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ABSTRACT

A numerical model has been developed to calculate ice accretion
characteristics of two-dimensional bodies in a potential flow field.
Particle trajectories are calculated in a potential flow field computed
for the bodies of interest. The potential flow computation technique
employs a distribution of sources, sinks, and/or vortices along the body
surface.

The governing equations of motion of droplets in the flow field are
integrated by Adams-Moulton predictor-corrector method with a variable
time step to yield the particle trajectories. With the trajectories
known, the location of droplets impinging on the body are determined,
and then the local and total collection efficiency are determined.

A computer program is developed for calculating the particle
trajectories, the impingement 1imits, the local collection efficiency,
and the total collection efficiency. The program utilizes the existing
potential flow programs to provide numerical solutions for airfoils
(with tunnel walls or without walls) and two-dimensional inlet with

single-sized or multi-sized droplet distribution.
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CHAPTER I
INTRODUCTION

In the past, before 1950, both the National Advisory Committee for
Aeronautics (NACA) and the Federal Aviation Administration (FAA) have
conducted comprehensive icing research in the areas of meteorology,
theoretical droplet trajectory calculations, experimental ice accretion
and iced aircraft performance. Much of this effort, however, was
terminated in the late 1950's and little research has been conducted in
the interim. There is no question that this prior work has served the
industry well, but new aircraft technology has generated requirements
for increased understanding of icing phenomena. This re-examination of
the icing problem, this time with the aid of the high-speed computer
facilities, promises improvements in icing technology necessary to
increase the utilization of general aviation aircraft and helicopters in
adverse weather. In an icing environment, aircraft can accumulate ice
resulting in a sharp increase in drag and reduction of maximum 1ift.

Ice may form on the unheated forward-facing surfaces of an aircraft
flying through clouds of supercooled water droplets. At low tempera-
ture, the water droplets freeze immediately on impact with airfoil
leading edges, forming rime ice (Figure 1.1a). At higher temperature,
the water droplets may flow over the surface for a short distance before
freezing, resulting in glaze ice (Figure 1.1b). The size, shape, and
extent of ice formation depends on the cloud 1iquid water content, the
droplet size and temperature, the flight speed and angle of attack,
airfoil or body geometry, and duration of the icing encounter.
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(a) Rime ice.

(b) Glaze ice.

Figure 1.1 Ice formations on the unheated forward-facing surfaces.

This study, as part of the re-examination of icing problem, focuses
upon numerical solutions of the impingement characteristics for droplet
trajectory about two-dimensional bodies. The method used in this study
is limited to the rime ice or dry accretion case in which the super-
cooled water droplets freeze on the airfoil at the point of impact. The
method developed in this study calculates water droplet trajectories in
known airfoil flow fields computed with existing two-dimensional poten-
tial flow computer programs. Equations describing the motion of parti-
cles in the flow field are derived in Chapter II. The impingement
1imits, the local collection efficiency and the total collection effi-
ciency are also defined in Chapter II.

The Douglas two-dimensional potential flow programs developed by
Hess and Smith are used in the present study for calculating air veloci-

ties about a two-dimensional body (see NASA TM-78930 [1]* and NASA

*Numbers in brackets represent similarly numbered references in
the List of References.

2

-



TM-79144 [2]). The related input and output of these programs are
briefly described in Chapter III.

A computer program (see Appendix C) was developed to calculate
numerical solutions for impingement characteristics of particle trajec-
tories. The code is programmed to include all of the following cases.

1. Airfoil with walls (to simulate wind tunnel walls) or

without walls and with single-sized or multi-sized

particle distribution.

2. Inlet of an aircraft engine with hub or without hub and
with single-sized or multi-sized particle distribution.

User's instructions as well as program capabilities and functions are
described in Appendices A and B.

In Chapter IV, computed impingement characteristics are presented
for a number of test cases (see page 29). For most of the
numerical results, the agreement with experiment is good. On the other
hand, for a thin airfoil (i.e., NACA 65A-004) at large angle of attack
(i.e., 8°) the computed results do not agree well with experiment. This
disagreement is due to the effects of flow separation.

Conclusions along with interpretation of the results and program
limitation is given in Chapter V. The potential flow computer program
used in this study has a relatively large discretization error very
close to the body. The correction for the discretization error near the
body and the utilization of Cunningham correction factor for small-sized

particle (<10 p) distribution is also discussed in Chapter V.



