requires knowledge of the
droplet impingement characteristics of the surface to be
protected. Computer codes capable of predicting trajectories of
particles impinging on internal and external surfaces of two-
dimensional, axi-symmetric, and three-dimensional bodies have
recently been developed by National Aeronautics and Space
Administration (NASA), industry, and universities. The
application of these codes to icing analysis requires validation
against experimental data. Prior to the work described in this
report, water droplet trajectory codes were evaluated by
comparison with two-dimensional data on cylinders and airfoils
generated by the National Advisory Committee for Aeronautics
(NACA) in the 1950's using a dye tracer technique and
colorimetric analysis. This data base was limited in scope and,
in particular, was confined to low-speed studies of airfoil
sections of interest to the aviation community in the 1940 to
1955 time period. No experimental impingement data were
available for modern airfoil sections, engine inlets, or other
three-dimensional configurations.

To provide the experimental data base required today, a joint
Wichita State - Boeing Military Airplanes research program
sponsored by the NASA and the Federal Aviation Administration was
initiated in August 1984. The specific accomplishments of this
project are listed below:

1. Development of a laser reflectance method for measuring
local droplet impingement efficiency on a variety of
aerodynamic surfaces in two-dimensional and three-
dimensional flows. This method is accurate and more
efficient than colorimetric analysis.

2 Experiments were performed to verify the accuracy of the
laser reflectance method.

3. Testing of several modern airfoil sections as well as wing
and engine inlet geometries for inclusion in a comprehensive
experimental data base.

4. Development of an automated data reduction system to make
practical the acquisition and reduction of large amounts of
data.

5. Correlation of the experimental data with computer code

predictions.

X i



1.0 INTRODUCTION

Aircraft flying at subsonic speeds through clouds below about 8000
meters can be subject to ice formation on critical aerodynamic surfaces.
Ice accretion results from very small supercooled droplets (droplets
cooled below freezing), usually 5 to 50 microns in diameter, which can
freeze upon impact with the aircraft surface. The local and total rates
of droplet impingement as well as the extent of the impingement are
important design considerations for aircraft ice protection systems.

Ice usually is accreted on the forward facing surfaces only, giving a
few centimeters thickness on the front (approximately two percent) of
the wing chord. However, this can be enough to cause flow separation
and decrease 1ift, particularly if the aircraft slows or maneuvers. In
addition, drag may increase enough to exhaust fuel reserves or cause
flight instability. Helicopter rotors are even more vulnerable to the
detrimental effects of ice, and engine inlet diffusers (internal
surfaces) require icing protection to a greater degree than Tifting
surfaces (external surfaces). Thus, aircraft must be designed with the
necessary equipment required for ice removal or prevention. Basically,
ice protection systems can be classified as either de-icing or anti-
icing.

The de-icing (or ice removal) principle involves the periodic removal of
a layer of ice by mechanical, thermal or chemical means. This is
accomplished by destroying the adhesion strength between the ice and the
aircraft surfaces. De-icing systems have 1low energy requirements;
however, periodic ice-removal results in higher aerodynamic penalties.
The anti-icing (or ice prevention principle) involves the prevention of
ice formation on the protected area at all times by using thermal energy
or Freezing Point Depressant (FPD). These methods minimize aerodynamic
losses but either require large amounts of energy or substantial weight
penalty. Examples of de-icing and anti-icing systems and typical
applications are shown in Table 1.

The choice between anti-icing and de-icing techniques depends upon the
component geometry, energy requirements and its function. Verification
of these techniques and methods for testing can be found in Reference 1.
Other factors such as the energy source utilized, the sensitivity of the
component and the total energy available for ice protection must be
considered.

The design of de-icing systems requires knowledge of the extent and
shape of the ice accreted as well as the allowable level of ice
accretion, before removal of ice is necessary. This information is
directly related to droplet impingement characteristics of the surface
to be de-iced. Anti-icing systems are designed based on information of
local as well as total droplet impingement intensities in order to
evaluate the necessary energy requirements. Thus, the determination of
water droplet impingement characteristics on aircraft surfaces is a
fundamental task in determining aircraft icing protection requirements.



TABLE 1

TYPICAL EXAMPLES AND APPLICATIONS OF ANTI-ICING
AND DE-ICING AIRCRAFT SYSTEMS

SYSTEM SOURCE TYPICAL AIRCRAFT APPLICATION
(a) anti-icing electrothermal propellers, windshield
hot air (bleed air) wings, engine inlets
chemical (freezing point wings, propellers
depressants)
(b) de-icing pneumatic boot wings, empennage
~ electrothermal helicopter rotor blades

electromagnetic impulse  wings, engine inlets

chemical (freezing point wings
depressants)

Advances in computer technology in recent years have led to the
development of analytical codes capable of performing icing analyses.
These computer programs are used by industry as a cost effective tool
for evaluating icing protection requirements of aircraft components. The
codes can also be used to assist in the testing and certification of
aircraft.

Computer codes capable of predicting trajectories of particles impinging
on internal and external surfaces of two-dimensional, axisymmetric, and
three-dimensional bodies have been developed by NASA, industry and
universities. The application of these codes to icing analysis requires
validation against experimental data. Historically, water droplet
trajectory codes have been evaluated by comparison with available two
dimensional data on cylinders and airfoils generated by NACA in the
1950's using a dye tracer technique (Reference 2). In general, the
codes appear to give reasonably good agreement with experimental results
which themselves may be subject to some appreciable errors. However,
this data base is limited in scope and, in particular, is confined to
low speed studies of airfoil sections of interest to the aviation
community in the 1940 to 1955 time period. No experimental water
droplet impingement data are available for modern technology airfoil
sections. Such data are obviously required to validate trajectory codes
for current wing and airfoil configurations.

In addition, it should be pointed out that almost no water droplet
impingement data exist for inlet configurations. Modern aircraft inlets



have complex geometries which result in highly three dimensional flows.
Droplet trajectory codes must be extensively validated against
experimental data obtained for such geometric flow conditions. The
validation of these codes for water droplet calculations will also
enhance their application to the design and analysis of VSTOL engine
inlet sand particles separators (Reference 3) and engine blade erosion
studies. No method has been proposed for experimentally determining
solid particle collection coefficients. However, since the equations
for solid and Tiquid particles differ only in the density, a liquid
droplet code which is validated by experiment gives credance to the use
of the code for solid particles.

To provide the required experimental data base, a joint Wichita State
University (WSU) - Boeing Military Airplanes (BMA) research program
sponsored by the National Aeronautics and Space Administration (NASA)
and the Federal Aviation Administration (FAA) was initiated in August

1984. The specific objectives of this research project are Tlisted
below:

a. Develop an efficient and accurate method of measuring local droplet

impingement efficiency on a variety of aerodynamic surfaces in two-
dimensional and three-dimensional flows.

b. Develop experiments to verify the method.

c. Test several state-of-the-art airfoil sections as well as wing and

engine inlet geometries to produce a comprehensive experimental
data base.

d. Develop an automated data reduction system to make practical the
acquisition and reduction of a large mass of data.

e. Correlate experimental data with analytical results.

Models tested in this study include a 4 inch diameter cylinder, a NACA
652015 airfoil, an axisymmetric engine inlet, a supercritical airfoil
and a three-dimensional Boeing 737-300 engine inlet model which
represents the most difficult test case. A1l tests were conducted in
the NASA Lewis Icing Research Tunnel (IRT) in June and September 1985.

This report presents detailed descriptions of the experimental method
developed, instrumentation, models tested, test conditions, data
reduction system and experimental data. 1In addition, correlations of
analytical and experimental data are provided for most test cases.



2.0 EQUATIONS OF DROPLET MOTION AND IMPINGEMENT PARAMETERS

The phenomenon of droplet impingement on a body is better understood by
examining the various parameters that influence the droplet
trajectories. In the next section, the non-dimensional droplet
trajectory equations are presented together with the main assumptions
made in deriving these equations. In addition, some non-dimensional
impingement parameters which are commonly used in the presentation of
theoretical and experimental impingement data are discussed. The
dependent impingement parameters are defined for clouds with uniform and
nonuniform droplet size distributions.

2.1 Differential Equation of Particle Trajectory

The forces on a small spherical droplet moving in the steady flow of air
are droplet drag, weight and buoyancy. The predominant force acting on
a droplet is the fluid dynamic drag arising from the relative (slip)
velocity of air with respect to the droplet (Reference 4). The particle
equation of motion in non-dimensional form is (Appendix D):

ﬂ Cl){Rv)- R - (V.-U) l[l—(.‘:)g[;ﬁ52

dt 24K v2

(2-1)

where:
K = pmedQHSpl. , inertia parameter of droplet. -
L = time , dimensionless with L/V_.
0 = pipn , density ratio of air to particle.

I. = Characteristic dimension of body.

R, = Relative Reynolds number of droplet.

U = i directional component of particle velocity, dimensionless with V_.

\1’i = i directional component of air velocity, dimensionless with V_.
(i=1 x — direction, i =2y — direction, i=3 z— direction)

The derivation of Equation (2-1) is based on the following assumptions:

-- Single phase (air) flow about the body; air flow is not disturbed
by the presence of droplets

-- Quasi-steady-state approximation: at each instant and position the
steady-state drag and other forces act on the particle



-- Compressible or incompressible potential flow field of the gas
phase about the body

-- Particles of spherical shape

-- Viscous flow effects such as thick boundary layer formation and
flow separation are not considered.

The above mathematical model is a valid approximation for typical icing
conditions within the intermittent and continuous maximum icing
envelopes of the FAA (Reference 5). The maximum concentration and mean
volumetric diameter (MVD) of droplets for these conditions are:

INTERMITTENT MAXIMUM CONTINUOUS MAXIMUM

LWC Max 3.0 g/m3 LWC Max 0.8 g/m3
MVD Max 50 ym MVD Max 40 ym

For the concentrations and sizes of droplets expected to occur within
icing clouds, the assumptions of undisturbed airflow and spherical shape
(due to surface tension) of droplets are quite valid.

Given an expression for Cp(Ry), the drag coefficient of the droplet as a
function of the relative Reynolds number of the droplet, Equation (2-1)
can be integrated numerically to find the particle trajectory path.

An example of Cp as a function of Ry is given below (Reference 4). This
function is used in the computer code discussed in Section 6 of this
report.

C,M,R)=C (R VG(M/R ) (2-2)

inc
where:

C, = Incompressible sphere drag coefficient.
inc .

G(M/R ) = Cunningham drag correction factor.

T?e algebraic expressions for the above terms are (References 4 and
6):

a —
( ) CD (R\r)_CD

®R) (1 +K2Y6) 123
inc Stokes

where:

C (R )= 24/R
Dessken: 7 y



This equation agrees to within about 5 percent of the standard sphere

drag curve in the range 0 = Ry = 1000 and for particles of diameter
less than or equal 1 mm.

(b) G(MR )=A/B (2-4)

where:

A=1 +(Mll{v)[3.82+].280xp(-1.25vaM)] (2-5)

B=1 +exp( -0.427M48_3 ¢ Rﬁ-““)

The numerator (A) in Equation (2-4) represents the drag reduction factor
to account for the incompressible drag due to the molecular slip or
rarefaction effects.

The denominator (B) in Equation (2-4) is the additional correction to
account for the Mach number (M) dependence of the particle drag
(compressibility) in continuum flow.

Once the droplet trajectories have been calculated, the points of
impingement on the body surface can be determined. These impingement
points are used to evaluate the impingement parameters described in the
following sections.

The trajectory equation can be used to clarify the effect of various
flow variables and body geometries on droplet trajectories. In the
vicinity of the body, the flow field streamlines deviate from their
original straight line paths and flow around the body. A droplet owing
to its inertia tends to maintain its original straight line path toward
the body and the drag force imposed by the slip velocity of air with
respect to the droplet tends to cause the droplet to follow the air
streamline around the body. The droplet trajectory is determined by the
combined effect of inertial and drag forces. Consider the particle
trajectory Equation (2-1) with negligible buoyancy and gravity forces,

dUi-Cn(l{v)- R - (V-U) (2-6)

dt 24K

The inertia parameter K is the ratio of inertia force to drag force.
For the case of small droplet size, K is small and drag force will
exceed that of the inertia force (K- 0, Uj = Vj). Hence, the droplets



will tend to follow the streamlines around the body and consequently,
many of the droplets which were originally directly ahead of the frontal
projected area of the body will miss the body entirely. For large
droplets, the inertia force is greater than that of the drag force (K is
large and as K=~ , U; = constant). The droplets will tend to maintain
their original straight Tline path and many of the droplets directly
ahead of the body will hit the body.

2.2 Impingement Parameters

The main dependent impingement parameters are listed below and their
definitions will be given in this section.

a. Local impingement efficiency

b. Total impingement efficiency

c. Maximum Timits of impingement
The above parameters are affected by the following:

a. Free stream velocity

b. Body size and shape

(0 Body orientation with respect to the flow direction

d. Air density

e. Air viscosity

f. Droplet size (diameter)

g. Droplet distribution

h. Droplet density
2.2.1 Definition of Impingement Parameters for Uniform Droplet Size
2.2.1.1 Local Impingement Efficiency ()
Consider the flight of a three-dimensional body through a cloud of water
droplets of uniform size (monodispersed). Referring to Figure 2.1, the
local impingement efficiency (@) for any point on the body surface is
defined as local droplet flux rate at the body surface normalized to the
free-stream flux rate. Analytically, (B) is simply the ratio of that
infinitesimal freestream area (dA,) to the corresponding impingement

area on the body surface (dAg), Equation (2-7). This definition follows
from the continuity of droplet mass flow.



B=dA /dA_ (2-7)

A second definition of 1local impingement efficiency used by
experimentalists is given by equation (2-8).

Amount of water caught on infinitesimal area of surface in a
_given unit of time

B = < Amount of water which could be caught in that time on that (2-8)
area if the trajectories were straight lines parallel to the
free-stream velocity direction and if the area was oriented to
be perpendicular to the trajectories

It should be noted here that Equation (2-8) applies to non-uniform as
well as monodispersed droplet distributions.

2.2.1.2 Total Impingement Efficiency (E)

The total impingement efficiency (E) for an arbitrary three-dimensional
body in a cloud of uniform droplet size is defined as:

; JdAm A (2:9)

A _ Total area through which all the droplets impinging on the body
“M ~ must pass at some point at a large distance ahead of the body

Af =  Projected frontal area of the body

Both A o m and Af are taken perpendicular to the free-stream
direction.

2.2.1.3 Impingement Limits (sp/L)

Droplet trajectories for a two-dimensional body are shown in Figure 2.2.
Droplets which start out at progressively 1larger initial ordinates
(Yeo's) measured from the reference 1line will strike the body
progressively farther back along the surface until a maximum value



(y,’m) is obtained. The trajectory originating at y o m will be
tangent to the surface of the body at point P. Droplets starting at
ordinates greater than y w,m Will miss the body entirely. Thus, the
distance sy measured along the body surface from a reference point on
the body to point P is called the 1imit of impingement. This distance
is wusually expressed in dimensionless form by dividing sy by the
characteristic Tength (L) of the body.

In two-dimensional flows, there are two impingement limits, an upper and
a lower or an outer and an inner, depending on whether the flow is
wholly external (e.g., airfoil section) or partly internal (e.g., engine
inlet). For three-dimensional bodies, the limits of impingement may
vary circumferentially along the body surface as shown in Figure 2.3.

2.2.2 Clouds with Non-Uniform Droplet Distribution

Both natural and artificial icing clouds consist of droplets of various
sizes and droplet number densities. The main parameters commonly used
to describe a cloud of droplets, for the purpose of droplet impingement
characteristics, are:

a. Liquid Water Content (LWC)

b. Cloud Droplet Distribution

c. Droplet Mean Volumetric Diameter (MVD)
2.2.2.1 Liquid Water Content

The 1liquid water content (LWC) of a cloud is the amount of water
contained in a given volume of cloud. LWC is usually given in grams of
water per cubic meter of cloud. Typical LWCmzx values for icing clouds
are listed in Section 2.1.

For a cloud which is artificially produced, the amount of water injected
into the airstream is fixed by the water and/or air pressures of the
given spray system which produces the cloud.
2.2.2.2 Cloud Droplet Distribution
The distribution of droplets in a cloud can be expressed in various
graphical forms. The four types of distributions which are most
commonly used are:

a. Number density of droplets versus droplet diameter

b. Percent of liquid water content versus droplet diameter

c. Percent of 1liquid water content versus droplet diameter
normalized to mean volumetric diameter.

d. Percent cumulative 1liquid water content versus droplet
diameter normalized to mean volumetric diameter.
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It is relatively easy to transform one distribution into any one of the
others. For the last two distributions, however, the mean volumetric
diameter must be known. The above distributions can be given in
discrete or continuous form. Examples of the distributions listed above
are shown in Figure 2.4. For convenience and computational efficiency,
a discrete form of Figure 2.4d is commonly used for analysis.

A uniform cloud is one with a spacially invariant LWC and droplet
distribution. Clouds ‘with spacially invariant droplet distributions,
however, do not necessarily have a uniform LWC distribution. This is
true for naturally and artificially produced clouds. For example, it is
thought that the spray cloud in the NASA Lewis IRT does not exhibit a
completely uniform LWC, while it does have a spacially uniform droplet
distribution. This is sufficient to determine impingement efficiency in
the IRT if the free-stream LWC is measured at appropriate locations as
was done in actual testing.

A distribution which has been employed in various analytical studies is
the Langnuir "D". This distribution (see Figure 2.5) and other similar
ones were established by Langmuir (Reference 8) by matching the data
from natural-icing cloud measurements made on Mt. Washington. The rate
of deposition of ice on slowly rotating cylinders exposed to supercooled
clouds blowing over the summit was correlated with that of theoretical
calculations (Reference 2). Comparisons of Langmuir "D" distribution
and the droplet distributions produced by the spray nozzles used in this
test are given in Appendix E.

2.2.2.3 Mean Volumetric Diameter

By definition, the mean volumetric diameter (MVD) of a droplet
distribution is that droplet diameter for which half the total liquid
water content is contained in droplets larger than the mean and half in
droplets smaller than the mean.

Given a droplet distribution as shown in Figure 2.5, the MVD can be
calculated as follows. For a continuous distribution, if n(d) is known
as a function of d and assuming unit cloud volume then MVD can be
calculated from

MVD
n(x) x> dx

d .
min 05 (2-1 0)

2Pw

‘I'_I‘ mux 9
2pw n(x) x° dx

d .
min

where x is the droplet diameter d.



If a discrete distribution is given with N discrete groups of droplets
such that nj(dj) is the number of particles in group i having diameters
between dj and d;j + dd then Equation (2-10) can be written as:

K
T " 3
Epw 2- ni(di). di

o 2-11
i=1 -05 ( )

N

™ . 3

Ep“f 21 n(d) d
1=

where dK, the diameter of group K, is equal to MVD and py is the density
of water.

2.2.3 Definition of Impingement Parameters for Clouds of Non-Uniform
Droplet Size

The dimensionless dependent impingement parameters 8, E and sp/L are
defined in this section for a cloud of non-uniform droplet size. It is
assumed that the droplet distribution, in discrete or continuous form,
and the liquid water content of the cloud are known.

2.2.3.1 Local Impingement Efficiency (B)

For a continuous distribution, the impingement efficiency is given by
Equation (2-12).