CHAPTER I1

METHODOLOGY

The procedure for computing the particle trajectory around a two-
dimensional body has been divided into the following steps:
1. Compute the potential field around a body of arbitrary
shape assuming the particles do not influence the flow
field.

2. Determine the velocity flow field around the body with or
without angle of attack for a given free-stream airspeed.

3. Calculate the trajectories of droplets in the flow field
determined in Step 2 using the Adams-Moulton predictor-
corrector method to integrate the equations of particle
motion.

4. Calculate the local collection efficiency for the body.

The computational procedures used in Steps 1 and 2 are summarized

in Subchapter A, and those used in Steps 3 and 4 are described in Sub-

chapters B, C, D, and E.

A. POTENTIAL FLOW ABOUT AN ARBITRARY
TWO-DIMENSIONAL BODY

The Douglas two-dimensional potential flow program developed by
Hess and Smith [3] is used in the present study for calculating the flow
field about body. This computer program uses a distribution of sources,
sinks, and/or vortices along the body surface to calculate the potential
flow field. The body surface is represented by an arbitary number of
straight line segments. In calculating the flow field, contributions
from all the sources, sinks, and/or vortices are summed. The accuracy
of this method was tested by comparing its predicted velocities and

4




surface pressure coefficients with both analytic solutions and experi-
mental data [3]. Excellent agreement has been found.

In the present study the accuracy of the numerical method was
tested by comparing the computed horizontal velocity for a two-
dimensional circular cylinder with the analytical solution. Using ten
surface elements the velocity error is approximately 2 percent at a
distance of one diameter from the cylinder. The error is reduced to 0.5
percent by using 50 surface elements. Therefore, the smaller the sur-
face line segments used, the finer the resolution of the flow field ‘
obtained. For the test cases presented in Chapter V of this study,
on the order of 150 surface elements have been used and good agreement
between the predicted local collection efficiency and the available
experimental data [4] is obtained.

The Douglas two-dimensional flow program consists of essentially
three parts: a geometry-generating program called SCIRCL, a two-
dimensional flow field computer program called 24Y, and a mass flow rate
and compressibility correction program for inlet flows called COMBIN-2D.
The SCIRCL program generates the geometry input to the potential flow
program (24Y) for a given specified analytical shape. Using the input
from SCIRCL the 24Y program calculates the flow field at any position in
space. The 24Y program is used to generate an input data tape contain-
ing the sources, sinks, and vortices which are then used in the particle
trajectory program to calculate the velocity field at a particle posi-
tion x,y. The COMBIN-2D program is used with the 24Y program if it is

desired to specify the Mach number within the inlet.



Only limited details of the potential flow program are provided in
this study since the major thrust of this study was to develop a program
for computing particle trajectories and local collection efficiencies.
The already-developed Douglas potential flow program is simply used to
provide flow field input [1,2]. For complete details of the potential

flow program, the user should consult References 1, 2, and 3.
B. PARTICLE EQUATIONS OF MOTION

In the present study the motion of a water droplet (particle),
which is acted on by the potential flow field, does not influence the
flow. The forces acting on the particle are considered to be those of
1ift, drag, and gravity. The motion of the particle is assumed to take
place on the x-y plane only. Pitch moment acting on the particle only
in the direction normal to the x-y plane is also considered. Figure 2.1
shows the forces acting on the particle and the velocity vectors rela-
tive to the motion of the particle. The particle reference line (PRL)
of the water droplet shown in Figure 2.1 is not significant for a spher-
ical particle; however, for more arbitrarily shaped particles, e.g., a
snowflake, the PRL must be defined relative to the 1ift, drag, and
moment coefficient data available for the given particle shape. The
governing equations of the particle motion are derived for the more
general case, i.e., arbitrary particle shapes. In turn, the computer
program developed in this study and described in Chapter III and
Appendices A and B provides the option for general-shaped particles.
However, the test case comparisons with experimental data given in
Chapter IV are for spherical particles only. A valid drag law for

6




Figure 2.1 Diagram of the velocity vectors and forces acting on a water
droplet.
spherical particles is built into the computer program. The user must
input 1ift, drag, and moment coefficient data for general-shaped
particles.
The equations of motion of the particle derived from a force

balance on a point mass particle as shown in Figure 2.1 are:

m% = -D cos y - L sin Y (2.1)
my = D sin y + L cos y - mg (2.2)
where




y = tan'] —J (2.3)

X - Wx

The flow field velocity components in the longitudinal and vertical
directions, i.e., Wx and wy, respectively, are obtained from the poten-
tial flow program described in Subchapter A. The aerodynamic drag and

1ift forces are defined as:

. p V.2
_ aa
. p V. 2
- a a
L = Cz > A

where A is a characteristic area of the particle, Pq is the density of
air at the position of the particle, and Va is the particle velocity

relative to the flow field and is defined as:

Vo = /-2 (- )2 (2.4)

For arbitarily shaped particles, expressions for the drag coefficient,
Cd, and 1ift coefficient, Cz’ must be prbvided by the user. They are

often approximated with:

o
1]

Cao * Cao (2.5)

Cz = C20 +C0 (2.6)

where o is the angle between the PRL and the velocity vector Va (Figure
2.1).
Equations 2.1 and 2.2 can be solved given values of the coeffi-
cients of Equations 2.5 and 2.6, i.e., Cdo’ Czo’ Cda’ and Cla' The
8



angle o is computed from the expression:
o =6 - v (2.7)
where the angle 8, generally called pitch angle of the water droplet in

aerodynamics, is governed by:

§ = I—M— (2.8)
22

where IZZ is the moment of inertia of mass relative to the z axis. The

moment of aerodynamic forces acting on the particle is:

o V. 2

_ aa
M= Cm > Azc (2.9)

where Cm is approximately:

Cmo and Cma are constants to be provided by the user depending upon the
shape of the particle, and Qc is a reference length.

For a spherical particle with zero angular velocity, the 1ift force
is always zero for potential flow. The governing equations are signi-

ficantly simplified in this case:

m& = -D cos vy (2.10)
my = -D sin y - mg (2.11)
where

o V.2
- Pa'a
D = Cdo > A (2.12)

In the present study Cdo is the steady-state drag coefficient of a

9




sphere as a function of Reynolds number based on particle diameter,

Re = VaD/v, as shown in Figure 2.2. The diameter of the spherical

- particle, D, and the kinematic viscosity of the air, v, are assumed

constant along the particle's trajectory in the present study. The drag

Taw utilized was provided by NASA/LeRC (Figure 2.2 and Table 2.1) [5].
The governing Equations 2.1, 2.2, and 2.8 together with the follow-

ing definitions form a complete set of equations to describe the motion

of particles in the flow fields.

d
o _ g (2.13)
d
o=y (2.14)
de
a—t": 0 (2]5)

Integration of the Equations 2.1, 2.2, 2.8, 2.13, 2.14, and 2.15 results
in solutions for x, y, 6, x, y, 6 of the particle at time t. For the
sphere particles for which the 1ifting force is omitted, only Equations
2.10, 2.11, 2.13, and 2.14 are integrated. The integration method is

described briefly in the next section.
C. PARTICLE TRAJECTORY SOLUTION ALGORITHM

The method utilized for integrating the governing equations of
particle motion is the Adams-Moulton predictor-corrector method [6].
The solution is obtained if the summation of the difference between the
particle velocities in the x and y directions obtained by the predictor
and corrector, respectively, and divided by the value of the solution at
the last time step is less than a specified number e¢:

10
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TABLE 2.1. Polynomial Coefficients Relating Best Number (Be) to
Reynolds Number for Spherical Particles [5].

j=0
Reynolds Number Range j aj
0.05 < Re < 3 0 0.0
1 24.167
2 3.254
3 -0.23564
3 < Re < 330 0 -28.339
1 38.969
2 0.73204
3 -0.00056084
330 < Re 0 0.0
1 93.462
2 0.37576
where
Re = W-ViD
\Y
Be = Best number (CdReZ)
D = particle diameter
ﬁ = inertial velocity of the air
(W=wi+ wyj)
V = inertial velocity of the particle

(V = 51 +73)

12
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+ n,predictor Yn,corrector)
| | -

n,predictor ~ Xn,corrector
X

n-1 n-1

The value of ¢ is specified by the user.
D. COMPUTATION OF COLLECTION EFFICIENCY

Particle trajectories calculated as described in the previous
sections are used to establish the relations between the particle's
initial position (-m,yo) and the position where it impinges on the body
surface, s. s is the length along the body surface measured from the
leading edge on the body to the point of particle impingement. The
value of s is defined as positive on the lower surface and negative on
the upper surface. Yo is the initial value of the vertical coordinate
from which the particle is released (see Figure 2.3). The local collec-
tion efficiency, B8, is calculated as a function of the distance along

the body surface by differentiating Yo = yo(s) with respect to s [7]:

=0 (2.16)

The minus sign is introduced so that g8 is positive, which is consistent
with the definition given in Reference 4.