- 1 [
ﬂ:: . B- dw (2-12)
L

where B is a function of drop size and therefore can be expressed as a
function of w, the liquid water content for a given drop size.

For a discrete cloud distribution such as the one shown in Figure 2.4d,
B is defined as the weighted average of the 1local impingement
efficiencies due to each droplet group in the cloud. Let wi be the
liquid water content of the cloud, Awj; be the partial 1liquid water
content contained in the droplets of size (dj), in the group (i) of the
distribution, and N be the total number of discrete size droplet groups
available.

For a body exposed to a cloud with such a droplet distribution, the
local impingement efficiency due to a single droplet group of size di is
Bi, where B is defined by Equation (2-7) or (2-8). The 1local
impingement efficiency due to all N groups in the distribution over an
infinitesimal area of the body is given by Equation (2-13).

11
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=
]

1 > B, Aw, (2-13)

Lt i=1

2.2.3.2 Total Impingement Efficiency (E)

The total impingement efficiency of a three dimensional body exposed to
a cloud with a given droplet distribution is

i 1 "
E = —J - dA
A, . . (2-14)

where:
gx is the projected frontal area of the body
S

is an infinitesimal impingement area on the surface of the
body.

In order to integrate Equation (2-14), ﬁ must be known as a function of
surface location. Such a function can be defined from experimental or
analytical results.

2.2.3.3 Impingement Limits (sm/L)max

A droplet distribution consists of droplets of diameters varying from
dpin to dpax. For each droplet diameter, impingement limits can be
established for a given body and flow conditions as explained in Section
2.2.1.3. Clearly, distributions with larger droplets will result in
larger impingement limits. This defines the maximum impingement limits
which are denoted by (sp/L)max-

2.3 Local Impingement Rate
To calculate the amount of water collected on a small area of the body

where the local impingement efficiency value is known, the following
equation can be used.

W, =0.3296V w B (2-15)

where:
WB — Local impingement rate ~ lb/hr f2
V_ = Free stream velocity ~ mph

w = Total liquid water content ~ gfm:i

B = Local impingement efliciency



0.3296 = Conversion factor for units used.
2.4 Concluding Remarks

The evaluation of the dependent impingement parameters can be done by
analytical or experimental means. The experimental approach is taken in
this work in order to produce a data base for the validation of
trajectory computer codes.

To summarize, experimentally determining the water droplet impingement
characteristics on an aerodynamic surface traveling through a cloud
requires determination of:

a. Local collection efficiency distributions including limits of
impingement as a function of droplet size.

b. The 1liquid water content and droplet size distribution
contained within the icing cloud.

The development of an experimental method to accurately and efficiently
acquire a validation data base for water droplet trajectory codes is a
very difficult task. The complex flow fields and geometries involved
and the problems associated with measuring droplet size and distribution
in a cloud constitute part of the problem. Capturing droplets of the
size of 5 to 50 microns on a surface without disturbing the local flow
and evaluating the local water accumulation rates for a large variety of
test conditions make the problem even more involved. Of all aircraft
components, the three dimensional engine inlet represents the most
challenging case, due to of variations in local geometry, inlet mass
flows and angle of attack effects.

Finally, consideration must also be given to the method to be employed
for reducing to engineering units the large amount of data that would be
produced from such tests. The technique must be time efficient and
versatile enough to handle all test cases under consideration. In
addition, there is a need to test many models to develop a comprehensive
data base.

13



37IS 137d0¥d IWHYO4INN 40 ANO1D V NI AGO8 TVNOISNINIG-3I3dHL
v 404 () ADNIIDI443 INFINIONIdINE TvDO0T 40 NOILINIA3d

L' 34NSI4

“A M1 Cwp

PRSSRY .

(SA-Su-)>oM1  =vp

[vs]

Swp(*A-Su-)om1 = “yp."a (M)

S S w w o
WP« A M1 = “yp - TA oM

“¥p7u = “yp 3anl

S. S S WYY LS
U =

v == VB 13140¥0
A/l u

Y3yy
INIWIONIdWI

30v44nS AG08

14



3ZIS 131d0¥d WYO4INN
40 ANO1D V NI AGOg TYNOISNIWIA-OML V 404 S3IHOLDINvYl 131d0¥d

' 3¥N9I

A40123rvy)l INJFINVL ™\

aNIT

ENLENEEEL] N

INIOd 3INFYII

AY01230VYL FLIVIQIWYILNI |/

Cad

T

n-uh E—ah

[—

A~

/

AY0193rVdl INJONVL -

15



16

[]]]

FIGURE 2.3

IMPINGEMENT LIMITS FOR AN ENGINE INLET AT a = 0°
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3.0 EXPERIMENTAL METHOD

3.1 Dye-Tracer Technique

A dye-tracer technique of measuring local impingement efficiency on a
number of two-dimensional aerodynamic surfaces and some axisymmetric
bodies at small angles of attack was developed by NACA in the 1950's
(Reference 2).

In this technique, water containing a small amount of water-soluble dye
was injected in the form of droplets into the air stream ahead of the
body by means of spray nozzles. The surface of the body was covered
with an absorbent material upon which the dyed water impinged and was
absorbed. At the point of impact and droplet absorption, a permanent
dye deposit (dye trace) was obtained. The amount of dye per unit area
deposited in a measured time interval was determined by colorimetric
analysis.

The impingement 1imits were obtained directly from the rearmost dye
trace on the absorbent material. The dye analysis consisted of removing
the dye impregnated absorbent material from the body and punching out
small segments of the material for the determination of Tlocal
impingement characteristics (see Figure 3.1). The dye was dissolved out
of each segment in a known quantity of water. The weight of dye in this
solution was determined by the amount of light of a suitable wavelength
transmitted through the solution by use of a calibrated colorimeter (see
Section 5.3.3). From knowledge of the original concentration of the dye
in the water droplets, the weight of dye collected per unit area was
converted into the weight of water which impinged at any surface
location per unit time. This conversion assumes no evaporation of the
droplets occurred in the air stream.

The 1iquid water content in the cloud was determined using an aspirating
device (Reference 2). This device consisted essentially of a tube which
sucked in the approaching air and cloud droplets at the free stream
velocity (inlet velocity ratio 1.0) so that both the air streamlines and
droplets entered the tube along straight-line paths. All the dyed
droplets were deposited on a filter mounted within the tube, leaving a
dye trace which could be analyzed using colorimetric analysis.

The droplet size distribution was determined by comparing experimental
local impingement rates on cylinders of different sizes with theoretical
predictions of droplet trajectories and impingement points using a
differential analyzer.

For most test cases, the NACA method is found to be sufficiently
accurate. The error in evaluating maximum local impingement efficiency
varied from 10 percent to 25 percent (Reference 7). The major
limitation of the method stems from the technique used to determine the
amount of dye in the absorbent material. Dye extraction from each
ribbon was so time consuming and the required sample size (punched
segnent) was so large that the method was impractical for complicated
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geometries or flow conditions. Thus, the method was limited to two-
dimensional flows and some basic axisymmetric flows.

The NACA method is the only published experimental method for the
purpose of measuring droplet impingement characteristics.

3.2 Present Test Method

A dye tracer technique similar to the one used by NACA in the 1950's is
employed in the present testing. Distilled water containing a small
amount of blue water-soluble dye is injected into the airstream of the
wind tunnel in the form of droplets, using a specially designed spray
system installed in the IRT plenum chamber. The forward surface of the
model being tested is covered at selected locations with thin strips of
blotter paper which absorbs the impinging droplets. The amount of dye
trace, on the blotter, obtained in a given time interval can be
determined using a laser reflectance method. A detailed description of
the reflectance method can be found in Section 5 of this report. Given
the amount of dye at a given location on the blotter paper, the amount
of water impinged at that location is found from knowledge of the dye
concentration in the solution.

To calculate the amount of impinging water from measured dye mass per
unit area, an accurate measurement of LWC is required. But in practice,
perfect uniformity of the cloud is very difficult to obtain in a wind
tunnel. So a local LWC value is needed. The method chosen to minimize
the uncertainty in local LWC value was to insert a small reference
collector at each location in the empty tunnel at which a blotter strip
will be placed on the model. This must be done for each test condition
of airflow and water spray. The reference collector shape was chosen to
give a nearly 100 percent collection efficiency (Reference 14). Even
very small collectors have less than 100 percent, and the reference
collector must have a blotter surface large enough to measure its
reflectance by the laser beam method.

The collection efficiency of the small reference collector was
determined by the following procedure. First, a droplet trajectory
computer code was used to predict ﬁ. To provide a check on this, a
symmetrical airfoil at zero angle of attack was tested and compared with
the reference collector measurements. Such an airfoil provides a flow
field which is easily computed with accuracy, since separation or three-
dimensional effects are prevented, and the Tlarger size makes Tlaser
reflectance measurements easier. Second, rime ice collection on the
reference collector had previously been measured which permits
comparison (Reference 14). Thus, a local measurement could be made
which represented LWC with a high degree of confidence. This served as
a standard for calculation at each tunnel location and run condition.

Using a reference collector mechanism and the laser reflectance method,
the amount of dye per unit area of the free stream per unit time can be
determined. This amount of dye is converted into liquid water content
in the cloud since the dye concentration in the water 1is known;



therefore, the local impingement efficiency (ﬁ) of the model at a given
location is found from:

_ Measured amount of dye/unit surface area/unit time on model at a
B= given location
Measured amount of dye/unit flow area/unit time in free stream
for a collector whose (=1

The main differences between the present test method and the method
developed by NACA in the 1950's are summarized in Table 3.1. These
differences will be explained in detail in the sections that follow.

TABLE 3.1
MAIN DIFFERENCES BETWEEN PRESENT TEST METHOD AND NACA METHOD

ITE NACA PRESENT
Data Reduction Method Colorimetric Analysis Reflectance Spectroscopy
Measurement of Liquid Aspirating Device Collector Mechanism
Water Content (see Section 3.7)
Spraying Time 3-10 seconds. 1-3 seconds.
Dye penetration into Dye penetration must be

absorbent material was minimized.
allowed, saturation was

avoided.
Solution Concentration 0.005-0.01 by weight 0.0002 - 0.0005 by weight
(red dye) (blue dye)

Prior to all tests, the position of the spray nozzles in the plenum
chamber was determined so as to give a nearly uniform water distribution
over a cross-sectional area in the test section greater than the frontal
area of the largest model (engine inlet) A nearly uniform distribution
of dye in the spray cloud minimizes errors in local impingement rates on
models that would be attributed to a nonuniform cloud ahead of the
model. The process used to achieve dye uniformity in the spray cloud is
described in Section 3.5.

Water droplet sizes and distribution in the cloud are required inputs to
particle trajectory computer codes. Tests must be performed to
establish these cloud parameters prior to testing models so that
experimental results can be correlated with analytical calculations.

After the tests described above were completed, tests of the actual
models were conducted. The model was positioned in the test section and
strips of blotter paper were attached to the forward facing areas of
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interest on the model. Air and water pressures in the spray system were
adjusted and the tunnel conditions (air speed, temperature) were set.
The spray system was activated for a few seconds (typically 1 to 3
seconds) and a dye deposit obtained on the blotter strips. The test was
repeated for all required variations of test parameters such as: angle
of attack, engine inlet mass flow and water droplet size. Each set of
test conditions was repeated three times to allow a meaningful
statistical average of efficiency distributions to be determined, due to
variation in flow conditions attributed to tunnel turbulence, spray
system performance, etc.

Once all tests of a given model were completed, the model was removed
from the tunnel and the collector mechanism described in Section 3.7 was
placed in the same location as the model and a series of calibration
tests were performed which were used to determine the 1liquid water
content of the cloud. The tunnel conditions and spray system pressures
and spray times were identical to the ones used for model testing.

For all engine inlets tested, surface pressure measurements were
obtained prior to water droplet impingement tests. It should be noted
that all pressure survey tests were run with the spray system off. The
surface pressure measurements are required when comparing theoretical
and experimental flow field results. Since water droplet trajectories
depend on the flow field, matching of experimental and analytical flow
fields enhances the credibility of correlations between analytical and
experimental results.

A detailed description of the experimental procedure is given in the
following sections.

3.3 IRT Wind Tunnel

A1l tests described in this report were conducted in the NASA Lewis
Icing Research Tunnel (IRT) (see Figure 3.2). The IRT built in
1942-1944 is the largest icing wind tunnel in North America (Reference
15). The tunnel has a 6 ft. high by 9 ft. wide by 20 ft. long test
section; a top airspeed of 300 mph (empty tunnel); a refrigeration plant
which produces total air temperatures down to -30° F and which provides
for year-round operation; an air atomizing water nozzle spray system
which produces simulated icing clouds with 1liquid water contents from
0.5 to over 2 g/m°. The IRT test section operates from sea level (at 0
mph) to 3000 ft. altitude (at 300 mph).

The present tests were conducted at a tunnel total air temperature of
approximately 500 F (i.e. no icing) and at an indicated airspeed of
approximately 175 mph and 165 mph for the airfoils and engine inlets
respectively. The IRT spray system was not used in these tests.
Instead, a specially designed spray system was employed for reasons
explained in Section 3.4. However, the tunnel spray system proved
useful in establishing a high humidity level of the air in the tunnel.
A high humidity level is required to avoid evaporation of the water
droplets during the travel from the spray nozzles to the body. Droplet
evaporation can alter the original concentration of dye in the droplet
solution. By spraying water for a short period of time prior to



a test, the humidity in the tunnel air can be brought to a desired
level.

Tunnel choice was based on availability, size of test section (a large
test section was required to accommodate the large engine inlet models),
requirements for a suction system to simulate various engine mass flow
conditions and facilities for spraying.

3.4 Spray System

A schematic of the spray system employed in the present experimental
study is shown in Figure 3.3. The system consists of a 9 gallon
aluminum alloy tank, containing the dye solution, which is connected to
12 nozzle assemblies (only two are shown in Figure 3.3). Each nozzle
assembly consists of (see Figure A.4, Appendix A):

a. A two-way, fast action, normally-closed solenoid valve
b. A NASA standard icing spray nozzle
cC. The nozzle housing which contains the atomizing air inlet

The nozzles are of the same type as those currently used in the main
icing spray system of the IRT and are mounted in the tunnel plenum
chamber (see Figure 3.4). Each nozzle assembly was adjustable as to its
orientation, to aid in obtaining a nearly uniform spray cloud in the IRT
test section.

Since the spray interval is very short to avoid saturating the blotters
(usually 1 to 3 seconds), the spray on-and-off response time was kept to
a minimum by reducing the volume in the nozzle housing down stream of
the solenoid valve (Appendix A, Section A.1). The housings of the air
atomizing water nozzles normally in use in the IRT are not designed for
this purpose.

The dye solution in the tank was pressurized to approximately 106 psig.
From the tank, the solution passes through a filter and fittings and
then through rubber hoses to each individual nozzle assembly. The air
pressure for the spray nozzles was varied from 65.to 80 psig. The air
was ducted through rubber hoses to a steel pipe attached to the housing.
A two-way fast action normally-closed solenoid valve was used to turn on
and off the main air supply. Just before exit through the nozzle,
discharge orifice air and dye solution are mixed under pressure to
produce a spray cloud with droplets whose mean volumetric diameter (MVD)
varies as a function of air-to-water pressure ratio. The pressure
ratios used during all tests and the corresponding droplet MVD's are
given in Section 3.6.

Prior to installation in the IRT, a typical nozzle assembly was tested
over the pressure operating envelope to determine:
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a. The time required for the nozzle to spray after the control
solenoid valve was activated and

b. The time required for the spray to completely die off after
the solenoid valve was closed.

The timings were estimated using a video camera to record the spray
system response from the moment the system was turned on to the moment
the nozzle stop spraying. By counting video frames, the times mentioned
above were determined to be 0.05 sec and 0.66 sec for items a and b,
respectively.

Before each test the air and dye-solution pressures were set using
pressure regulators. The dye-solution pressure was monitored at the
tank and before the entry to the nozzle housing (Figure 3.4). Pressure
gauges (o0il-filled) were used to help adjust the pressure manually and
electrical transducers were used to check the pressure in the system
during each test (Figure 3.5). The air manifold pressure was monitored
using two gauges (oil-filled) at the pressure regulator (Figure A.3,
Appendix A). A1l pressures were checked before and after each test.
The solenoid valves which controlled the spray duration were linked to
an electronic timer by means of which the duration of the spray was
repeatable to + 0.01 second.

Detailed descriptions of the spray system, its operation, exact location
of nozzle assemblies, nozzle housing design and system components are
given in Appendix A.

3.5 Uniformity Test

In calculating local impingement efficiency, it is assumed that both
test model and the reference collector device that measures the liquid
water content (LWC) are exposed to a droplet cloud with uniform dye
distribution. The ratio of dye accumulation on the model to corrected
dye accumulation on the reference collector, assuming unit area and unit
time of exposure, gives the value for local impingement efficiency (p)
on the model. Considerable local variations in dye distribution will
seriously affect the calculated value of (B) given by the above ratio.
In addition, a non-uniform distribution of dye can complicate the data
reduction process for large test models. In the last case, it would be
very difficult to differentiate between variations in local impingement
efficiency caused by the flow field and variations caused by 1local
changes in dye distribution.

The degree of cloud uniformity depends on the number and position of
nozzles used and the extent of cross-sectional area in the tunnel over
which cloud uniformity is required. Factors such as tunnel turbulence
and nozzle discharge patterns can cause small random changes in cloud
uniformity which cannot be easily accounted for.

Achieving a completely uniform cloud would require a large number of
nozzles. A large number of nozzles will provide too high LWC, thus



resulting in a very short exposure time to limit dye penetration to less
than 40 percent, and to avoid saturation of blotter strips. Also,
extensive testing would be needed to determine the optimum nozzle
positions in the plenum chamber. The aim in the present tests was to
obtain a water droplet cloud where variations in dye distribution were
within 10 percent of the mean value over the area of interest.

The 10 percent variation is based upon a sensitivity analysis performed
on the data reduction method to determine the effect of small dye
variation in calculating local water droplet impingement efficiency.

During preliminary tests on some two dimensional models carried out in
June 1985, a spray system with 8 nozzles was employed positioned as
shown in Figure 3.6. The decision on the number and position of the
nozzles was based on early NACA work (Figure 3.7). This configuration
was tested three times and found to give a uniform cloud over a 1 foot
high by 2 feet wide area centered in the tunnel cross-section.
Variations of dye distribution were within 10 percent of the mean. The
engine inlet tests were performed in September 1985; however, cloud
uniformity over a larger cross-sectional area was required. This area
was determined from the size of the engine inlet models and it was found
to be 2 feet high by 3 feet wide.

To achieve the required uniformity level within this Tlarger area, a 12
nozzle system was designed. To determine the best location and nozzle
orientation in the plenum chamber, 36 uniformity tests were performed
prior to all inlet model tests. An additional 4 tests were performed
after all engine inlet models were tested, to verify that cloud
uniformity had not changed during testing.