The overall collection efficiency, E, is defined as:
-y
F=_0U "0 (2.17)

where You and Yoo 2re the initial y-coordinates of the upper and lower
tangent particle trajectories relative to the body of interest and h is

the projected height of the body along the vertical coordinate line.
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E. GENERAL COMPUTATIONAL PROCEDURE

The general computational procedure to determine the local collec-
tion coefficient of a body is carried out as follows. First, the
initial conditions for the differential equations governing the particle
motion are determined either automatically by the computer program or
input manually by the user. These conditions call for specification of
an initial particle position X0sYo and an initial particle velocity
io’yo° The computer program described in the following sections auto-
matically determines the initial conditions if desired. The initial
upstream x-coordinate, Xo9 is assigned the value of x at which the
difference in the free-stream velocity W_ and the local velocity W is
less than some small value €. The value of ¢ is specified by the user.

To determine the initial vertical coordinate Yo the computer
automatically searches for the upper and lower limits of the y-
coordinate, You and You? respectively (see Figure 2.3). Any particles
released within this region will strike the body. Any particles
released outside this region will miss the body and are of no interest
to the computation of collection efficiency. The range of vertical
position You to You is then divided into a number of increments
prescribed by the user. The trajectory of particles leaving each of
these vertical positions is calculated and the impingement position of
the particle on the body surface, s, is recorded. This collection of
{yo,s} values plus those generated during the computer search for You
and Yoo 2T€ used to express s as a function of the particle's initial

vertical coordinate Yo The value of B = -dyo/ds is then computed by a

15
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linear approximation or by curve fitting the total collection of data
points {yo,s} to a polynomial curve fit. The degree of the polynomial
is specified by the user. The current program allows the user to curve
fit the entire set of datum points to one curve or to fit the curve in
segments using a prescribed number of points on either side of the
specified position (see Figure 2.4). This latter procedure is similar
to segment-averaging or segment-curve fitting of the entire curve.

The initial velocity of the particle is prescribed to be equal to
the value of the flow field at x .y , i.e., x = W_(x ,yo) and y =

X0

wy(xo’yo) if not otherwise specified by the user.
The following chapters describe in detail the computer program and
necessary user's information to compute particle trajectories and local

collection efficiency for two-dimensional airfoils and inlets.
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CHAPTER III

GENERAL DESCRIPTION OF COMPUTER PROGRAMS

The purpose of this chapter is to describe the computer program in
sufficient detail so that it can be run successfully. Subchapter A
describes some general features of the program which will better enable
the user to follow the data input instructions given in Appendix A. A
description of the program output is also included in Appendix A. The
capabilities and function descriptions of the particle trajectory
program are described in Appendix B. The original References 1 and 2
should be consulted if additional information is required. The general

features of the program are described in the following subchapters.
A. TYPES OF FLOW

Two-dimensional incompressible potential flow over arbitrarily
shaped bodies is considered. The water droplet in the flow field is
treated as a solid sphere although the option for a nonspherical
particle is provided in the computer program. For nonspherical
particles the user must‘provide expressions for the coefficients of

aerodynamic 1ift, drag, and moment.
B. SURFACE DISTANCE COMPUTATION

The surface distance along the body is computed by summing elements,

As, determined from a linear approximation, As = /(ax)2 + (ay)2.
Surface distance is measured from the leading edge of the airfoil with
positive values defined on the lower surface and negative value defined
on the upper surface, Figure 2.3, page 14.
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C. INITIAL LONGITUDINAL COORDINATE, Xg
OF THE PARTICLE TRAJECTORY

The initial longitudinal coordinate position Xo at which the
particle trajectory calculations begin (Figure 2.3, page 14) is auto-
matically determined by the computer program. The value of X0 is
selected by testing the maximum difference between the locally computed
value of W and the free-stream velocity W_ at successively farther

distance upstream. The value of x for which the inequality

W

’] -m f0.00] (3.])

max

is satisfied is designated as Xo* Equation 3.1 is tested over a speci-
fied range YYLO < y/a_. < YYUP, where YYLO and YYUP are initial values
input by the user. They represent the expected maximum and minimum
range of the upstream y-coordinate. L is the reference length which is
normally the chord length for an airfoil or the mouth diameter for an
inlet. This procedure for selecting the initial position of the
particle trajectory has been developed so that computer time may be

conserved by starting the particle as near the airfoil leading edge as

variations in flow field velocity will allow.
D. IMPINGEMENT POSITION OF THE PARTICLE ON THE BODY

A coordinate transform technique is utilized in determining the
position at which a particle strikes the body. The transform technique
is illustrated in Figure 3.1. The equations governing the coordinate

transform are:

Xt = X (3.2a)
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calculated in the program.
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(b) Transformed plane

Figure 3.1 Coordinate transform.
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Y - YREF

Yt = YREF - V1o (3.2b)

where (see Figure 3.1la)

YREF = Yp.pgece if ¥ 2 0.0

A'ABC

YREF = Y , 1Y <0.0

A'AB'CC
where X and Y are the x- and y-coordinates normalized by the chord
length, Lo respectively. If the particle moves across the coordinate
line Yt = 0 in the transformed plane and the Xt position of the particle
is greater than the front point of the body of interest, the particle is
recorded as having crossed the surface of the body. An iteration proce-
dure, described in the following paragraphs, is then carried out to

determine the exact surface location of impingement.
| E. COMPUTATION OF SURFACE IMPINGEMENT LOCATION

The method of computing the surface location of particle impinge-
ment is described in this paragraph. First a general case and then a

special case (see Figure 3.2) are considered.

General case. During a time step aAt, consider the particle to

cross the body along the line ON (see Figure 3.2a). Let the coordinates
of the particle at time t be (X0,YPO) and the coordinates at t = t + At
be (XN,YPN). The reference coordinates on the body surface A'ABCC' or
A'AB'CC' are XO,YRO and XN,YNR, respectively. The analytical function

of the line ON is:

Y - YPO _ YPN - YPO
X - X0 XN - X0

(3.4)

22
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Body Surface
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-
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Time Step (N-1) Time Step (N)

(a) General case

(X0,YRO)

Body Surface

Particle Trajectory

N{XN,YPN)
(X1,YI} '
Al - C
A~ (XF,YF)
O (xo0,YP0)
Time Step (N-1) Time Step (N)

(b) Special case

Figure 3.2 Illustration of the method of determining the position
of particle impingement on the body surface.




The function of the line O'N', which joins the two nodal points describ-

ing the body surface, is:

Y - YRO _ YRN - YRO
X-X0 - XN = X0 (3.5)

The coordinates (XI,YI) of the intersection of 1ine ON and O'N' found by

simultaneous solution of Equations 3.4 and 3.5 are:

_ (XN - X0)(YPO - YRO)
XI = tyRN=YRO - vpN + POy * X0
_ (YPN - YPO)(YPO - YRO)
YI = {YRN - vro - vew + vpoy * YPO (3.6)

The reference coordinates on the body surface (XI,YR) corresponding to

the position (XI,YI) is then found. If |[YI - YR| < 1070

, the point
(XI,YR) is regarded as the particle impingement position on the body
surface. If |YI - YR| > 10'5 the point (XI,YI) is redefined as (XN,YPN)
and (XI,YR) as (XN,YRN), respectively. The procedure is repeated until

the requirement |YI - YR| < 107 is satisfied.

Special case. Consider the particle crossing the body surface for

the special trajectory shown in Figure 3.2b. The function of line ON

YPO _ YPN - YPO
X0 - XN = X0 (3.7)

>| <

and of line AN' is

YF _ YRN - YF
XF © XN - XF (3.8)

> <<

The coordinates (XI,YI) of the point of intersection of line ON and line
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N' are found as follows: Let

(XN - XF)(YPN - YPO) - (YRN - YF)(XN - X0)

O O ™ I X
"

YPN - YPO
= YRN - YF
= XN - XF
E=XN- X0
then
XI = [B-D-X0 - E-C:XF + (YF - YPO).E-D]/A
YI = [D-B-YF - E-C+YPO + (X0 - XF).B-C]/A (3.9)

The same procedure and criteria as for the general case is used to

determine the position of particle impact on the body surface.
F. UPSTREAM y-COORDINATE LIMITS YouYoq

The method by which the computer selects the upper and lower tra-
jectory limits You and You is described in this subchapter. A number of
options are available to the user depending on the setting of the flags
LRANG and LIM. If LRANG=1 and LIM=1, the program searches automatically
for the upper and lower limits of the vertical coordinates of the
initial particle position You and y,, (see Figure 2.3, page 14).