To determine the cloud uniformity, a grid was placed in the tunnel test
section and 1.25 inch square blotter pieces were mounted on the grid at
regular intervals. Spacing between the blotter squares was 6 inches and
the array of (5X7) blotter squares covered an area 2 feet high by 3 feet
wide centered in the tunnel test section. The grid with the blotter
squares is shown in Figure 3.8. The spray system air and dyed water
pressures were adjusted to the required level (see Appendix A); the
tunnel air speed, temperature and humidity were set. The spray system
was activated for approximately 1 to 3 seconds depending on air/dyed-
water pressure ratio used. The blotters were removed from the grid and
were allowed to dry. The dye deposits on the blotters were measured
after the test using a laser reflectivity method. If the reflectivity
(dye deposit) of the squares at any location varied more than 10 percent
from the mean, positions of the nozzles in the plenum chamber were
adjusted and the test repeated. The uniformity test conditions and data
can be found in Appendix G. Typical uniformity results are given in
Table 3.2.

3.6 Droplet Sizing
The validation of computer codes requires knowledge of droplet diameter

and distribution. Droplet size distribution data for the spray system
pressure ratios (Paip/Pwater) used in the present trajectory tests were
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TABLE 3.2

TYPICAL UNIFORMITY DATA
(UNIFORMITY TESTS 1 AND 3 9/25/85; PAGE 1 OF 2)

GRID 5
ROW GRID 1 2 3 4 5 6 7
4 COLUMN
Test 1| .3997 | .4202 | .4257 | .4063 | .4026 | .3847 | .3976
1
Test3|.4128 | .4276 | .4079 | .4089 | .4000 | .3833 |.4072
Test1|.3943 | .4063 | .4115 | .3860 |.3596 |.3906 | .3982
2
Test3 | .3966 |.3932 |.4572 | .4146 | .3775 |.3995 | .4196
Test 1| .3977 | .4026 | .4310 | .4076 | .4043 | .4129 | .3990
3
Test3| .4360 | .4395 | .4608 | .4166 | .4480 | .4302 | .4278
Test1|.3823 |.3921 |.3743 | .4053 | .4076 | .3727 | .3923
4
Test3| .4315 | .3952 | .3847 | .4323 | .4282 | .3708 | .4160
Test 1| .3920 | .3997 | .4059 |.4072 | .3813 | .3786 | .4065
5
Test3|.3935 | .4149 | .4209 | .4116 | .3771 | .3428 | .3991
NOTES:
1. Grid locations looking downstream.
2. Vertical and horizontal locations are 6 inches apart.
3. Location 11 (Row = 1, Column = 1) is at 12 inches above and 18
inches to the left with respect to the tunnel centerline.
4. Tunnel test section center is at location 34.
5. Voltage ratio (V1/V2) values are shown (see Section 5).



TABLE 3.2

TYPICAL UNIFORMITY DATA
(REFLECTIVITY PERCENT DEVIATION FROM THE
MEAN FOR UNIFORMITY TEST 1; PAGE 2 OF 2)

BARE WHITE PAPER VOLTAGE RATIO = 1.1450
AVERAGE NORMALIZED REFLECTIVITY = 0.3478

STRIP VOLTAGE NORMALIZED REFLECTIVITY

LOCATION RATIO REFLECTIVITY % DEVIATION

(V1/V2) (V1/V2/1.145) FROM MEAN
1 0.39969 0.3491 0.3699
12 0.42017 0.3670 5.5147
13 0.42569 0.3718 6.8997
14 0.40627 0.3548 2.0240
15 0.40260 0.3516 1.1019
16 0.38465 0.3359 -3.4058
17 0.39757 0.3472 -0.1612
21 0.39432 0.3444 -0.9786
22 0.40628 0.3548 2.0259
23 0.41151 0.3594 3.3381
24 0.38598 0.3371 -3.0713
25 0.35956 0.3140 -9.7058
26 0.39062 0.3411 -1.9082
27 0.39818 0.3478 -0.0077
31 0.39969 0.3491 0.3714
32 0.40261 0.3516 1.1044
33 0.43095 0.3764 8.2193
34 0.40760 0.3560 2.3570
35 0.40427 0.3531 1.5199
36 0.41289 0.3606 3.6860
37 0.39904 0.3485 0.2066
41 0.38227 0.3339 -4.0030
42 0.39205 0.3424 -1.5490
43 0.37425 0.3269 -6.0178
44 0.40525 0.3539 1.7661
45 0.40756 0.3559 2.3459
46 0.37274 0.3255 -6.3982
47 0.39225 0.3426 -1.4969
51 0.39196 0.3423 -1.5708
52 0.39967 0.3491 0.3660
53 0.40586 0.3545 1.9207
54 0.40716 0.3556 2.2475
55 0.38127 0.3330 -4.2547
56 0.37856 0.3306 -4.9363

57 0.40652 0.3550 2.0847
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provided by NASA Lewis.
pressure ratio used.

Table 3.3 gives the droplet MVD for each

TABLE 3.3

CLOUD DROPLET MVD FOR EACH PRESSURE RATIO USED
IN THE PRESENT TRAJECTORY TESTS.

PAIR PWATER PRESSURE MVD
(PSIG) (PSIG) RATIO (MICRONS)
80 100 0.80 16.45
65 100 0.65 20.36

Droplet size distribution data are presented in Appendix E. Details of
the methods for determining spray cloud properties can be found in
References 2, 16 and 17.

3.7 Measurement of LWC

To determine the 1liquid water content (LWC) in the free stream spray
cloud, a "reference collector mechanism" was used (Figures 3.9 - 3.11).
The mechanism consists of a telescopic beam of airfoil cross-section, a
wedge shaped part ("the collector") and a steel rod which is free to
rotate and is attached to a stepper motor on the lower end and to the
collector on the upper end. The stepper motor is housed within the
larger airfoil section beam and is controlled by a computer (Commodore
VIC 20). The stepper motor was used during preliminary investigations
but it was not employed during the LWC tests.

The dimensions of the wedge-shaped collector which was mounted on the
top of the mechanism are given in Figure 3.12. The small size of the
wedge minimizes disturbance to the flow and enables it to have a
collection efficiency near unity. The height of the wedge can be
adjusted from 32 inches to 38 inches above its base.

After testing a given model, the collector was positioned close to the
location where the model had been installed and was exposed to the spray
cloud under tunnel conditions identical to those for the model itself.
Spraying times of various lengths, usually in the range of 0.5 to 3
seconds were used to calibrate the collector. A rectangular blotter
strip (0.2 X 1.5 inch) mounted on the upper part of the wedge was used
to collect dye during each test. The calibration curves for the
collector for 0.65 and 0.8 air/water pressure ratios showing dye-mass
(#g/cm?) accumulated versus time in seconds are shown in Figure 3.13 and
were used with all two-dimensional flow models. The upper part of the



collector mechanism was modified for engine inlets as shown in Figure
3.14 to measure LWC at four different locations simultaneously. This
was done to record variations in cloud uniformity and therefore liquid
water content (LWC) over the projected area of the inlet. When
calculating the local impingement efficiency (3 ) on different locations
on the inlet surface, local variations in LWC must be considered. The
calibration for the four blade collector is shown in Figure 3.15.

The number of tests performed to calibrate the collector and the
corresponding test conditions are given in Appendix G.

As explained in Section 3.2, the collector does not capture all the
particles travelling within its frontal area. To calculate the water
droplet cloud LWC, the collector Tlocal impingement efficiency must be
determined first. The method and code of Reference 18 were employed to
develop a theoretical local impingement efficiency curve versus droplet
mean volumetric diameter for the collector. The results are shown in
Figure 3.16 and 3.17. For large particle droplet size (MVD = 20.36,
Pair/Pwater = 0.65), the collector efficiency is 0.89 (89 percent). For
the smaller droplets (MVD = 16.45, Paiyr/Pyater = 0.80), the collector
efficiency is 0.86 (86 percent).

To determine the LWC, the amount of dye per unit time of collector
exposure given by Figure 3.13 or 3.15 is divided by the collector local
impingement efficiency determined from Figure 3.16 and 3.17 (given the
MVD of the cloud) and by the concentration of the dye solution.

LWC = mass of dye per unit time on ellector blotter strip / E collector for given MVD

concentration of dye solution

3.8 Mass Flow Measurements

The flowfield around an engine inlet depends on free stream conditions
and engine inlet mass flow. For illustrative purposes, consider a thin-
walled circular air inlet with no center body and a means of regulating
air flow through the inlet. Also incompressible flow has been assumed
so that A

inlet w

\'

w inlet

Figure 3.18 shows the three possible situations that can arise:

a. A o1 > Ajplet (capture ratio A o1/Ainlet = 1, Vinlet/Vo > 1)
corresponds to a large engine inlet mass flow, typical of
take-of f power settings.
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b. Aw2 = Ajnlet (capture ratio Aw2/Ainlet = 15 Vinlet/Vew = 1)
the diameter of the inlet air stream tube 1is equal to the
inlet diameter. The air mass flow through the inlet is less
than in the case above if V4, = constant.

c. If the engine mass flow is reduced further then A &3 <Ajplet
which corresponds to a capture ratio Aw3/Ajplet of less than
1 and a velocity ratio Viplet/Ve Of less than 1, typical of
holding, climb and descent flight conditions.

Clearly the water droplet impingement characteristics, all other flow
conditions being equal, depend considerably on engine inlet mass flow.
Thus, to provide a complete data base, the inlets must be tested at
various mass flows.

To provide the required inlet mass flow variations, the suction system
of the IRT was used. The system consists of a very large vacuum system
located outside the tunnel and a long 24 inch internal diameter (ID)
pipe that connects the vacuum system to the tunnel test section. The
vacuum is maintained by means of remote vacuum pumps. A regulating
valve which can be opened or closed electrically from the tunnel control
room is used to adjust the suction required. In order to connect the
engine inlet to the vacuum system, a 12 inch ID rubber hose and a steel
elbow arrangement were designed and manufactured (see Figure 3.19). The
rubber hose was found to be the easiest way for allowing engine inlet
angle of attack to vary.

The suction system had to be calibrated prior to engine inlet testing
since no mass flow measuring method existed. Details of the calibration
system and procedure are given in Appendix B. Basically, the mass flow
in the suction duct was measured using a KURZ velocity and temperature
probe inserted in the NASA 24 inch ID duct. The calibration curve for
the probe showing volts versus mass flow in T1bm/min is given in Appendix
B. The mass flow was measured by means of a digital voltmeter connected
to the probe. The voltmeter was located in the tunnel control room.
Voltmeter readings, corresponding mass flows converted to 1bm/sec
obtained from the calibration curve and corresponding inlet capture
ratios are given in Table 3.4.

TABLE 3.4
MASS OF EXHAUSTED AIR

VOLMETER READING MASS FLOW APPROXIMATE
(VOLTS) (LBM/SEC) CAPTURE RATIOS
FOR INLET MODELS
5.2 22.97 1.00
3.9 17.22 0.75
2.6 11.47 0.50




3.9 Model Aerodynamic Data Acquisition

Particle trajectories depend on the flow field about a given body. When
comparing experimental and analytical water droplet trajectory data, it
is important to verify that the experimental and analytical flow fields
are in good agreement. This is particularly true in the case of a large
body, such as an engine inlet, being tested in a wind tunnel. The
effect of tunnel walls and tunnel turbulence on the flow field about the
body must be considered and appropriate corrections for such effects
must be applied.

Prior to acquiring droplet impingement data for the two engine inlet
models, the pressure distributions on the surface of the models were
measured. Pressure measurements were performed at an indicated air
speed of 165 mph, two angles of attack and two inlet mass flows with the
spray system off. Three sets of pressure measurements were obtained for
each configuration to establish repeatability of the data. A total of
34 static pressure taps were available on the axisymmetric inlet and 88
static pressure taps on the 737-300 inlet. The Tlocations of the
pressure taps are given on Figure 3.20. The test configurations for
each inlet are summarized in Table 3.5.

TABLE 3.5

ENGINE INLET TEST CONFIGURATIONS FOR
AERODYNAMIC DATA ACQUISITION

ANGLE OF
T e | MASS FLOW | REPEATS
(DEGREES) | (LBM/SEC)

; 17.20 3
AXISYMMETRIC 22.96 3
34 PRESSURE TAPS 15 p—_— ,
22.96 3
] 17.20 3
737-300 22.96 3
88 PRESSURE TAPS 15 1720 5
22.96 3

To measure the pressure distribution, spaghetti tubes (small plastic
pneumatic tubes 0.1 inch in diameter) were used to connect the static
pressure taps on the inlet to the automated pressure data acquisition
system available at the NASA IRT. Each spaghetti tube was blown out and
checked after installation using compressed air. The tubes were carried
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out of the test section through a four inch diameter cylindrical pipe
mounted on top of the engine inlet supporting body (see Figure 3.19).
Before the start of an engine inlet aerodynamic test, a set of pressure
measurements were taken at zero airspeed to verify that the pressure
data acquisition system was working properly. The pressures were
recorded and printed out using a microcomputer.

To test for pressure distribution, the angle of attack of the inlet was
set to the required value, the tunnel airspeed (indicated) was brought
to 165 mph, and the engine mass flow adjusted to the desired level.
Once all conditions were stable the surface pressures were recorded.
Each set of pressure measurements took a few seconds to complete.

Example measurements for both inlets are given in Section 6.3 where
experimental data are plotted and compared to analytical pressure
distributions.

3.10 Model Impingement Data Acquisition

In this section, the sequence of steps used to obtain water droplet
impingement data of the test geometries considered is described:

a. The pressures for air and dyed water of the spray system were set
to the required levels. Typically, these pressures were 100 psig
(at the nozzle) for water and 65 or 80 psig for air, depending on
droplet size desired (Table 3.3).

b. The timer which activates the water solenoid valve was set to 2 or
2.5 seconds depending on the air/water pressure ratio used. The
shorter time period corresponds to the smaller pressure ratio
(higher LWC). A short spray time is required to avoid blotter
saturation.

c. Blotter strips typically 1.5 inches wide and of various length,
depending on the model being tested, were attached to the forward
(upstream) facing surface of the model at strategic locations.
Blotter strips have a smooth and a rough side. Care must be taken
when positioning the strip on the model so that the rough side of
the blotter is against the surface of the body being tested. A
strip identification code appropriate to the test being conducted
was written on the rough side of the blotter strip. The strip was
attached to the body by means of aluminum tape. Figures 3.21, 3.22
and 3.23 show examples of blotter strip locations for the engine
inlet models tested.

d. The following tunnel conditions were set prior to each impingement
test:

- airspeed
- temperature

- humidity (approximately)



and the following test variables were recorded (see Appendix G):
- Tunnel indicated airspeed (mph)

- Tunnel air, static (psia) and dynamic pressures (inches of
water)

- Air average total temperature measured at three different
locations upstream of spray bar system(°F)

- Dew point temperature (°F)

- Spray system pressures from electric transducers and pressure
gauges (psig)

- Spraying time = time water solenoid valve remains open + 0.33
seconds (see Appendix G)

- Dyed water concentration (typically 0.5 #g dye/1 liter of water)

- Test identification number

e. This step applies to engine inlets only. The engine inlet air mass
flow was adjusted to the required level by opening or closing the
air regulating valve of the suction system. A precalibrated
digital voltmeter was used to record engine inlet mass flow (see
Appendix B).

f. The spray system was activated and a dye deposit was obtained on
the blotters. The tunnel airspeed was reduced to about 10 mph
(idle speed), the blotter strips were carefully removed from the
model and were taken out of the tunnel. The strips were allowed to
dry and then they were placed in envelopes for storage. Each
envelope was labeled appropriately for future reference.

g. Before the next test began, the surface of the model was wiped dry
and new blotter strips were placed on the model.

Test times varied depending on model. Two dimensional models required

approximately 5 to 10 minutes per test while engine inlets tests took 20
to 30 minutes to complete.
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FIGURE 3.9
SINGLE BLADE REFERENCE COLLECTOR MECHANISM, FRONT VIEW.
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FIGURE 3.10
SINGLE BLADE REFERENCE COLLECTOR MECHANISM, SIDE VIEW.
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4 INCH CYLINDER
<— HOUSING THE
SPAGHETTI TUBES

ELBOW CONNECTED TO
NASA SUCTION SYSTEM
FLEXIBLE HOSE

FIGURE 3.19

INSTALLATION OF BOEING 737-300 INLET IN THE IRT TEST SECTION
(LOOKING DOWNSTREAM).
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BOEING 737-300 INLET

FIGURE 3.20

STATIC PRESSURE TAP LOCATIONS FOR AXISYMMETRIC AND
BOEING 737-300 INLETS (PAGE 1 OF 3).
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FIGURE 3.23

BLOTTER STRIP LOCATIONS ON BOEING 737-300 INLET
FOR a = 0° AND a = 15° TESTS.



4.0 TEST MODELS AND CONDITIONS

Descriptions of the test models, model 1location in the tunnel test
section and test conditions are given in this section.

4.1 Two-Dimensional Flow Models

The two-dimensional models tested are listed in Table 4.1. Their
streamwise sections are presented in Figure 4.1. The coordinates for
the NACA 652015 airfoil, MS(1)-0317 airfoil and ice shapes are given in
Figure 4.2. The airfoils and the four inch cylinder spanned the 6-foot
height of the tunnel. All ice shapes were 18 inches in span and were
mounted on a two inch cylinder as shown in Figure 4.1.

TABLE 4.1
TWO-DIMENSIONAL TEST MODELS

CHORD
LENGTH IN SPAN
MODEL STREAMWISE INCHES REMARKS
DIRECTION,
INCHES
CYLINDER 4 72 STEEL PIPE MOUNTED AT CENTER
OF TURNTABLE.
652015 13 72 WOODEN MODEL. LEADING EDGE

WAS 5 INCHES AHEAD OF
TURNTABLE CENTER.

MS(1)-0317 36 72 WOODEN MODEL. LEADING EDGE
WAS 14.75 INCHES AHEAD OF
TURNTABLE CENTER.

3-ICE 2* 18 SMALL GLAZE, LARGE GLAZE AND
SHAPES RIME. ALL ICE SHAPES WERE
MOUNTED ON A 2-INCH DIA-
METER CYLINDER. THE CYLINDER
WAS 72 INCHES IN SPAN.

* CHORD REFERENCED TO THE UNACCRETED BODY

The Tlocations of the airfoil sections with respect to the tunnel
turntable center are shown in Figure 4.3. The leading edge of each of
the two-dimensional models was about 200 inches downstream from the
entrance to the test section.

The cylinders and the 652015 models were chosen so that results obtained

with the present method can be compared with existing data taken during
NACA tests of the 1950's. In addition, analytical predictions of
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droplet impingement are easy to generate for these models for comparison
with experimental data.

The MS(1)-0317 airfoil was chosen because it is representative of the
family of supercritical airfoils. Such airfoil sections are used on
modern high speed transport aircraft.

Computer trajectory codes (Reference 18) are often used to determine
impingement characteristics of bodies with ice growth. The ice shapes
and accumulation are important factors in such studies. The simulated
ice shapes tested are representative of the types often encountered on
aircraft surfaces.

4.2 Engine Inlets

The axisymmetric inlet and the Boeing 737-300 (0.2547 scale) model,
employed in this test, were provided by the Boeing Commercial Airplane
Company. These models were chosen because they: (a) represent modern
inlet designs, (b) have well defined surface geometries so that accurate
flow field data can be obtained from analytical codes and (c) have a

sufficient number of built-in static pressure taps for measuring surface
pressure distributions.