The search procedure consists of the computer program initially
seeking the range within which You and You lie. This is achieved by
computing the particle trajectory from the initial position (XO,YMAX)
where YMAX and YMIN are the user's initial guessed values of You and
You respectively, and X0 = xo/zc. If the particle passes under or hits
the body, YMAX and YMIN are redefined as YMAXNEW = YMAX + AY and
YMINNEw = YMAX where AY = YMAX - YMIN. The procedure is then repeated
25
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until the particles pass over the body. The current values of YMAX and
YMIN then specify the range within which more precise values of You and

y.. are sought. If on the first trajectory calculation the particle had

0%
passed over the body then the trajectory from (XO,YMIN) is computed. If
the particle again passes over the body then the above procedure is

reversed (i.e., YMAXNEw = YMIN and YMIN = YMIN - aY).

NEW
Once this order of magnitude range of You and You is determined,
more precise values of these limits are computed as follows. A particle
trajectory from the position Y' = (YMAX + YMIN)/2 is computed. If the
particle passes under or hits the body then the next trajectory is com-

(Y' + YMAX)/2. Alternatively, if it passes under the

puted from Y'NEw
body then Y'NEw = (Y' + YMIN)/2. Successive halving of the range YMAX
to YMIN in this manner continues until convergence is achieved. Conver-
gence is assumed when the difference of the Yo coordinate between two
trajectories, for which one impinges on the body and one misses the
body, is less than a small value specified by the user. In the program
the small number is designated as YLIM. For the test cases given in
Chapter IV, YLIM = 10'6 m was used. Determination of the values of You
and You also provides values of the upper surface impingement 1imit, Sy
and the lower limit, S » respectively.

If the control flags are set such that LRANG=0 and LIM=1, the
computer program will search for You and You within the range YMAX and
YMIN input by the user. If a poor guess was made and You and Yo 3T
not in this range, then the program is terminated. If the user desires
to compute only one particle trajectory, the flags should be set to
LRANG=0 and LIM=0.
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G. CALCULATION OF THE LOCAL COLLECTION EFFICIENCY

With the values of y_ ~and y_ _ determined, the computer divides the
ou 04

range into NPL segments (i.e., (y_. - yoz)/NPL) which represents the

ou
number of particles to be computed. Particles are then released from
each of the NPL locations. The surface locations of impingement of each
particle is then recorded and a collection of coordinates {yo,s} are
stored in a file. These values are used to construct the functional
relationship between Yo and s from which the local collection efficiency
is calculated.

Two methods are used to calculate the local collection efficiency,

8. The first method is linear approximation:

Ayo

B: -KS_ (3.]0)

The second method utilizes a polynomial curve fit. The computed values
of surface impingement, s, are determined as a function of Yoo i.e.,

s = s(yo), by a polynomial curve fit. The value of 8 is computed by
taking the derivative of the polynomial function. The number of coeffi-
cent of the polynomial function is input by the user as NCOEF (the order
of the polynomial is then NCOEF-1). The total number of points {yo,s}
can be curve fit or the function can be curve fit in segments similar to
a running average. For segment curve fitting the variable NS=0 and the
number of sequential coordinate points used in a segment is specified by

the user with the variable NPTS. If NS=1, all points are used. For

multi-size distribution cases (NSI>1), only the all-points polynomial

curve fit option is available.




CHAPTER IV
TEST CASES FOR PARTICLE TRAJECTORY CALCULATIONS

Application of the computer model and comparison of the computed
results with experiment are illustrated in this chapter. Three test
cases for water droplet trajectory and local collection coefficient
calculations are employed. These cases are:

1. Joukowski airfoil 0015 at 0° angle of attack without walls.

2. Joukowski airfoil 0015 at 4° angle of attack with walls.

3. Two-body case (two-dimensional inlet) at 0° angle of attack.
The input/output step-by-step procedures for applying the program to
each test case is described. Details of test cases 1, 2, and 3 are
described in Subchapters A, B, and C, respectively. To fully understand
the input/output printouts presented in this chapter, the user should
coordinate the results with the card structure and input instructions
given in Reference 2.