The fan face, throat and highlight areas for the axisymmetric and Boeing
737-300 inlets are given in Table 4.2. Brief geometry definitions for
the two inlets are given in Figures 4.4 and 4.5. Complete 737-300
geometry is available on computer tape (Shaw, R.J., NASA, Lewis Research
Center). The center body for the 737-300 inlet is shown in Figure 4.6.
No center body was used with the axisymmetric inlet.

TABLE 4.2

FAN FACE, THROAT AND HIGHLIGHT AREAS FOR
AXISYMMETRIC AND BOEING 737-300 INLETS

GEOMETRY 737-300 INLET AXISYMMETRIC INLET
FAN FACE AREA ~ IN2 149.77 176.71
THROAT AREA ~ IN2 143.01 141.95
HIGHLIGHT AREA ~ IN2 185.58 181.70

The 737-300 inlet, support assembly and mass flow connections were shown
earlier in Figure 3.19. A close up view of the aluminum brackets used
to attach the inlet to its cylindrical support is given in Figure 4.7.
The axial Tlocations of the engine inlet vertical plane and compressor
face with respect to the tunnel axis are shown in Figure 4.8.



4.2.1 Axisymmetric Geometry - Axisymmetric Flow

An axisymmetric inlet at an angle of attack of zero degrees represents
the simplest flow case for an engine inlet. Test results obtained for
this case can be used to validate existing codes (see for example
References 18 and 19) which can only handle simple geometries and
axisymmetric flow fields.

4.2.2 Axisymmetric Geometry - Three Dimensional Flow

A number of computer codes capable of predicting three dimensional flow
fields have only axisymmetric geometry capability and thus cannot handle
complex three dimensional geometries. To help validate such codes an
axisymmetric inlet model was tested at an angle of attack of 15 degrees
and two different mass flows (Table 4.3). The angle of attack produces
a three dimensional flow field around the axisymmetric inlet.

4.2.3 Three Dimensional Geometry - Three Dimensional Flow

For this test case, a Boeing 737-300 inlet was tested at various mass
flows and two angles of attack as indicated in Table 4.3. This inlet
has a complex three dimensional geometry, a three dimensional flow field
and can be analyzed by some recently developed codes (Reference 4). The
data base produced from the present tests can be used to validate these
codes which are capable of predicting particle trajectories about inlets
with complex geometries in three dimensional flows.

4.3 Test Condition Matrix

Models tested, individual test conditions, test configurations and
number of blotter strips used for each configuration are shown in Table
4.3. The tests produced a total number of 550 blotter strips (including
120 reference collector strips). Data from these strips were reduced by
scanning along the 1length of each strip at three different width
locations (see Figure 5.12) using the automated data processing system
discussed in Section 5.

A variety of test models and conditions were selected to provide an
extensive data base. The angle of attack of the NACA 652015 and super-
critical MS(1)-0317 airfoils was limited to 8 degrees to avoid flow
separation. The engine inlet angle of attack was limited to 15 degrees
to keep the inlet models well within the uniformity region of the IRT
tunnel (see Figure 4.8). The flow about the inlet was attached as can
be seen from the test pressure data presented in Section 6.

The spray pressure ratios chosen (0.8 and 0.65) correspond to water
droplet clouds with an MVD of approximately 16.45 and 20.36 microns
which are representative of realistic icing cloud conditions.

Engine inlet mass flows of 22.96 1bm/sec, 17.2 1bm/sec and 11.47 1bm/sec
correspond to capture ratios of 1, 0.75, and 0.5 respectively. These
capture ratios are representative of various flight conditions as shown
in Table 4.4.
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TABLE 4.4
747 ANTI-ICING FLIGHT CONDITIONS (REFERENCE 20)

ALTITUDE  FIGHT “AREA
. RATIO
0 TAKE-OFF 0.24 2.05
5,000 CLIMB 0.60 0.84
10,000 HOLD 0.40 0.82
15,000 CLIMB 0.73 0.76
15,000 DESCENT 0.68 0.49

Each set of conditions was repeated three times to obtain a statistical
average. For the cylinders, the tests were repeated four times per
condition.

The single blade reference collector was calibrated using six different
exposure times, two locations and two droplet sizes giving a total of 24
tests. This collector was wused to determine the cloud liquid water
content for the 4 inch cylinder, airfoils and ice shapes.

The four blade reference collector was calibrated using two exposure
times, two locations, and two droplet sizes and three repeats giving a
total of 24 tests. The results obtained from the four blade collector
tests were used to determine the cloud liquid water content for engine
inlets.




(A) 4 INCH CYLINDER

zZ/c MAXIMUM THICKNESS
* LOCATION
075
0
075 f
T  — T T T T T T y X/C
0 0.2 0.4 06 0.8 1.0

(B) 652015 AIRFOIL

FIGURE 4.1

TWO-DIMENSIONAL TEST MODEL SECTIONS
(PAGE 1 OF 3).
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,_._r‘-_&’ tpper surfoce
12

=
DN
//

AN

)

— 1 —]
== =
— R =]
6 8 0
0 2 4 x/c
z v \ Tat] e T
(per cent ¢) | (per cent ¢c) i /vy L a8y
0 0 PN 0 2.038
0.5 1,124~ 0.654 0.809 1.729
0.75 1.356 0.817 0.904 1.390
1.25 1.702 0.939 0.969 1.156
2.5 2.324 1.063 1.031 0.920
5.0 3.245 1.184 1.088 0.682
7.5 3.959 1.241 1.114 0.563
10 4.555 1.281 1.132 0.487
15 5.504 1.336 1.156 0.393
20 6.223 1.374 1.172 0.334
25 6.764 1.397 1.182 0.290
30 7.152 1.418 1.191 0.256
35 7.398 1.438 1.199 0.227
40 7.498 1.452 1.205 0.203
45 7.427 1.464 1.210 0.184
50 7.168 1.433 1197 0.160
55 6.720 1.369 1.170 0.143
60 6.118 1.297 1.139 0.127
656 5.403 1.228 1.108 0.109
70 4.600 1.151 1.073 0.006
75 3.744 1.077 1.038 0.078
80 2.858 1.002 1.001 0.088
85 1.977 0.924 0.961 0.052
20 1.144 0.848 0.920 0.038
95 0.428 0.773 0.879 0.026
100 0 0.897 0.835 0
L.E. radius: 1.505 per cent ¢

NACA 652015 AIRFOIL COORDINATES
FIGURE 4.2
GEOMETRY OF TWO-DIMENSIONAL TEST MODELS (PAGE 1 OF 5).



MS(1)-0317 AIRFOIL COORDINATES

ikt UPPER LOWER
0.00000 0.00099 0.00099
.00200 01248 -.00857
.00500 .01950 -.01366
01250 03099 ~.02105
02500 04322 -.02866
03750 .05210 -.03423
105000 105893 ~03865
07500 .06840 -.0a541
110000 07511 -.05058
12500 -08033 —05a77
15000 08454 -.05817
17500 .08805 -.06099
.20000 .09096 -.06330
22500 .09339 -.06527
25000 .09536 -.06685
27500 109694 ~06812
130000 09815 -.06909
32500 .09901 -.06978
35000 109952 —07021
37500 .09972 -.07036
.40000 .09956 -.07019
142500 109909 206967
45000 .09826 -.06880
47500 .09700 -.06755
50000 09535 —06591
52500 .09323 -.06389
55000 09073 -.06138
57500 08777 —.05845
60000 .08448 -.05501
62500 .08079 -.05106
65000 07672 ~.08674
67500 07232 -.04214
70000 .06763 03735
72500 106269 ~03255
75000 05755 -.02780
77500 05225 -.02309
80000 04687 —01857
82500 08132 -.01433
85000 03576 01049
87500 03013 —00719
90000 .02444 -.00460
92500 .01873 -.00289
195000 01302 00232
97500 .00720 -.00324
1.00000 00125 -.00597
FIGURE 4.2

GEOMETRY OF TWO-DIMENSIONAL TEST MODELS (PAGE 2 OF 5).
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1.0000000
0.9310589
0.76489684
0.4999999
0.3584803
0.2220708
0.0909448
-0.0042106
-0.0580197
-0.0852500
-0.0839192
-0.0760491
-0.0410039
0.0204154
0.1165746
0.2490747
0.3854153
0.5395039
0.7645295
0.9271240
0.9984390

Y/c

0.0000000
-0.2533504
=0.4336042
=0.4999999
=0.5004880
-0.5181849
=0.4870098
=0.3840905
=0.25476400
=0.1170353

14262952
2599290
03964449

(= e e o e e B e e e e )

COORDINATES FOR 2 MINUTE GLAZE ICE ACCRETION
DATA FROM NASA - LEWIS)

0508 m

L L I I |
HOOCOOO0OO0OO0OO0OO0OOOOODODOOOOO

LA I U A R T B |
o000 0o0DOoDOoOoO0O00OOD

(NOTE:

= 2.0"

.9980649
.9071791
.7108700
.4759901
.3355491
.19919438
.0726606
.0170197
.0644389
.0850000
.0852854

0694646

.0333346
.0348799
.1383858
.2716141
.4083858
.5788838
.7971752
.9459153
.0000000

.0439291
.2901789
.4533602
.4999999
.4961358
.5234605
.4728503
.3643640
.2321455
.0935157
.0660394
.1819841
.31647538
.4334054
.5179999
.5008640
.5053602
.49374601
.4021042
.2261790
.0000000

L L I |
=== - - - - NN F-Y-T-]

L T I T I I I |
cCoococooocooco000000o00oOO0oO

.9922500 0.9825492
.8801693 0.8502499
.6710334 0.6297538
.4524940 0.4290000
.3122243 0.2890708
.1762047 0.1531397
.0558996 0.0394547
.0281004 =0.0373091
.0698149 =-0.0747105
.0850000 -0.0854055
.0850196 -0.0853640
.0637953 -0.0585098
.0256988 =-0.0163307
.0477657 0.0610098
.1608444 0.1835490
.2944901 0.3174704%
.4313503 0.45642657
.6178936 0.656283%
.8279586 0.8566948
.9620984 0.9755492
.0000000 0.0000000
.0876947 =0.1309448
.3267655 -0.3568247
.46983645 -0.4828699
.6999999 -0.4999999
.4949743 -0.4965157
.5227931 -0.5178602
.4561396 -0.4393857
.3437046 -0.3220746
.2092795 -0.1862951
.0700197 -0.0465000
.0690197 0.0919939
.2042341 0.2265805
.3366448 0.3573306
.45264644 0.4709704
.5230097 0.5255294
.4998089 0.4999999
.5052793 0.50626439
.4859053 0.4769507
.3774153 0.3503856
.1909507 0.1544388
.0000000 0.0000000
FIGURE 4.2

= ;
=0.
.4923149
.49599999

=0
-0

-0.
=0.
=0.
.2999350
.1634546
=0.0231201
0.1148994
0.26490747
0.3772105
0.48460643
0.
0
0
0
0
0
0

-0
=0

.9689901
.8188995
.5873248
.4054999
.2673995
.1303445
.02647559
.0450689
.0804842
.0842637
.0862637
.0538406
.0048189
.0794842
.2056909
-3403739
.4771695
.6938090
.8823385
.9861495
.0000000

1733644
3851002

5057697
5121495
6210649

5205452

.5000687
.5024742
.4609094
.3222046
.1168700
-000000p

+y

cooooocooo00o

=R =R=Ro=R=f—N=N=lN=N-F_]

X

.9516240
.7850649
.5440689
.3820097
.24460643
.1108405
.0099842
.0515197
.0849507
.0799999
.0813838
.0681850
.0073898
.0971141
.2272854
.3626055
-4999999
.730224%
.9058799
.9938051
.0000000

.2145551
.4107795
.4980550
.4999999
.5114841
.%4995293
.4027755
.2773307
.1404801
.0000000
.1376947
.2712952
.3966594
.4993896
.5124488
.5055137
.4999999
.4638444
.2919939
.0784606
.0000000

GEOMETRY OF TWO-DIMENSIONAL TEST MODELS (PAGE 3 OF 5).



(NOTE:
C = .0508m = 2.0
X
/c
1.0000000 0.9955845 0.
0.8493739 0.8019350 0.
0.4999999 0.4750000 0.
0.3500039 0.3271397 0.
0.2181849 0.1949153 0.
0.0768602 0.0531102 0
-0.0670748 =0.0905353 -0
-0.2109507 =0.2345138 =0
-0.3545334 =-0.3786653 -0
-0.4962854¢ =-0.5190787 -0
-0.6274232 -0.6372184 -0
-0.6162440 -0.6050000 -0
-0.6408148 -0.6372184 -0
-0.5421200 -0.5190787 -0
-0.4023188 -0.3786653 -0
-0.2581850 =-0.2345138 -0
-0.1139252 ~-0.0905353 -0
0.0286496 0.0531102 0
0.1713247 0.1949153 0
0.3068798 0.3271397 0
0.4499999 0.4750000 0
0.5662991 0.6303247 0
0.8493739 0.8934783 0
1.0000009 0.0000000 0
Y
c
0.0000000 -0.0663148 -0
-0.3576849 -0.3985392 -0
-0.4999999 =-0.4999999 =0
-0.4976396 =0.4890904 =0
-0.4314350 -0.4230944 -0
-0.3854251 -0.3786239 -0
-0.3493996 -0.3413443 -0
-0.3142439 -0.3064743 -0
-0.2758935 -0.2703640 -0
-0.2314290 -0.2217145 -0
-0.1633305 =-0.1414644 -0
-0.0220905 0.0000000 0
0.1167400 0.1414644 0
0.2126239 0.2217145 0
0.2630649 0.2703640 0
0.2990806 0.3064743 0
0.3331042 0.34136443 0
0.3746553 0.3786239 0
0.4156389 0.4230944 0
0.4781240 0.4890904 0
0.4999999 0.4999999 0
0.4955845 0.4827145 0
0.3576849 0.3085038 0
0.0000000 0.0000000 0

COORDINATES FOR 15 MINUTE RIME |CE ACCRETION

DATA FROM NASA - LEWIS)
9822499  0.9605433  0.9307696
7490787  0.6915748  0.6303247
4499999  0.4250000 0.3999999
3048798 0.2812636  0.2604842
1713247  0.1478208  0.1242990
0286496  0.0051909 =-0.0187087

.1139252 =-0.1379389 ~-0.1625649
2581850 =-0.2820334 =-0.3059940
4023188 =-0.4257342 =-0.4492283
5421200 =-0.5655531 =-0.5863090
166408148 =-0.6402085 =-0.6357145
6162440 =-0.6269193 -0.6357145
16274232 =-0.6073444 ~-0.5863090
4962854 =-0.4728700 =-0.4492283
.3545334 -0.3301790 =0.3059940
2109507 =-0.1870747 =0.1625649
0670748 =-0.0430098 =-0.0187087
0768602 0.1004448  0.1242990
2181849  0.2397696  0.2604842
3500039  0.3749999  0.3999999
4999999  0.0000000  0.0000000
6915748  0.7490787  0.8019350
9307696  0.9605433  0.9822499
0000000 0.0000000 0.0000000
1320451 =-0.1946692 ~-0.2538443
.4335451 =-0.46184046 ~-0.4827145
4999999 -0.4999999 -0.4999999
47812640 =-0.4705846 ~-0.4572695
4154389 -0.4075805 =-0.3997794%
.3746553 -0.3666751 =-0.3602361
3331042 =-0.3274290 =-0.3243051
2990806 ~-0.2923386 =-0.2859999
12630649 =-0.2549054 =0.2469901
©2126239 -0.2047302 =-0.1912596
1167400 =-0.0919152 =-0.0675707
0220905 -0.0444941  0.0675707
1633305 0.1775905  0.1912596
.2314290  0.2395098  0.2469901
2758935  0.2806004  0.2859999
13142439  0.3206338  0.3243051
13693996  0.3552341  0.3602341
3854251  0.3930590 . 0.3997794
4314350 0.64435846  0.4572695
4976396  0.4999999  0.4999999
4999999  0.0000000  0.0000000
4618404  0.4335452  0.3985392
2538443  0.1946692  0.1320451
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NACA 652015 AIRFOIL WITH BLOTTER STRIPS INSTALLED
FIGURE 4.3

TWO-DIMENSIONAL TEST MODELS AND LOCATIONS IN THE IRT TEST SECTION
(PAGE 2 OF 4).




SUPERCRITICAL AIRFOIL MS(1)-0317
FIGURE 4.3

TWO-DIMENSIONAL TEST MODELS AND LOCATIONS IN THE IRT TEST SECTION
(PAGE 3 OF 4). 79
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/ /> COMPRESSOR
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B
LIP DIFFUSER

2.208"

8.401"

FIGURE 4.4

AXISYMMETRIC INLET
(PAGE 1 OF 4).
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EXTERNAL COWL LINES (C)
AXISYMMETRIC REFERENCE INLET

* DHI/DmaX = .78
R DY /DX RC
0 7.605 o .353
) 7.91%5 1.5742 827,
.2 8.046 1.1113 1.185
-3 8.145 .9030 1.573
.4 8.229 L7773 1.988
.5 8.302 . 6905 2.426
.6 8.368 . 6257 ] 2.884
.7 8. 428 .5748 3.361
.B 8.483 .5333 3.854
.9 8.535 . 4986 4,362
1.0 8.583 . 4689 4,882
1.5 8.789 .3652 7.627
2.0 8. 954 .3001 10.516
2.5 9.092 .2532 13.450
3.0 9,205 L2167 16.353
3.5 9.310 . 1868 19.168
4.0 9.397 .1613 21.847
4,5 9.472 .1389 24,352
5.0 9.536 .1188 26.652
5.5 9.591 .1004 28.719
6.0 9,637 .0833 30.532
6.5 9.674 L0672 : 32.074
7.0 9.704 .0519 33.329
7.5 9,726 .0370 34,287
8.0 9,741 .0226 34,940
8.5 9,749 .0083 35.282
8.795 9.750 0 35.336

I

L

)
SUPER ELLIPSE:

N
i

ZERO X-REFERENCE IS THE HILITE

¥ RC = RADIUS OF CURVATURE
96 DY/DX = SLOPE
e ntES R = RADIUS (INCHES)
X = AXIAL DISTANCE (INCHES)
FIGURE 4.4
AXISYMMETRIC INLET

(PAGE 2 OF 4).



INLET LIP LINES (B)
AXISYMMETRIC REFERENCE INLET

C.R. 1.28
X R DY/DX
0 7.605 1.3188
.1 7.342 1.2834
2. 7.238 .8746
.3 7.161 .6868
ke 7.098 .5705
.5 ?.045 .4882
.6 7.000 . 4250
7 6. 960 .3740
.8 6.925 .3311
.9 6.854 .2941
1.0 6.866 .2614
1.1 6.841 .2320
1.2 6.819 .2052
i.3 6.800 .1804
1.4 6.783 .1572
1.5 6.769 .1353
1.6 6.756 1145
1.7 6.746 0945
1.8 6.737 .0752
1.9 6.731 0563
2.0 6.726 .0378
2.1 6.724 .0195
2.2 6.722 .0014
2.208 6.722 0
ZERO X - REFERENCE IS THE HILITE

]
1

e AIIHL

‘ELLIPSE:

2.0 -0
X y
(u ) * (13%5 =1
a = 2,208 INCHES
b = 0.883 INCHES

FIGURE 4.4

AXISYMMETRIC INLET
(PAGE 3 OF 4).
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INLET DIFFUSER LINES (A)
AXISYMMETRIC REFERENCE. INLET

X R DY/DX RC

0 6.722 0 5.519
. 160 6.724 .0279 5.973
.320 6.731 .0536 6.563
.480 6.741 .0768 7.341
.640 6.755 .0975% 8.395
.800 6.772 .1154 9,884
. 960 6.792 .1305 12.126
1.120 6.814 . 1424 15.867
1.280 6.837 .1511 23.346
1.600 6.887 . 1584 P
1,760 6.912 4
1.920 6.938 4
2.080 6.963
2.240 6.989
2.400 7.014
2.560 7.039
2.720 7.065
2.880 7.090
3.040 7.115
3.200 7.141
3.360 7.166
3.520 7.191
3.680 7.217
3.840 7.242 !
2°?23 ;'Sgg 1584 w
4.320 7.318 . 1571 -67.695
4.480 7.343 . 1535 -34,728
4,640 7.367 . 1477 -23.750
4.:800 7.390 .1397 -18.273
4,960 7.412 . 1297 -15.001
5.120 7.431 .1178 -12.835
5.280 7.449 .1043 -11.304
5.440 7.465 .0891 -10.175
5.599 7.478 .0725 -9.319
5,759 7.488 .0545 -8.656
5.919 7.495 .0354 -8.138
6.079 7.499 .0152 ~7.734
6.193 7.500 0 -7.500

ZERO X REFERENCE IS THE THROAT

FIGURE 4.4

AXISYMMETRIC INLET
(PAGE 4 OF 4).




FIGURE 4.5

BOEING 737-300 INLET
(PAGE 1 OF 2).
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5.0 DATA REDUCTION METHOD

In the present dye-tracer technique, the spatial variations in the
concentration of the dye on the blotter are determined by reflectance
spectroscopy. The reflectance method is based on the assumption that
the surface reflectance of the paper is a measure of the dye mass per
unit area on the paper. Knowledge of the dye concentration in the spray
water then gives water impingement.

The blotter paper strips are illuminated with Tight from a He-Ne laser.
Light diffusely reflected from the paper is collected by a lens and
focussed onto a silicon photodetector. The voltage from the silicon
photodetector decreases as light is absorbed by the dye, the amount of
absorption being related to the concentration of dye deposited on the
paper. An automated reflectometer with digital data acquisition system
was developed to extract the raw data from the blotter paper strips,
calculate the impingement efficiency curves, print and plot the results.
Details of the various aspects of the technique and data reduction are
described in the remainder of this section.

5.1 Reflectance Spectroscopy

Reflectance from a surface can be considered either specular (or mirror-
like) when the angle of the reflected beam makes the same angle to the
normal as the incident beam; or diffuse when the reflected light is
observed at any angle other than that of the specular reflection.
Reflection from most real surfaces is a combination of specularly and
diffusely reflected light. The blotter paper is primarily a diffuse
reflector. This means that for any angle of incidence some of the
diffusely reflected light will be detected at every angle within a
hemisphere around the point of intersection between the beam of Tlight
and the paper. The diffuse reflectance of a non-absorbing mat surface
can be expressed by

R = (I )/ cosa cosd (5-1)

where 15 is the maximum intensity of the diffusely reflected light at
perpendicular incidence, « is the angle of incidence and @ is the angle
of observation (Reference 21). Figure 5.1 shows a typical reflectance
curve for the blotter paper used in these experiments as a function of
angle of observation.

5.1.1 Theory-Assumptions

The transmission and reflection of Tlight in highly scattering media is
usually modelled by the Kubelka-Munk theory. The theory considers two
beams propagating normal to the surface of the material, a transmitted
beam and a reflected beam (Figure 5.2). The intensity of the incident
is Io. This can be described by the following system of differential
equations:



d
S S_SHKIi+ S
d

where:

X (5-2)
di
J __S+K)j+ Si
dx
i = ‘intensity of light travelling inside the specimen towards its
unilluminated surface
J = intensity of light travelling inside the specimen towards its
illuminated surface
S = coefficient of scatter per unit depth or thickness
K = coefficient of absorption per unit depth or thickness
x = distance from the unilluminated surface of the specimen

The key assumptions of the Kublelka-Munk theory are the following:

a.

b.

The light beam is collimated and normal to the plane of the sample

The reflections and absorptions occur at infinitesimal distances
and are constant over the frequency range of the light, the area
illuminated by the beam and the depth of the sample.

The reflected 1light is backscattered (i.e., the reflected beam
travels at 180 degrees to the incident beam).

The material is homogeneous in this way, that the optical in-
homogeneities are incomparably smaller than the thickness of the
specimen and uniformly distributed in the material.

The reflected or transmitted light is not reflected again to the
specimen unless we consider a backing, reflecting the transmitted
Tight in defined manner.

For a two component system consisting of a finitely thick specimen (blue
dye layer) in contact with a backing (blotter paper), Equation (5-2) can

be
F):

integrated over the whole thickness of the specimen to get (Appendix

[ I{g(a—b coth(bSX))

R — (5-3)
a+ b coth(bhSX) - RH
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where

R = J/I Light reflectance of a specimen or fraction of incident
light reflected from the specimen (the specimen generally being
in contact with a backing)

Rg = Reflectance of the backing
4 = S”‘:l(.'_H{)

S 2\R, ™

re— Y1
b = ki'_l:a(l—{-—ﬂm)

Re = Ry, Light reflectivity of the specimen assuming
infinite thickness

X

Thickness of specimen

Details of the Kubelka-Munk theory are given in References 22 and 23.
5.2 Selection of Blotter Paper, Dye and Laser

5.2.1 Blotter Paper

In order to obtain consistent results, the blotter paper should retain
its texture as nearly as possible throughout the program of testing and
chemically be inert to the dye and water. Several different types of
paper were considered for use in these wind tunnel experiments. These
were Whatman 3 MM, James River Paper Company Pulp Testing and James
River Paper Company L100# Verigood Blotting Paper. The James River 100#
Verigood Blotting Paper was found to be the best. Therefore, a box of
250 sheets, 19" x 24", of 100# Verigood blotting paper was purchased
from Southwest Paper Company, a local distributor. Strips of desired
sizes were cut from the large sheets and used in the calibration tests
and wind tunnel tests. Penetration test conducted indicate that the
dye/water solution penetrates less than 50 percent of the thickness of
the paper. In most cases, for the short exposures used, the dye resides
on the top surface of the paper with very little penetration.

5.2.2 Dye

The dye and Tlaser must be considered in combination, since to be
effective the dye must have a strong absorption at the wavelength of the
laser radiation. The laser emits red light at 632.8 nm. This means
that a blue dye would be appropriate. Blue food coloring (FD&C Blue No.



L also known as Brilliant Blue FCF) has many of the properties essential
to these experiments. It is soluble in water, moderately stable to
oxidation and exposure to light and highly stable on exposure to heat.
A plot of the absorption as a function of wavelength is shown in Figure
5.3. The peak of the absorption is at 629.5 nm which is quite close to
the laser wavelength of 632.8 nm.

5.2.3 Laser

The laser used in this system is a Hughes model 3225H-PC He-Ne laser
which emits light at 632.8 nm. Its output power is nominally 5md and
the output beam is polarized. A Spectra-Physics model 147 laser with
unpolarized output was tried but found to be unsuitable because of the
fluctuations in output over a period of time. A Hughes model 3225H-PC
He-Ne laser gave a more stable output.

5.3 Calibration Procedure

To reduce the raw data, a reflectance vs. dye-concentration calibration
curve was developed during the course of this research. This curve is a
standard against which all strips are compared when the data are
extracted from them by the automated reflectometer. The curve depends
only on dye, blotter paper and laser used; therefore, it only needs to
oe defined once. The tests performed and the method used to produce the
data required to define the calibration curve are described in this
section.

5.3.1 Humidity Chamber

A set of test samples of blotter paper were prepared by spraying the
dye/water solution into a chamber and allowing the spray to fall under
gravity onto the paper. By varying the amount of solution sprayed into
the chamber and the amount of time the paper was allowed to remain in
the chamber, the exposure of the paper to the dye solution could be
controlled. Fifteen samples were made in this chamber and ten of these,
whose reflectivities ranged from 84 to 23 percent of the white blotter
paper value, were selected for determining the calibration curve.

5.3.2 Small Wind Tunnel

A similar set of test samples were made in a small wind tunnel at
Wichita State University by wrapping blotter paper strips around an
elliptical airfoil section placed at 90 degrees to the airstream and
spraying the dye/water solution into the tunnel. The tunnel speed was
60 mph. Eleven samples were made by this technique and used along with
humidity chamber samples for determining the calibration curve. The
reflectivities of the wind tunnel samples ranged from 63 to 29 percent
of the white blotter paper reflectivity value.

The main reason for the wind tunnel tests was to study the effect of

droplet penetration into the blotter paper due to droplet momentum. No
significant change in penetration was found. In addition, the spraying
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times required to avoid saturation of the blotter strips were
established.

5.3.3 Elution of Dye

From the 26 test samples produced in the above tests, 18 were selected
to cover the range of reflectivity required to define the calibration
curve. The reflectivity of each blotter test sample was measured and a
uniform reflectance region was identified on each blotter sample. From
this uniform region, three 1 inch diameter discs were punched out giving
a total of 54 discs. These discs were sent to the Wichita State
University Chemistry Lab to determine the mass of dye contained in each
disc using a photospectrometer.

The method of colorimetric analysis, similar to the one used by NACA
during the 1950's impingement tests, was employed to measure the dye
mass on each disc. First, a standard absorbance calibration curve
(Figure 5.4) for the dye used was established for the wavelength where
the dye absorbance is maximum (629.5 nm). Next, each disc provided was
cut into 3 mm squares and the squares from each disc were carefully
collected in a conical centrifuge tube. To each tube containing the
squares from each disc, 2.5 ml of water were added to elute the
material, a mixture of blotter paper and dye. FElution was carried out
with occasional shaking for 24 hours. Thereafter, the contents were
centrifuged and the liquid was passed through a special membrane having
a pore diameter of 0.2 micrometer, with the help of syringe and needles.
This procedure allowed quantitative removal of the fibrous particles
which could interfere in the optical assay method. About 1 ml of
solution from each extract was assayed at the 629.5 nm wavelength. The
optical assay method involved measurement of the 1light absorbance
through the 1 ml solution. The absorbance of each sample was compared
to the standard absorbance calibration curve from which the dye mass per
disc was established. The average reflectivity and dye mass
corresponding to each set of three discs are shown in Table 5.1. These
data plot on a single curve.

It should be noted here that this reflectance calibration procedure
using colorimetric analysis needs to be done only once.

5.3.4 Standard Reflectance Calibration Curve

Figure 5.5 shows the reflectance calibration curve obtained by fitting a
cubic spline to the data of Table 5.1. The measured reflectance, of the
blotter paper - blue dye combination, is normalized to the reflectance
of the bare blotter paper and is plotted vs. dye concentration measured
in micrograms per square centimeter of blotter paper. Clearly, for the
case where there is no dye on the blotter paper, the normalized
reflectance is equal to one.



TABLE 5.1

AVERAGE DYE MASS AND NORMALIZED REFLECTIVITY
VALUES FOR EACH DISC

HUMIDITY CHAMBER SMALL WIND TUNNEL
DYE MASS PER NORMALIZED DYE MASS PER NORMALIZED
DISC ~ ug REFLECTIVITY DISC ~ ug REFLECTIVITY
0.780 0.8443 1.810 0.6274
1.590 0.7037 3.060 0.5279
2.330 0.6196 4.060 0.4433
3.240 0.5193 5.840 0.3946
4.020 0.4507 5.940 0.3831
4.330 0.4232 5.937 0.3672
7.790 0.3603 9.693 0.3316
15.230 0.2643 11.400 0.3090
16.870 0.2320 13.870 0.2910

5.4 Error Analysis

Since the dye mass on the strip is determined from reflectance
measurements, the relationship between normalized reflectance error and
the corresponding dye concentration error must be established. In
addition, the optimum concentration range over which to collect data in
the wind tunnel experiments needs to be defined. From these studies,
the combination of dye concentration and spray time duration required to
keep the dye concentration on the blotter strip within the optimum range
was determined.

An  approximate relationship between the reflectivity and dye
concentration errors can be obtained from Equation (5-3). The
approximation is due to the fact that an exact correlation with the
Kubelka-Munk theory was not established because S, the scattering
coefficient, and K, the absorption coefficient for both the paper and
the dye are not known. We also cannot measure these quantities
accurately enough to determine them. This would require simultaneous
measurements of the total transmitted and total (both specular and
diffuse) reflected power. Furthermore, to spend much effort on this
aspect of the problem did not seem justified, since whether the data
follow the Kubelka-Munk formulas exactly or not, there are certain
qualitative features of the calibration curve from which we can draw
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some conclusions (Reference 24). Figure 5.6 shows a comparison between
the standard reflectance calibration curve and that obtained from
Equation 5-3 using K * X = 2.5, S * X = 3.5, Ry = 0.6. The scattering
(S) and absorption (K) coefficients have been multiplied by the
thickness (X) of the dye layer, since they always appear in combination.
The values for K * X, S * X and R were established by matching the
theoretical with the experimental data.

The absorption coefficient (K) for the dye material can be expressed

by:

5-4
K=& * C (5-4)

where e« 1is a constant of proportionality

¢ is the surface mass density of the dye

Equation (5-3) can now be differentiated with respect to ¢ (Appendix F)
to determine the relationship between the fractional error in dye mass
density (dc/c) due to a given error (dR) in reflectance measurements.

Figure 5.7 shows plots of dc/c vs. R for three values of dR. Assuming 1
percent error in reflectivity (dR = 0.01), the result indicates that the
minimum error in these measurements is slightly greater than 8 percent
and that to restrict the dye mass error to less than 10 percent the
reflectivity range for the dye - blotter combination should range from
31 to 87 percent. The shape of the error curve follows directly from
the shape of the calibration curve. Near maximum reflectivity, dc is
some discrete size and c is small resulting in a large relative error.
On the flat side of the reflectivity curve, dc is large for a given
value of dR and c is some discrete size resulting once again in a large
error. In between these two extremes, dc/c decreases to some minimum
value. Similar error curves derived numerically from the standard
reflectivity curve of Figure 5.5 are shown in Figure 5.8. This is the
actual curve used in this study.

5.5 Automated Data Processing

Due to the large number of strips produced from the wind tunnel tests,
an automated data processing system was developed to help speed-up the
process of data reduction. Other advantages of the automated process
are consistency and elimination of possible human error. The automated
processing system consists of an automated reflectometer and digital
data acquisition system.

A schematic of the automated reflectometer and digital data acquisition
system is shown in Figure 5.9. Photographs of the automated



reflectometer and data acquisition system are shown in Figures 5.10-
5.11. The main components of the reflectometer are:

a. A Hughes 3225H-PC He-Ne laser

b. Two EG& FND-100 silicon photodectors

c. A rotating drum with vertical translation

d. A convergent lens

e. Two noise filters with signal amplifiers

f. Power supplies for the various components
The digital acquisition system consists of:

a. A Hewlett Packard microcomputer with dual floppy disk drives

b. Two digital voltmeters

c. A Hewlett Packard plotter

d. A Hewlett Packard printer

In Figure 5.9, the blotter strip is positioned on the drum whose
rotation and vertical translation are controlled by a stepper motor and
a linear actuator, respectively. The stepper motor is capable of 800
steps per revolution. Since the drum radius is 68.26 mm (2.688 in),
this corresponds to a movement of 0.54 mm (0.021 in) per step. This is
approximately 0.57D where (D) is the laser beam diameter. The vertical
motion of the drum is controlled by a linear actuator which moves the
drum in 0.0254 mm (0.001 in) increments. Each blotter strip is scanned
horizontally at three vertical locations Hi, H2 and H3 as shown in
Figure 5.12. The length of each horizontal scan depends on the extent
of dye impingement on the blotter strip. The vertical distance between
horizontal scans is 5 mm (0.2 in) for the engine inlets blotter strips
and 10 mm (0.4 in) for the airfoil and cylinder blotter strips.

The He-Ne laser illuminates the paper at an angle of 100 with respect to
the normal. The reflected (scattered) 1ight is collected over a solid
angle determined by the lens diameter and distance from the paper and is
focused on an EG&G FND-100 silicon photodetector. The signal from the
photodetector is input to an amplifier with gain 500 to 1. Filtering
from high frequency electrical noise is also provided by the amplifier
circuitry. This ensures that electrical noise comparable in magnitude
to the signal is not a problem. The signal from the amplifier is
directed to a digital voltmeter. The voltmeter reading (V1) is fed to
the digital computer and stored on a floppy disk.

During the early stages of the reflectometer design, it was found that
the intensity of the laser beam can vary over long periods of time.
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This can affect the accuracy of the data reduction. The problem was
eliminated using optical feedback. The optical feedback is accomplished
by splitting off a portion of the beam as it exits the laser with a
glass plate at an angle of approximately 45 degrees (Figure 5.13). The
split beam is directed onto a second EG& FND-100 silicon photodetector.
The signal of the detector is passed through another amplifier with a
high frequency noise filter and a gain of 10 to 1. The signal from the
amplifier is directed to a second digital voltmeter. The reading (V2)
from this voltmeter is also stored on floppy disk. During the data
reduction, the microcomputer samples both digital vol tmeters
simultaneously and the two voltages are ratioed by the data acquisition
system to take into account any drift in the output of the laser.

The reflectivity at any location on the strip is calculated from:

(VI/V2)pyed Blotter Paper

(5-5)

(V1/V2) gare Blotter Paper

TO determ‘ine (Vl/VZ)Bare B]otter paper fOI" eaCh Str“ip, da part Of the
strip which does not have any dye deposit is scanned.

Programs were developed to transform the measured voltages into
reflectivity and then into dye mass using the standard reflectivity
calibration curve. The software stores the raw data in files, processes
the data into impingement efficiencies, and prints and plots the
impingement efficiency data.

The complete optical and mechanical system with associated electronics
and power supplies 1is conveniently mounted on two tiered aluminum
plates. Both the instrument and the data acquisition/reduction system
are completely portable. Tests conducted with this system indicate that
the instrument itself will measure reproducibly to + 0.3 percent. The
largest uncertainty in extracting data from an individual strip comes
from the blotter paper itself, which varies about + 1.0 percent in
addition to the instrument uncertainty.

Further details on the data reduction system and an example output can
be found in Appendix C.
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6.0 RESULTS AND DISCUSSION

Local impingement efficiency as a function of surface distance is the

standard method for presenting droplet impingement trajectory results.
The main features of the - curve are:

a. Curve overall shape

b. Magnitude of peak efficiency

c. Location of peak efficiency

d. Extent of the curve tails (impingement 1limits).

The ﬁ- curves presented here are the average of the three runs
performed (Note: Data from three runs consists of nine data curves
since each blotter strip is scanned at three locations, as discussed in
Section 5.5). Prior to averaging the data of repeated runs, the 8-
values are smoothed using a three point moving average technique. A
typical example of the effect of smoothing is shown in Figure 6.1, where
unsmoothed and smoothed data for a 4 inch cylinder are plotted for
comparison.

The ﬁ - curves included here represent a wide variation of test
configurations and test conditions which can be wused to validate
existing trajectory codes. Analytical results from two such codes will
be compared with the test data in the following sections.

6.1 Computer Codes Used for Comparison

Flow field analyses are vrequired prior to particle trajectory
calculations. Two separate codes were used for the flow field analyses.
A 2D/axisymmetric flow code developed at BMA, Wichita (Reference 19) was
used for the flow field analysis for the cylinder, the airfoils and the
axisymmetric inlet at zero degrees angle of attack. For the Boeing 737-
300 inlet (both angles of attack) and for the axisymmetric inlet at 15
degrees angle of attack, a 3D flow code developed at BCA, Seattle
(Reference 25) was wused to calculate the flow field. The
2D/axisymmetric and 3D potential <codes solve the full partial
differential equations of compressible transonic potential flow by a
finite difference method. The 2D/axisymmetric code uses either a block
successive over-relaxation or a strongly implicit scheme, while the 3D
code uses a successive line over-relaxation scheme.

The trajectory codes utilize flow field velocities from the potential
flow codes to trace water droplets through the flow field until they hit
a body or pass out of the area of interest. The water droplet equation
of motion is integrated by a modified Euler scheme for the
2D/axisymmetric code (Reference 18), while a combination of 4th order
Runge-Kutta and Adams predictor-corrector with automatic stepsize
control scheme is used for the 3D code (Reference 4).

To compare the axisymmetric and 3D codes, the axisymmetric inlet at zero
degrees angle of attack was employed. Preliminary runs for this



configuration showed a 9 percent difference in maximum ﬁ between the
two codes for identical flow conditions and particle distributions.
After refining the potential flow grid mesh in both codes, nearly
identical results were produced. The axisymmetric code was also tested
using exact analytical flow field solutions for a cylinder. Good
agreement between the numerical and exact solutions was obtained.

Clearly the degree of grid refinement is very important in calculating
accurate B - distributions. When complex geometries are involved the
program user must have considerable experience or utilize a proven grid
generation computer code to determine how fine the grid should be.
Extensive code validation against experimental data obtained using a
variety of geometries, flow conditions and particle distribution, is
required to help establish guide lines with respect to grid refinement.

6.2 Two-Dimensional Test Impingement Data

Results for the 4 inch cylinder, ice shapes (mounted on a 2 inch
cylinder), 652015 airfoil section and MS(1)-0317 airfoil section are
presented here. The highlight marks and surface distance convention for
the 4 inch cylinder and the airfoils are shown in Figure 6.2. Two
blotter strips were employed for both the 4 inch cylinder and airfoils
at different spanwise locations while only one was employed on each of
the three ice shapes. Strip locations (B, C) for the NACA 652015 and
MS(1)-0317 airfoils are shown in Figure 4.3 of Section 4. Local
impingement efficiency data on strips B and C should be identical in
theory since the flow field is two-dimensional. In practice, small
variations (See Figures 6.3-6.5) are expected due to local variation in
dye uniformity.

Test repeatability for the 4 inch cylinder, the NACA 652015 airfoil at
e = 00 and « = 89 is demonstrated in Figures 6.3 - 6.5. Averaged
local water droplet impingement efficiency curves for all two-
dimensional test configurations are shown in Figures 6.6 - 6.8. The
strip identification letters and run identification numbers of curves
averaged are shown at the top of each plot (RUN ID:) together with
tunnel and spray test conditions. For the cases of symmetric airflow (4
inch cylinder, ice shapes and NACA 652015) about the model, symmetric

distributions are observed (Figures 6.6 -6.7), as expected. For the
airfoils at 89 angle-of-attack, test data shows that the shift in g qax
position results from the shift in flow stagnation point and the
increase 1in total water collected is due to the greater frontal
projected area.

The analytical curves presented agree well with the test data for the 4
inch cylinder and the airfoils at « = 09 and show similar trends. Fair
agreement between test and theory is demonstrated for the NACA 652015
and MS(1)-0317 airfoil sections at e« = 80, The droplet distribution
data employed to produce the analytical curves are presented in Appendix
E (Tables E4 and E5).

6.3 Engine Inlets
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For engine inlets, the effects of droplet size, mass flow, angle of
attack and surface angular location on the (- curve are discussed in
the following sections.

6.3.1 Aerodynamic Data

Aerodynamic data were obtained for the inlets prior to the water
impingement efficiency testing. As explained in Section 3.9, comparison
of experimental and analytical impingement data requires that analytical
and experimental flow fields are in good agreement. In this section,
all aerodynamic data are presented and compared to analytical results
produced using the codes described in Section 6.1. Surface Mach numbers
are plotted versus axial distance (X = 0 is highlight for axisymmetric
inlet, X = 0 is compressor face for 737-300 inlet).

Results for two angles of attack ( « = 00 and &« = 150), two suction
flows (17.2 and 22.96 1bm/sec) and various € Tlocations are presented
for the axisymmetric inlet and the Boeing 737-300 inlet, Figures 6.9 and
6.10. These figures consist of summary data followed by detailed data.
Good correlation between test and analytical data is demonstrated.

6.3.2 Water Impingement Efficiency Data

Averaged water impingement data are presented in this section for all
inlet test configurations. Analytical results are also presented for
comparison. The analytical 1local impingement efficiencies were
calculated using the droplet distributions presented in Appendix €
(Tables E4 and E5).

Surface distance, in all cases, is measured with respect to a reference
point (highlight) and is positive along the inner cowl and negative
along the outer cowl. Figures 6.11, 6.14 and 6.17 show the highlight
marks, surface distance convention and strip Tlocations for the
axisymmetric and Boeing 737-300 inlets. _These figures also show the dye
mass density for the collector in pg/cm2 for each inlet strip location.
These collector masses are used in the calculation of the 1local
impingement efficiency curves as explained in Appendix C. The collector
masses for locations © = 00, 909, 1800 and 270° are the average of
three calibration runs performed using the four blade reference
collector as described in Section 3.7. The calibration curves for the
four blade reference collector are shown in Figure 3.15. The collector
masses corresponding to locations © = 450, 1350, 2250 and 315° have
been estimated.

6.3.2.1 Axisymmetric Geometry - Axisymmetric Flow

Results for the axisymmetric inlet at zero degrees angle of attack are
presented in this section. Figure 6.12 shows typical repeatability
results for locations © = 900 and 180°. In theory, all Tlocations
should give identical results due to symmetry in airflow and geometry.
The variations in  Bpax observed in Figure 6.12 are mainly due to non-
uniformity effects. Overall, good agreement is demonstrated amongst



test B - curves for the two runs and two locations shown in Figure 6-
12. A summary of the results for the axisymmetric inlet at zero degrees
angle of attack are presented in Figure 6.13, detailed results are also
given in Figure 6.13.

The results shown in Figure 6.13 are the average of 12 strips (3 runs, 4
locations per run). Agreement between test and analysis is good for all
test configurations. Based on the test results, the following trends
are observed:

a. For the same _inlet mass flow, decreasing the MVD of the cloud
reduces both fB max and impingement limits.

b. For the same_cloud MVD, reducing the inlet suction flow reduces the
value of Bnpax and shifts the peak location towards the inner
cowl. No change in the extent of the impingement limits (spax -
Smin) is observed. However, both impingement limits shift slightly
to the right.

c. For the high mass flow (capture area ratio = 1), the peak {?-
location is at the highlight.

d. Maximum g max is approximately 0.58 and corresponds to MVD = 20.36
microns and inlet mass flow = 22.96 1bm/sec. Minimum Bpax is
approximately 0.47 and corresponds to MVD = 16.45 microns and inlet
mass flow = 17.2 1bm/sec.

6.3.2.2 Axisymmetric Geometry - Three Dimensional Flow

Results for the axisymmetric inlet at 15 degrees angle of attack are
discussed in this section. Typical repeatability results for various
locations on the inlet and for two runs are shown in Figure 6.15. Good
repeatability is demonstrated. Nearly identical B - distribution
between C and G locations are observed in Figure 6.15 as expected. A
summary of all test and analytical results is given in Figure 6.16.
Detailed results of local impingement efficiency variation with inlet
mass flow, cloud MVD and inlet surface location are presented in Figure
6.16. The flow field is symmetric with respect to a horizontal axis
through Tocations A ( 6 = 180°) and E ( 6 = 00). This means that the J
- curves for strips B and H should be identical. Identical impingement
results between strips C and G and for strips D and F are also expected.

The single averaged test ﬁ - curves presented for each test
configuration in Figure 6.16 have been obtained from the following
strips:

a. 6=00, E strip , three runs (total 3 strips)

b. 6 =459, D and F strips, three runs (total 6 strips)

c. =900, C and G strips, three runs (total 6 strips)
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d. 6 = 1350, B and H strips, three runs (total 6 strips)

e. 0= 13800, A strip, three runs (total 3 strips).

Overall, good agreement between test and analysis is demonstrated for
the majority of test configurations and inlet Tlocations. The only
noticeable disagreement occurs at ©= 00 (E strip) for all test
configurations.

The following trends are observed based on the test data:

a. For the same inlet mass flow and surface location, the larger the
MVD of the cloud the greater the value of Bpax and the impingement
Timits.

b. In most cases if MVD is kept constant, decreasing the inlet suction
flow reduces [pax for corresponding inlet surface locations. In
addition, the impingement limits and the peak of the g- curve are
slightly shifted towards the inner cowl (positive s).

c. For the same inlet mass flow and cloud MVD, the location of g
shifts from the inner cowl at 6 = 00 to the highlight at 6 =
and then to the outer cowl at 6 = 180°.

max
900

d. For all mass flows_ and droplet distributions the experimental
maximun value of B pax occurs at 6 = 1350 and the maximum
impingement Timits are observed at © = 1800.

e. The maximum value of the experimental Bmax 1S approximately 66
percent and corresponds to MVD = 20.36 microns, inlet mass flows =
22.96 and 17.2 1bm/sec and 6= 1359. The minimum B gpax is about 38
percent and corresponds to MVD = 16.45 microns, inlet mass flow =
17.2 1bm/sec and 6 = 0°.

6.3.2.3 Three Dimensional Geometry - Three Dimensional Flow

Water droplet local impingement efficiency curves for the Boeing 737-300
inlet at angles of attack 0 and 15 degrees are presented in this
section. This inlet has a truly three dimensional geometry and the flow

field about the inlet is also three dimensional at both angles of
attack.

Typical test repeatability results are shown in Figures 6.18 and 6.20
for the inlet at « = 0° and « = 159, respectively. Averaged local
impingement efficiency curves are presented in Figures 6.19 (« = 0
degrees) and 6.21 (e« = 15 degrees). Variations in inlet mass flow,
spray cloud MVD and inlet surface location give a total of 20 curves for
« = 00 and 25 curves for e = 150, The greater number of curves for &« =
159 is due to the additional mass flow setting used in this case.

As in the case of the axisymmetric inlet, the flow is symmetric with
respect to a horizontal plane through locations A (8= 0°) and E (0 =
1809). Thus, in theory, identical results are expected for



a. Strips B and H
b. Strips C and G
c. Strips D and F

The single averaged test local impingement efficiency curves have been
obtained by averaging experimental results from all three runs performed
for each test configuration. The number of blotter strips used for each
inlet location are:

a. ® =00, A strip, three runs (total 3 strips)

b. @ =450, B and H strips, three runs (total 6 strips)
c. © =900, C and G strips, three runs (total 6 strips)
d. © =1359, D and F strips, three runs (total 6 strips)
e. 0 = 1809, E strip, three runs (total 3 strips).

Overall, agreement between test and analysis for the Boeing 737-300
inlet is very good at &« = 0 degrees and good at « = 15 degrees. The
only case where correlation between analysis and test 1is poor
corresponds to surface location @ = 00 (strip A) at 15 degrees angle of
attack. The reason for this discrepancy is not clear.

Based on the test results, the following general trends are observed:

1.  In most cases, for the same inlet mass flow both Bpax and
impingement 1imits decrease with MVD as expected for
corresponding @ locations. This is observed for both angles
of attack.

2% For the same cloud MVD, decreasing the inlet mass flow results
in a decrease in the value of Bpax for corresponding_o
locations. In addition, both the peak location of the g-
curve and the impingement limits are shifted towards the inner
cowl. The lower the mass flow the greater the shift as shown
in Figure 6.21. The mass flow effect is the same for both
angles of attack. '

3. For the same MVD, inlet mass flow and angle of attack, the
only parameter affecting the (_3- curve is surface location 6.
The maximum value of B  occurs at € = 900 for & = 00. For «
= 150, the maximum value of 8 occurs at € = 900 and @ =
1350 depending on inlet mass flow and cloud MVD. For both
angles of attack, the extent of impingement Timits is maximum
at @ = 1350,
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TEST RUN ID: 091885-2,3C-4IN-CYL 4 INCH CYLINDER

TRUE AIR SPEED = 80.25 m/s (179.51 mph)
TUNNEL TOTAL TEMP

= 79C (46.3 F)
TUNNEL STATIC PRESSURE = 95.72 kPa (13.89 psia)
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89

10

0.9

/NN

f ‘
/R
) // \

/
0. //,

W \

-2.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0
SURFACE DISTANCE FROM HIGHUGHT ~ cm

UPPER = | = LOWER

LOCAL IMPINGEMENT EFFICIENCY (D
o o
> (s
g
%r
’/

(A) MVD = 20.36 MICRONS

FIGURE 6.3
TEST REPEATABILITY FOR 4 INCH CYLINDER (PAGE 1 OF 2).
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TEST RUN ID: 091885-5C,6BC4IN-CYL 4 INCH CYLINDER
TRUE AIR SPEED 81.02 m/s (181.22 mph)

TUNNEL TOTAL TEMP = 82C (46.7 F) —_——6C
TUNNEL STATIC PRESSURE = 95.65kPa  (13.88 psia) e ' e G B
AIR/WATER PRESSURE RATIO = 080 —  5C
COLLECTOR EFFICIENCY = 086

02
\
\\
0.1 \
W\
0.0 '\

-2.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0
SURFACE DISTANCE FROM HIGHLIGHT ~ em

UPPER, «~ | = LOWER

(B) MVD = 16.45 MICRONS

FIGURE 6.3
TEST REPEATABILITY FOR 4 INCH CYLINDER (PAGE 2 OF 2).
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TEST RUN ID. 092685-1,2,3BC-015-0 NACA 65,015

TRUE AIR SPEED = 80.77 m/s (180.68 mph)
TUNNEL TOTAL TEMP

= 89C (48.1 F)
TUNNEL STATIC PRESSURE = 94.48 kPa (13.71 psia)
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 089

09

0.3
02
(]
0.1 i
o'fa.o 90 -60 ~-30 00 3.0 6.0 9.0

SURFACE DISTANCE FROM HIGHUGHT ~ cm
UPPER = 1= {OWER

MVD = 20.36 MICRONS

FIGURE 6.4
TEST REPEATABILITY FOR NACA 652015 AIRFOIL AT a = 0°
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TEST RUN ID: 092685-10C,11CB,12C-015-8 NACA 65,015

TRUE AIR SPEED = 8136 m/s  (181.76 mph)
TUNNEL TOTAL TEMP

= 96C (49.2 F)
TUNNEL STATIC PRESSURE = 94.54 kPa (13.72 psia)
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0.86

0.9

g

LOCAL IMPINGEMENT EFRICENCY ()
o
> ﬁ

o
W

\§
o.1 Y \\:

-6.0 -3.0 0.0 3.0 6.0 9.0 o 5.0
SURFACE DISTANCE FROM HIGHLIGHT =~ em

UPPER = | =LOWER

MVD = 16.45 MICRONS

FIGURE 6.5
TEST REPEATABILITY FOR NACA 65015 AIRFOIL AT a = 8°
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TEST RUN ID: 091885—2,3C-4IN-CYL 4 INCH CYLINDER

TRUE AIR SPEED = 80.25m/s  (179.51 mph) O TEST DATA
TUNNEL TOTAL TEMP = 79¢C (46.3 F)

TUNNEL STATIC PRESSURE = 9572 kPa  (13.89 psia) ——  THEORY
AIR/WATER PRESSURE RATIO = 065

COLLECTOR EFFICIENCY = 089

10

09

o
o

g

/

o
>

LOCAL IMPINGEMENT EFFICIENCY ()

P
W

o
¥

N AR
S A\

2O -90 -60 =30 00 3.0 6.0 9.0
SURFACE DISTANCE FROM HIGHLIGHT ~ em

UPPER+ | = LOWER

(A) MVD = 20.36 MICRONS
FIGURE 6.6
AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY DATA FOR
4 INCH CYLINDER AND ICE SHAPES (MOUNTED ON 2 INCH CYLINDER)
PAGE 1 OF 5.
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TEST RUN ID: 091885-5C,6CB-4IN-CYL 4 INCH CYLINDER
TRUE AIR SPEED 81.02 m/s  (181.22 mph) o T

TUNNEL TOTAL TEMP 8.2C (46.7 F) TESLDATA
TUNNEL STATIC PRESSURE 95.65 kPa  (13.88 psia) ——  THEORY
AIR/WATER PRESSURE RATIO 0.80
COLLECTOR EFFICIENCY 0.86

LTI A [}

1.0

0.9

o
to

e
~

e
o

$

LOCAL IMPINGEMENT EFFICIENCY (#)
o
()

&

0.0
-R.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0

SURFACE DISTANCE FROM HIGHLIGHT ~ cm
UPPER= | = LOWER

(B8) MVD = 16.45 MICRONS
FIGURE 6.6
AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY DATA FOR

4 INCH CYLINDER AND ICE SHAPES (MOUNTED ON 2 INCH CYLINDER)
PAGE 2 OF 5.
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TEST RUN ID: 092685-12-5G ICE SHAPE
TRUE AIR SPEED

TUNNEL TOTAL TEMP

TUNNEL STATIC PRESSURE

AIR/WATER PRESSURE RATIO
COLLECTOR EFFICIENCY

80.96 m/s (181.10 mph)
8.4 C (47.2 F)
94.48 kPa (13.71 psia)
0.65

0.89

o nonn

0.9

0.8

0.7

0.6

0.5
04

0.3 /
02

S \

/
J N

-6 -3 0 3 6 9

SURFACE DISTANCE FROM HIGHLIGHT ~ cm
ICE 12 SMALL GLAZE

IMPINGEMENT EFFICIENCY ~ 8

(C) MVD = 20.36 MICRONS
FIGURE 6.6

AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY DATA FOR
4 INCH CYLINDER AND ICE SHAPES (MOUNTED ON 2 INCH CYLINDER)
SG = SMALL GLAZE (PAGE 3 OF 5).
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TEST RUN ID: 092685-12-RIME ICE SHA
TRUE AIR SPEED

TUNNEL TOTAL TEMP

TUNNEL STATIC PRESSURE

AIR/WATER PRESSURE RATIO
COLLECTOR EFFICIENCY

PE

81.15 m/s (181.52 mph)
96 C (49.3 F)
94.48 kPa (13.72 psia)
0.65

0.89

nmuwnn

0.9

0.8

e
g

o
-]

IMPINGEMENT EFFICIENCY ~ B
o =
> 17}

2
9

——
'---‘-—--_—-‘-'"""-—

02 \
0.1 / \
T TN
0—-8 -3 0 3 6

SURFACE DISTANCE FROM HIGHLIGHT ~ cm

(D) MVD = 20.36 MICRONS

AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY DATA FOR
4 INCH CYLINDER AND ICE SHAPES (MOUNTED ON 2 INCH CYLINDER)

ICE 12 RIME

FIGURE 6.6

(PAGE 4 OF 5).
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TEST RUN ID: 092685-12-LG ICE SHAPE

TRUE AIR SPEED 81.10 m/s (181.41 mph)

TUNNEL TOTAL TEMP : 103 C (50.5 F)
TUNNEL STATIC PRESSURE = 9448 kPa (13.71 psia)
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89
1
0.9
0.8
Q@ 0.7
14
Z 0.6
L
Q
E 0.5
é 0.4
z LY
O.I / \
0

-6 -3 0 3 6 9

SURFACE DISTANCE FROM HIGHUGHT ~ cm
ICE 12 LARGE GLAZE

(E) MVD = 20.36 MICRONS
FIGURE 6.6

AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY DATA FOR
4 INCH CYLINDER AND ICE SHAPES (MOUNTED ON 2 INCH CYLINDER)
LG = LARGE GLAZE (PAGE 5 OF 5).
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TEST RUN ID: 092685-1,2,3BC-015-0 NACA 65,015
TRUE AIR SPEED = B80.77 m/s
TUNNEL TOTAL TEMP

= 89C
TUNNEL STATIC PRESSURE = 94.48 kPa
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89

10

(180.68 mph)
(48.1 F)
(13.71 psia)

o

TEST DATA
THEORY

o
©

&

e
9

o

(=]
E'S

LOCAL IMPINGEMENT EFFICIENCY (@
=]
i L]
--"'-"-—-l

(=Y o
[ W
6

0.1

0.0

N

h%bqa_.

1
-12.0 -9.0 -6.0 -3.0 0.0
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

3.0

UPPER« | - LOWER

(A) MVD = 20.36 MICRONS

FIGURE 6.7

6.0

9.0

AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY
DATA FOR NACA 652015 AND MS(1)-0317 AIRFOILS AT a = 0°
(PAGE 1 OF 4).
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TEST RUN ID. 092685-4,5,6BC-015-0 NACA 65,015

TRUE AIR SPEED = B1.55 m/s (182.40 mph) O TEST DATA
TUNNEL TOTAL TEMP = 94C (49.0 F)

TUNNEL STATIC PRESSURE = 94.48 kPa (13.71 psia) ———————  THEORY
AIR/WATER PRESSURE RATIO = 0.80

COLLECTOR EFFICIENCY = 0.86
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0.9

e
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LOCAL IMPINGEMENT EFFICENCY ()
o

o
——

0.1

0.0 , =
-20 -90 -60 -30 00 3.0 6.0 9.0

SURFACE DISTANCE FROM HIGHUIGHT ~ cm
UPPER «| - LOWER

(B) MVD = 16.45 MICRONS
FIGURE 6.7
AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY

DATA FOR NACA 652015 AND MS(1)-0317 AIRFOILS AT a = 0°
(PAGE 2 OF 4).



TEST RUN ID: 092685-1,2,3BC-SUP-0 SUPERCRITICAL AIRFOIL

TRUE AIR SPEED = B80.81 m/s (180.76 mph) O TEST DATA
TUNNEL TOTAL TEMP = 82¢C (46.8 F)

TUNNEL STATIC PRESSURE = 9434 kPa (13.69 psia) ———————  THEORY
AIR/WATER PRESSURE RATIO = 0.65

COLLECTOR EFFICIENCY = 0.89

1.0

0.9

0.8

So07
,_

o
o

(=]
(]

o

>
ik
/.

LOCAL IMPINGEMENT EFFICIENC

o
W

g/ 1\%
/

/Y

-12.0 -9.0 —-6T.0 -3.0 0.0 3.0 6.0 9.0
SURFACE DISTANCE FROM HIGHUIGHT ~ cm

UPPER + | ~ LOMER

(C) MVD = 20.36 MICRONS
FIGURE 6.7
AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY

DATA FOR NACA 652015 AND MS(1)-0317 AIRFOILS AT a = 0°
(PAGE 3 OF 4).
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TEST RUN ID: 092685-4,5,6BC-SUP-0 SUPERCRITICAL AIRFOIL

TRUE AIR SPEED = 8113 m/s
TUNNEL TOTAL TEMP = 98C
TUNNEL STATIC PRESSURE = 94.48 kPa
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0.86

1.0

(181.47 mph) o
(9.6 F) TEST DATA
“3.?1 psm} — THEOQRY

0.9

0.8

o
u
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0.5

£

LOCAL IMPINGEMENT EFFICENCY (&)
o
>

Ry
) I

\b

7

0.0 S

.l

“DO0 -90 -60 -30 00

3.0 6.0 9.0
SURFACE DISTANCE FROM HIGHUGHT ~ cm

UPPER « | - LOWER

(D) MVD = 16.45 MICRONS

FIGURE

6.7

AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY
DATA FOR NACA 652015 AND MS(1)-0317 AIRFOILS AT a = 0°

(PAGE 4 OF 4).



TEST RUN ID: 092685-7,8,9C-015-8 NACA 65,015

TRUE AIR SPEED = 81.07m/s  (181.34 mph) O TEST DATA
TUNNEL TOTAL TEMP = 94C (48.9 F)

TUNNEL STATIC PRESSURE = 9454 kPa  (13.72 psia) ———————  THEORY
AIR/WATER PRESSURE RATIO = 0.65

COLLECTOR EFFICIENCY = 0.89

1.0

0.8

807

&
'_-____________________,.-E
‘_,..--""'_/-6-

02 \

0.1

|
o Lod

i |
-60 =30 00 2.0 6.0 9.0 20 50
SURFACE DISTANCE FROM HIGHUGHT ~ em

UPPER « | -LOWER

N

(A) MVD = 20.36 MICRONS
FIGURE 6.8
AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY

DATA FOR NACA 652015 AND MS(1)-0317 AIRFOILS AT a = 8°
(PAGE 1 OF 4).
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TEST RUN ID: 092685-10C,11CB,12C-015-B NACA 65,015

TRUE AIR SPEED = 8136 mis  (181.76 mph) O TEST DATA
TUNNEL TOTAL TEMP = 96C (49.2 F)

TUNNEL STATIC PRESSURE = 94,54 kPa (13.72 psia) ———  THEORY
AIR/WATER PRESSURE RATIO = 0.80

COLLECTOR EFFICIENCY = 0.86
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FIGURE 6.8
AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY

DATA FOR NACA 652015 AND MS(1)-0317 AIRFOILS AT a = 8°
(PAGE 2 OF 4).



TEST RUN ID: 092685-7,8,9BC-SUP-8 SUPERCRITICAL AIRFOIL

TRUE AIR SPEED 80.55 m/s  (180.18 mph

TUNNEL TOTAL TEMP - 98C g nm 2 TERERATH
NNEL STATIC PRESSURE = 9aag kpa  (13.71psia _—

AIR/WATER PRESSURE RATIO - 065 ( P THEORY

COLLECTOR EFFICIENCY 0.89
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w
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o
o

o
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o
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UPPER +« | — LOMR

(C) MVD = 20.36 MICRONS
FIGURE 6.8
AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY

DATA FOR NACA 652015 AND MS(1)-0317 AIRFOILS AT a = 8°
(PAGE 3 OF 4).
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TEST RUN ID: 092685-10,11,12BC-SUP-8 SUPERCRITICAL AIRFOIL

TRUE AIR SPEED = 80.90 m/s (180.95 mph) O TEST DATA
TUNNEL TOTAL TEMP = 99C (49.8 F)

TUNNEL STATIC PRESSURE = 94.54 kPa (13.72 psia) ————  THEORY
AIR/WATER PRESSURE RATIO = 0.80

COLLECTOR EFFICIENCY = 0.86
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FIGURE 6.8
AVERAGED LOCAL WATER DROPLET IMPINGEMENT EFFICIENCY

DATA FOR NACA 65015 AND MS(1)-0317 AIRFOILS AT a = .8°
(PAGE 4 OF 4).



6 = 180°

0 = 270°

(A)
W=17.20
a =

(8)
W=17.20
a=15°

©
W=22.96
a=0°

(D)
W=22.96
a = 15°

NOTE:

W ~ LBM /SEC

COMPRESSOR FACE @ X = 8.401

X ~ INCHES

SUMMARY OF RESULTS

FIGURE 6.9

® TEST DATA
THEORY

EXPERIMENTAL AND ANALYTICAL SURFACE MACH NUMBERS

FOR AXISYMMETRIC INLET (PAGE 1 OF 17).
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TEST RUN ID: 092385-22,23AG-AXI-0 AXISYMMETRIC INLET

TRUE AIR SPEED

TUNNEL TOTAL TEMP
TUNNEL STATIC PRESSURE
AIR/WATER PRESSURE RATIO
COLLECTOR EFFICIENCY

188

76.86 m/s (171.92 mph)

= 118¢C (53.2 F)
= 94.68 kPa (13.74 psia)
= 0.80
= 0.86
10
0.9
08
So7
h
0.6 i
Ih\
I
- ol
|
\
- \
g \
0.3
02
0.1
/|
0.0

T
-Q.0 -9.0 -8.0 -3.0 0.0 3.0 6.0
SURFACE DISTANCE FROM HIGHUGHT ~ cm

QUTER ~ | = INER

MVD = 16.45 MICRONS

FIGURE 6.12

TEST REPEATABILITY FOR AXISYMMETRIC INLET:
a = 0° MASS FLOW 17.2 LBM/SEC.
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(7] 1.0 :
%)
w
-
Z 5
o ' [ (A) W =
) A MVD =
=z 71t
w ) A
s 0 3
= 1.0 ™
|
a
>= .5 (B) W =
e A MVD =
w \
3 0
g 1.0
w
(-
o 5 :
= ) fl.{ (Q) w =
w Tt MVD =
o /
__Z_ 0 i N
=
- 1.0
. |
<
o
-l 8 h (D) w =
i MVD =
JARY
0 L
-12 0 9

SURFACE DISTANCE FROM HIGHLIGHT ~ CM

22.96
20.36

22.96
16.45

17.20
20.36

17.20
16.45

NOTE: W ~ LBM/SEC, MVD ~ um
NEGATIVE SURFACE DISTANCE - OUTER SURFACE
POSITIVE SURFACE DISTANCE — INNER SURFACE

B TEST DATA
THEORY

SUMMARY OF RESULTS

FIGURE 6.13

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
AXISYMMETRIC INLET AT a = 0° (PAGE 1 OF 5).

FOR

189



TEST RUN ID. 092185-13,14,15ACEG-AXI-0 AXISYMMETRIC INLET

TRUE AIR SPEED = 7711 m/s  (172.48 mph) B TEST DATA
TUNNEL TOTAL TEMP = 125C (54.6 F)
TUNNEL STATIC PRESSURE = 95.23 kPa (13.82 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89
‘ 13¢
0.9
0.8
C
0.7
%
g 0.6
Ll
=
(] 0.5
3
£ o4
2
- @
3 o3
9 \.
02 7 \I
0.1 .
/_ﬁ
0 :#....- 1
-12 -9 -6 -3 3 6 9

(A) MVD = 20.36 MICRONS,

SURFACE. DISTANCE FROM HIGHUGHT ~ cm

(POSITIVE S VALUES ON INNER SURFACE)

FIGURE 6.13

MASS FLOW = 22.96 LBM/SEC

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA FOR
AXISYMMETRIC INLET AT a = 0° (PAGE 2 OF 5).
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TEST RUN ID: 092385-19,20,21ACEG-AXI-0 AXISYMMETRIC INLET

TRUE AIR SPEED = 7739 m/s  (173.10 mph) B TEST DATA
TUNNEL TOTAL TEMP = 124 C (54.3 F)
TUNNEL STATIC PRESSURE = 94.68 kPa (13.7a psia) —————————  THEORY
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0.86
| 12
0.9
0.8

0.7

0.6

0.5

—

0.4

0.3

LOCAL IMPINGEMENT EFFICIENCY (8)

0.2 o
@

0.1 ’—/_/ ¥

0 == —’.1-

-2 -9 -6 3 0 6 9

SURFACE DISTANCE FROM HIGHLIGHT ~cm
(POSITIVE S VALUES ON INNER SURFACE)

(B) MVD = 16.45 MICRONS, MASS FLOW = 22.96 LBM /SEC

FIGURE 6.13

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA FOR
AXISYMMETRIC INLET AT a = 0° (PAGE 3 OF 5).
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TEST RUN ID: 092385-16,17,18BACEG-AXI-0 AXISYMMETRIC INLET

mﬂi?ﬂ"réﬁi"nm = :;:gzcm E;g.zigl?) "ph) W TEST DATA
TUNNEL STATIC PRESSURE = 9482 kPa (13.76 psia) ———  THEORY
AIR/WATER PRESSURE RATIO = 065
COLLECTOR EFFICIENCY = 089
11C
0.9
0.8
g
C 0.7
Q o6
& .
I._
5 o5 ‘\.
:
£ o4 =
. \.
=
g 0.3 -
\.
02 =
a
0.1 /.
"
&
0 —
-12 -9 -6 -3 0 3 6 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACE)
(C) MVD = 20.36 MICRONS, MASS FLOW = 17.20 LBM /SEC

FIGURE 6.13

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA FOR
AXISYMMETRIC INLET AT a = 0° (PAGE 4 OF 5).
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TEST RUN ID: 092385-22,23,24ACEG-AXI-0 AXISYMMETRIC INLET

TRUE AIR SPEED = 7686 m/s (171.92 mph) -
TUNNEL TOTAL TEMP = 118C (532 F) TEST DATA
TUNNEL STATIC PRESSURE = 9468 kPa  (13.74 psia) —  THEORY
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0.86
' 10C
0.9
0.8
g
C 0‘7
-
Ll
g 0.6
Ll
5
% 0.5
ik
£ o4
=
-
é 0.3
P |

. /

i
0 f"’.’iﬁ |

-2 -9 -6 -3 0 3 6 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

(POSITIVE S VALUES ON INNER SURFACE)
(D) MVD = 16.45 MICRONS, MASS FLOW = 17.20 LBM /SEC

'/I

FIGURE 6.13

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA FOR
AXISYMMETRIC INLET AT a = 0° (PAGE 5 OF 5).
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TEST RUN ID: 092185-7,9E-AXI-15 AXISYMMETRIC INLET
TRUE AIR SPEED 76.45 m/s (171.00 mph)

TUNNEL TOTAL TEMP = 1M7C (53.1 F)
TUNNEL STATIC PRESSURE = 95.44 kPa (13.85 psia)
AIR/WATER PRESSURE RATIO = 0.80

COLLECTOR EFFICIENCY = 0,86

09

08

Sor

0.6

2

\
[\
/

0.0
-0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0

SURFACE DISTANCE FROM HIGHLIGHT ~ em
QUTER = | ~ INER

MVD = 16.45 MICRONS 6=0°

FIGURE 6.15

TEST REPEATABILITY FOR AXISYMMETRIC INLET:
a = 15°, MASS FLOW = 22.96 LBM/SEC (PAGE 1 OF 3).
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TEST RUN ID: 092185-7,9CG-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED 76.45 m/s (171.00 mph)
TUNNEL TOTAL TEMP 11.7C (53.1 F)

TUNNEL STATIC PRESSURE 95.44 kPa (13.85 psia)
AIR/WATER PRESSURE RATIO 0.80
COLLECTOR EFFICIENCY 0,86

10

09

& @
P—

§M \“}
\\

0.0 k
-12.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

QJTER « | = INER

g B
—

MVD = 16.45 MICRONS 6 = 90°, 270°

FIGURE 6.15

TEST REPEATABILITY FOR AXISYMMETRIC INLET:
a = 15°, MASS FLOW = 22.96 LBM/SEC (PAGE 2 OF 3)
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TEST RUN ID: 092185-7,9A-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED 76.45 m/s (171.00 mph)
TUNNEL TOTAL TEMP

= 1.7C (53.1 F)
TUNNEL STATIC PRESSURE = 95.44 kPa (13.85 psia)
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0,86

10

T | I\

o,o-ﬁ
-0 -9.0 -6.0 =3.0 0.0 3.0 6.0 9.0
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

OUTER « | = INER

MVD = 16.45 MICRONS 6 = 180°

FIGURE 6.15

TEST REPEATABILITY FOR AXISYMMETRIC INLET:
a = 15° MASS FLOW = 2296 LBM/SEC (PAGE 3 OF 3)
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1.0

1.0

1.0

1.0

LOCAL IMPINGEMENT EFFICIENCY (B) - DIMENSIONLESS

NOTE:

198

6=0° 0=45° 8=90° 0=135°  ©8=180°
\ ;
JIA A ]
113 A\ £ 7 7
A JARY 414 AN AN
) It T Pl /|
e 1% /Y AT T
A Ry 4 B > =g T
R R [ -
\
Ay i Y 7 A
113 Y i 7 7
ARy I 71 gi 3
I 3 3| | 1
i.. = A k o\ o k 1
" 9 'J _f
\ \ 1) i A
i A i A 7
N T 710 ZD I
A AN -
\ A
&\ \ 1 Fi) i
A3 IRy 71 y
1 HOS 71 711 )
yAmAY ; K] |
2 o 9712 0 9., 5 72 0 9 4,

SURFACE DISTANCE FROM HIGHLIGHT ~ CM

W ~ LBM/SEC, MVD ~ pm
NEGATIVE SURFACE DISTANCE - OUTER SURFACE
POSITIVE SURFACE DISTANCE -INNER SURFACE

SUMMARY OF RESULTS

FIGURE 6.16

(A)
W = 2296
MVD = 20.36

(B)
W = 2296
MVD = 16.45

(Q
W = 17.20
MVD = 20.36

(D)
w = 17.20
MVD = 16.45

THEORY

B TEST DATA

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA

FOR AXISYMMETRIC INLET AT a =

15° (PAGE 1 OF 21).



TEST RUN ID: 092185-1,2,3E-AXI-15 AXISYMMETRIC INLET

LOCAL IMPINGEMENT EFFICIENCY (8)

FIGURE 6.16

TRUE AIR SPEED = 7698 m/s  (172.19 mph) B TEST DATA
TUNNEL TOTAL TEMP = 104C (50.7 F)
TUNNEL STATIC PRESSURE = 9544 kPa  (13.85 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89
1
17A
0.9
0.8
0.7
0-6 / \
0.5 .
IR
0.4 |
[
0.3
/ .
02
/ .
0.1 / o
/ .
: 'M
(]
0 1
-12 -3 0 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACD
(A1) MVD = 20.36 MICRONS, MASS FLOW = 2296 LBM/SEC, 0 = 0°

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA

FOR AXISYMMETRIC INLET AT a = 15° (PAGE 2 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-1,2,3DF-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED = 7698 m/s  (172.19 mph) =

TUNNEL TOTAL TEMP 104 C (50.7 F) TEST DATA

TUNNEL STATIC PRESSURE 95.44 kPa  (13.85 psia) ——  THEORY
0.65

AIR/WATER PRESSURE RATIO

L1 I [ |

COLLECTOR EFFICIENCY
1

0.89

17B

0.9

0.8

0.7

0.6 N
i)
05 .

0.4

AR

0.1 L \!

-2 -9 -6 —]3 0 3 6 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

(POSITIVE S VALUES ON INNER SURFACE)
(A2) MVD = 20.36 MICRONS, MASS FLOW = 22.96 LBM/SEC, 6 = 45°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 3 OF 21).



LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-1,2,3CG-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED = 7698 m/s  (172.19 mph) B TEST DATA
TUNNEL TOTAL TEMP = 104 C
TUNNEL STATIC PRESSURE = 9544 kPa  (13.85 psia) THEORY
AIR/WATER PRESSURE RATIO = 065
COLLECTOR EFFICIENCY = 0.89
1
17C
0.9
0.8
0.7
0.6
&
0.5 .
-/
0.4 n/
. \
s n
0.3 8
| |
0.2 ir_ \
il / "\
0.1 B / -\
[}
N
0- T 1
-12 -9 -6 -3 0 3 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACE)
(A3) MVD = 20.36 MICRONS, MASS FLOW = 22.96 LBM /SEC, 6 = 90°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 4 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-1,2,3BH-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED = 76.98 m/s (172.19 mph) B TEST DATA
TUNNEL TOTAL TEMP = 104C (50.7 F)
TUNNEL STATIC PRESSURE = 95.44 kPa (13.85 psia) ——————  THEORY
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89

1
0.9
0.8
0.7

a
[ ]

0.6

s 7
a3 It / '\

0.1 Va

-12 -9 -6 -3 0 3 6 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

(POSITIVE S VALUES ON INNER SURFACED
(A4) MVD = 20.36 MICRONS, MASS FLOW = 22.96 LBM/SEC, 6 = 135°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 5 OF 21).



LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-1,2,3A-AXI-15 AXISYMMETRIC INLET

FIGURE 6.16

TRUE AIR SPEED = 76.98 m/s (172.19 mph) B TEST DATA
TUNNEL TOTAL TEMP = 104C (50.7 F)
TUNNEL STATIC PRESSURE = 95.44 kPa (13.85 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89

1

17E
0.9
0.8
0.7
0.6 -
£
0.5
f ")
0.4 . 4
l. L
0.3 7/ %
]
0.2
=L |

0.1 -\

0

-12 -9 -3 0 9

SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACE)

(A5) MVD = 20.36 MICRONS, MASS FLOW = 2296 LBM/SEC, ©6 = 180°

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA

FOR AXISYMMETRIC INLET AT a = 15° (PAGE 6 OF 21).

203




204

LOCAL IMPINGEMENT EFFICIENCY (B)

TEST RUN ID. 092185-7,8,9E-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED
TUNNEL TOTAL TEMP
TUNNEL STATIC PRESSURE

waunmnwn

76.45 m/s  (171.00 mph)
117 C (53.1 F)
95.44 kPa (13.85 psia)

B TEST DATA

AIR/WATER PRESSURE RATIO 0.80 THEORY
COLLECTOR EFFICIENCY 0.86

1

16A
0.9
0.8
0.7
’\\
0.5
.'n
0.4 =
0.3 / .3
0.2 —B
[ !
0.1 } = L\ .
]
L [ ]
/ . \
0 et
-12 -9 -6 -3 0 3 6 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACE)

(B1) MVD = 16.45 MICRONS, MASS FLOW = 22.96 LBM /SEC, 06 = 0°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 7 OF 21).



LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-7,8,9DF-AXI-15 AXISYMMETRIC INLET

TR il oo
TUNNEL STATIC PRESSURE = 95.44 kPa (13.85 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0.86

1

16B
0.9
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SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACE)

(B2) MVD = 16.45 MICRONS, MASS FLOW = 22.96 LBM/SEC, g = 45°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 8 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (B)

TEST RUN ID: 092185-7,8,9CG-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED = 7645 m/s  (171.00 mph) B TEST DATA
TUNNEL TOTAL TEMP = 1M7¢C (53.1 F)
TUNNEL STATIC PRESSURE = 9544 kPa  (13.85 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 086
1
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(B3) MVD = 16.45 MICRONS, MASS FLOW = 22.96 LBM/SEC, 0 = 90°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 9 OF 21).




LOCAL IMPINGEMENT EFFICIENCY (g)

TEST RUN ID: 092185-7,8,9BH-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED

= 76.45 m/s (171.00 mph) B TEST DATA
TUNNEL TOTAL TEMP = 17cC (53.1 F)
TUNNEL STATIC PRESSURE = 9544 kPa (1385 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 086
1
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SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACE)
(B4) MVD = 16.45 MICRONS, MASS FLOW = 2296 LBM/SEC, 6 = 135°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 10 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-7,8,9A-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED 76.45 m/s (171.00 mph) B
TUNNEL TOTAL TEMP 1M7C (53.1 F) TEST DATA

TUNNEL STATIC PRESSURE 95.44 kPa  (13.85 psia) ——————  THEORY
0.80

AIR ' WATER PRESSURE RATIO

nmwnnman

COLLECTOR EFFICIENCY
1

0.86
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SURFACE DISTANCE FROM HIGHLIGHT ~ cm

(POSITIVE S VALUES ON INNER SURFACE)
(B5) MVD = 16.45 MICRONS, MASS FLOW = 2296 LBM/SEC, © = 180°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 11 OF 21).



LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-4,5,6E-AXI-15 AXISYMMETRIC INLET

B TEST DATA
THEORY

TRUE AIR SPEED = 76.31 m/s (170.70 mph)

TUNNEL TOTAL TEMP = 109 C (51.6 F)

TUNNEL STATIC PRESSURE = 95.51 kPa (13.86 psia)

AIR/WATER PRESSURE RATIO = 0.65

COLLECTOR EFFICIENCY = 0.89
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MASS FLOW = 17.20 LBM/SEC, 0

FIGURE 6.16

00

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 12 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (B)

210
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TEST RUN ID: 092185-4,5,6DF-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED = 76.31 m/s (170.70 mph) %]

TEST DATA
TUNNEL TOTAL TEMP = 109 C (51.6 F)
TUNNEL STATIC PRESSURE = 95.51 kPa (13.86 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89
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(C2) MVD = 20.36 MICRONS, MASS FLOW = 17.20 LBM/SEC, 8 = 45°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 13 OF 21).




LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-4,5,6CG-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED = 76.31 m/s (170.70 mph) B TEST DATA

TUNNEL TOTAL TEMP = 109 C (51.6 F)

TUNNEL STATIC PRESSURE = 9551 kPa  (13.86 psia) THEORY

AIR/WATER PRESSURE RATIO = 0.65

i COLLECTOR EFFICIENCY = 0.89
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(POSITIVE S VALUES ON INNER SURFACE)
(C3) MVD = 20.36 MICRONS, MASS FLOW = 17.20 LBM/SEC, 0 = 90°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 14 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (B)

212

TEST RUN ID: 092185-4,5,6BH-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED
TUNNEL TOTAL TEMP
TUNNEL STATIC PRESSURE

76.31 m/s (170.70 mph)

109 C (51.6 F)

M TEST DATA

9551 kPa  (13.86 psia) THEORY
AIR/WATER PRESSURE RATIO 0.65
COLLECTOR EFFICIENCY 0.89
1
15D
0.9
0.8
0.7
||
| ]
[ |
0.6 3
] ]
= /)
Y
| |
0.4 [ -
0.3 -.r
| |
. \
|
0.2 ." .\ _
| |
| ]
L |
0.1 - / u\
[~
a
| ]
o+ 1 Pan-
=1 -9 -6 -3 0 3 9
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(POSITIVE S VALUES ON INNER SURFACE)
(C4) MVD = 20.36 MICRONS, MASS FLOW = 17.20 LBM/SEC, 6 = 135°

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA

FIGURE 6.16

FOR AXISYMMETRIC INLET AT a = 15° (PAGE 15 OF 21).




LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-4,5,6A-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED

TUNNEL TOTAL TEMP
TUNNEL STATIC PRESSURE
AIR WATER PRESSURE RATIO
COLLECTOR EFFICIENCY

[}

76.31 m/s (170.70 mph)
109 C (51.6 F)
95.51 kPa (13.86 psia)

0.65
0.89

B TEST DATA

THEORY
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15E
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SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACE)

(C5) MVD = 20.36 MICRONS, MASS FLOW = 17.20 LBM/SEC, O = 180°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 16 OF 21).
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LOCA. IMP NGEMENT EFFICIENCY ()

TEST RUN ID 092185 10,11,12E AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED = 7719 m/is  (172.66 mph) B TEST DATA
TUNNEL TOTAL TEMP = 123C (54.1 F)
TUNNEL STATIC PRESSURE = 9537 kPa  (13.84 psia) THEORY
AIR WATER PRESSURE RATIO - 0.80
COLLECTOR EFFICIENCY = 0.86
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FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 17 OF 21).




LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-10,11,12DF-AXI-15 AXISYMMETRIC INLET

TRUE AIR SPEED = 7749 m/s  (172.66 mph) W TEST DATA
TUNNEL TOTAL TEMP = 123¢C (54.1 F)
TUNNEL STATIC PRESSURE = 9537 kPa  (13.84 psia) —  THEORY
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 086
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(POSITIVE S VALUES ON INNER SURFACE)
(D2) MVD = 16.45 MICRONS, MASS FLOW = 17.20 LBM/SEC, 0 = 45°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 18 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-10,11,12CG-AXI-15 AXISYMMETRIC INLET

}.El:iénl.mrcs;;iinnmp : wae g:z‘.ﬁg} i B TEST DATA
TUNNEL STATIC PRESSURE = 9537 kPa  (13.84 psia) THEORY
AIR /WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0.86
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FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 19 OF 21).




LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092185-10,11,12BH-AXI-15 AXISYMMETRIC INLET

L 3l ot
AR /WATER PRESSURE RATIO ke indne AHEDRY
COLLECTOR EFFICIENCY = 086
1
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(POSITIVE S VALUES ON INNER SURFACE)
(D4) MVD = 16.45 MICRONS, MASS FLOW = 17.20 LBM/SEC, 6 = 135°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 20 OF 21).
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TEST RUN ID: 092185-10,11,12A-AXI-15 AXISYMMETRIC INLET

;RUE Am'l'g!:'EEDT = 7719 m/s IE'I?'Z.GS} mph) B TEST DATA
UNNEL AL TEMP = 123C 541 F
TUNNEL STATIC PRESSURE = 9537 kPa  (13.84 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0.86
1
14E
0.9
0.8
&
0.7
N
)
Z
b
U]
e 0.6
L
LuJ
-
5 05 A
g I
=z
a 0.4
= ]
=1 [ |
é 0.3 -
| L]
L]
0.2
"\
0.1 e \
. L
Vs
n
(——
0 I

-12 -9 - -3 0 3 6 9
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(POSITIVE S VALUES ON INNER SURFACE)

(D5) MVD = 16.45 MICRONS, MASS FLOW = 17.20 LBM/SEC, 6 = 180°

FIGURE 6.16

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR AXISYMMETRIC INLET AT a = 15° (PAGE 21 OF 21).
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OUTER COWL

HIGHLIGHT MARK

CONFIG. INNER COWL

ENG CL

INNER COWL
CONFIG. 1

[}
o

S

HIGHLIGHT MARK =S

737-300 INLET GEOMETRY,
OUTER COWL SIDE VIEW COMPARISON(SCALED)

FIGURE 6.17
BLOTTER STRIP LOCATIONS, REFERENCE COLLECTOR DYE MASS, HIGHLIGHT

MARK AND SURFACE DISTANCE CONVENTION FOR BOEING 737-300 INLET
(PAGE 2 OF 2).

220



TEST RUN ID: 092385—2,3A-737-0 737-300 INLET

TRUE AIR SPEED 77.49 m/s (173.33 mph)
TUNNEL TOTAL TEMP 15.0 C (59.0 F)
TUNNEL STATIC PRESSURE 94.61 kPa (13.73 psia)
AIR/WATER PRESSURE RATIO 0.65

COLLECTOR EFFICIENCY 0.89

nmwuwn

L0

0.9

Soz
0.6 A

&
=
L

LOCAL IMPINGEMENT
o
>
]

02 / \\
0.1 \
IZ/IAN

-1.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

OJUTER « | = INER

MVD = 20.36 MICRONS 6 = 0°

FIGURE 6.18

TEST REPEATABILITY FOR BOEING 737-300 INLET:
= 0°, MASS FLOW = 22.96 LBM/SEC (PAGE 1 OF 3).
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TEST RUN ID: 092385-2,3CG-737-0 737-300 INLET
TRUE AIR SPEED = 77.49 m/s (173.33 mph)
TUNNEL TOTAL TEMP 15.0 C (59.0 F)

TUNNEL STATIC PRESSURE = 9261kPa (1373 psia)
AIR/WATER PRESSURE RATIO = 065
COLLECTOR EFFICIENCY = 089

os i
Ii

o

LOCAL
£
—
N e ——

) \‘
0. 1\

’

0.0
-20 90 -60 -30 00 30 60 90

SURFACE DISTANCE FROM HIGHUIGHT ~ ¢m
QTR + | = INER

MVD = 20.36 MICRONS 0 = 90°, 270°

FIGURE 6.18

TEST REPEATABILITY FOR BOEING 737-300 INLET:
a = 0° MASS FLOW = 2296 LBM/SEC (PAGE 2 OF 3).
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TEST RUN ID: 092385-2,3E-737-0 737-300 INLET

TRUE AIR SPEED

TUNNEL TOTAL TEMP
TUNNEL STATIC PRESSURE
AIR/WATER PRESSURE RATIO
COLLECTOR EFFICIENCY

= 77.49 m/s (173.33 mph)
= 150¢C (59.0 F)

= 94,61 kPa (13.73 psia)
= 0.65

= 0.89

e

o
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e
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o
o>

S

LOCAL IMPINGEMENT EFFICIENCY ()
o
b

&

0.1 \
\
N
0.0 > -
-0 =90 -60 =30 0.0 1.0 6.0 9.0

a

SURFACE DISTANCE FROM HIGHUGHT ~ ecm
OQJTER + | = INR

MVD = 20.36 MICRONS 6 = 180°

FIGURE 6.18

TEST REPEATABILITY FOR BOEING 737-300 INLET:
= 0°, MASS FLOW = 2296 LBM/SEC (PAGE 3 OF 3).
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SURFACE DISTANCE FROM HIGHLIGHT ~ CM

(A)
W = 2296
MVD = 20.36

(8)
W = 2296
MVD = 16.45

(Q
W = 17.20
MVD = 20.36

(D)
W = 17.20
MVD = 16.45

W ~ LBM /SEC, MVD ~ pm
NEGATIVE SURFACE DISTANCE - OUTER SURFACE
POSITIVE SURFACE DISTANCE — INNER SURFACE

B TEST DATA

THEORY

SUMMARY OF RESULTS

FIGURE 6.19

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR BOEING 737-300 INLET AT a = 0° (PAGE 1 OF 21).



LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092385-1,2,3A-737-0 737-300 INLET

TRUE AIR SPEED = 7749 m/s (173.33 mph) B TEST DATA
TUNNEL TOTAL TEMP = 150C (59.0 F)
TUNNEL STATIC PRESSURE = 9461 kPa (13.73 psia) ————  THEORY
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89
1
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hy
fl
/

/
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/r '\\

-12 -9 -6 -3 0 3 6 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

(POSITIVE S VALUES ON INNER SURFACE)

(A1) MVD = 20.36 MICRONS,  MASS FLOW = 22.96 LBM/SEC, 6 =0°

FIGURE 6.19

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR BOEING 737-300 INLET AT a = 0° (PAGE 2 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (8)

TEST RUN ID: 092385-1,2,3BH-737-0 737-300 INLET

TRUE AIR SPEED = 7749 m/s (173.33 mph) H TEST DATA
TUNNEL TOTAL TEMP = 15.0C (59.0 F)
TUNNEL STATIC PRESSURE = 94.61 kPa (13.73 psia) ——————  THEORY
AIR/WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89
1
0.9
0.8
0.7
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. ]
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T FT Ty

=12 -9 _-:6 -3 0 3 6 9
SURFACE DISTANCE FROM HIGHLIGHT ~ cm

(POSITIVE S VALUES ON INNER SURFACE)
(A2) MVD = 20.36 MICRONS, = MASS FLOW = 22.96 LBM /SEC, 0 =45°

FIGURE 6.19

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR BOEING 737-300 INLET AT a = 0° (PAGE 3 OF 21).



LOCAL IMPINGEMENT EFFICIENCY (B)

TEST RUN ID: 092385-1,2,3CG-737-0 737-300 INLET

TRUE AIR SPEED = 77.49 m/s (173.33 mph) B TEST DATA
TUNNEL TOTAL TEMP = 150C (59.0 F)
TUNNEL STATIC PRESSURE = 94.61 kPa (13.73 psia) —————  THEORY
AIR WATER PRESSURE RATIO = 0.65
COLLECTOR EFFICIENCY = 0.89
1
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SURFACE DISTANCE FROM HIGHLIGHT ~ cm
(POSITIVE S VALUES ON INNER SURFACE)
(A3) MVD = 20.36 MICRONS, = MASS FLOW = 22.96 LBM /SEC, 0 =90°

FIGURE 6.19

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR BOEING 737-300 INLET AT a = 0° (PAGE 4 OF 21).
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ENT EFFICIENCY (8)

LOCAL IMPINGEM

TEST RUN ID: 092385-1,2,3DF-737-0 737-300 INLET

: G e " st o
TUNNEL STATIC PRESSURE = 9461 kPa (13.73 psia) THEORY
AIR/WATER PRESSURE RATIO = 0.65

COLLECTOR EFFICIENCY = 0.89
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FIGURE 6.19

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA

FOR BOEING 737-300 INLET AT a = 0° (PAGE 5 OF 21).




LOCAL IMPINGEMENT EFFICIENCY (B)

TEST RUN ID: 092385-1,2,3E-737-0 737-300 INLET

TRUE AIR SPEED = 77.49 m/s (173.33 mph)
TUNNEL TOTAL TEMP = 150C (59.0 F) P W, TTEST RATA
TUNNEL STATIC PRESSURE = 9461 kPa (13.73 psia) ———  THEORY
AIR/WATER PRESSURE RATIO = 0.5
COLLECTOR EFFICIENCY = 0.89
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(A5) MVD = 20.36 MICRONS,  MASS FLOW = 22.96 LBM /SEC, 6 =180°

FIGURE 6.19

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR BOEING 737-300 INLET AT a = 0° (PAGE 6 OF 21).
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LOCAL IMPINGEMENT EFFICIENCY (8)

230

TEST RUN ID: 092385-7,8,9A-737-0 737-300 INLET
TRUE AIR SPEED = 77.56 m/s (173.48 mph) B TEST DATA
TUNNEL TOTAL TEMP = 154 C (59.8 F)
TUNNEL STATIC PRESSURE = 94.61 kPa (1373 psia) THEORY
AIR /WATER PRESSURE RATIO = 0.80
COLLECTOR EFFICIENCY = 0.86
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FIGURE 6.19

AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA

FOR BOEING 737-300 INLET AT a = 0° (PAGE 7 OF 21).
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AVERAGED LOCAL WATER IMPINGEMENT EFFICIENCY DATA
FOR BOEING 737-300 INLET AT a = 0° (PAGE 9 OF 21).
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FOR BOEING 737-300 INLET AT a = 0° (PAGE 11 OF 21).
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