Comparison of the computed results with the additional test cases
given in Table 4.1 is also given to further demonstrate the computer
program. Results from these runs are graphically compared with experi-
mental data in Subchapter D. Application of the program to a two-
dimensional inlet is also described. The program was run for the four
cases given in Table 4.2. However, since no experimental data was
available for comparison, only one case is described. The computed
results shown in this chapter are for a monodispersed droplet size
distribution whereas the actual droplet size distribution would be
multidispersed. A multidispersed application is described in Chapter VI.
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TABLE 4.1. Test Cases Computed with Particle Trajectory Program.

Chord vV, D* K
Airfoil (inches) « (knots) (v 0 Ref
NACA 65A-004 72 0° -- 16. 0.014 NACA TN 4151
-- 8° -- 16. 0.014 NACA TN 4151
Joukowski 0015 13 0° 152 16. -- NACA TN 3839

NACA TN 3839
-- NACA TN 3839

-- NACA TN 3839
-- NACA TN 3839

- 4° 152 16.
-- 8° 152 16.

NACA 65]—212 72 0° 152 16.
-- 4° 152 16.

SN NN NN
'
[}

*The particle diameter is chosen as the median-volume diameter of
the particles used in the experiment.

TABLE 4.2. Test Cases for Inlet Configuration.

Vv Control Station K D
(ft/s) o] Mach Number 0 (u)
145.5 0° 0.79 0.014 16.7
145.5 0° 0.40 0.014 16.7
145.5 30° 0.79 0.014 16.7
145.5 30° 0.40 0.014 16.7

A source listing of the particle trajectory computer program is

given in Appendix C.

A. JOUKOWSKI AIRFOIL 0015 AT 0° ANGLE OF
ATTACK WITHOUT WALLS

The geometry of the Joukowski airfoil 0015 is given in Figure 4.1.
The input data for generating the geometry using the program SCIRCL is
listed in Table 4.3. The output data file Tape 17 of SCIRCL (Table 4.4)
is used directly as the input data file for the two-dimensional
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Input Data File for Geometry Generation Program SCIRCL.
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The file is renamed Tape 05.
30

flow program are used as the input data files for the trajectory program
In addition to the data files described above, the user must

file as well as the output data file Tape 21 generated by the potential
manually create data file Tape 02 (Table 4.5) for the trajectory program.

potential flow program [2].

(Appendix A).
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-TABLE 4.5. 1Input Data File Tape 02 for the Particle Trajectory Program.

- —
SNEDY * NELSS 10 NSEAR 50 NEGs$S 4
sLine RIS HEN LRESY 4
Te CPLOT 0 LTNLS
T 18:9 RS 789302 T1MSE X X o 1
' . ~ +3302 TIMSF 0.0001 YLIMS 0.000001CF § 1.0
FRATR 0.0 PIT s 0.0 FITLT 0.0 XORCS -4.0 YORCS 0.1
XKEAK 1,00  YLO $ -0.10 YUF $ 0.10 YHAXS 0,05 YNIN$-0,05
ALEFS  0,0005 ANLFL 0.0 ANLCR 0.0 EFSXs 0,001
INITIAL INFUT DATA FOR LOCAL CATCH EFFICIENCY CALCULATION
NCOEF 3 NFTSS 7 $ NS$ 0 CULATIONS
EXFEKIMENTAL DATA OF LOCAL CATCH EFFICIENCY :
-0.08 0.045
-0.06 0,105
-0.04 0.235
-0.02 0.485
-0.01 0.6071
0.0 0.637
0.01 0.601
0.02 0.485
0.04 0.235
0.06 0.105
0.08 0.045
0.10 0.020
0.15 0.010

%

*The names of the variables including those with $'s are printed
to fi11 the appropriate spaces. Normally, these alphabetic symbols
would not be input by the user but are given here to clarify the
illustration.

The output data file Tape 06 (Table 4.6) of the trajectory program
is shown in Table 4.6. After the initial information relative to the
conditions being run, Table 4.6 first shows the initial and input
impingement values of the particles used in determining the upper and
Tower surface 1imits of impingement. The upper and lower surface limits
are then tabulated. Also, the total collection efficiency is specified.
Information on the equally spaced ten particle trajectories computed
between these limits is given next. The table then lists the initial
values Yo and surface positions of impingement for the total number of
particle trajectories computed (in this case 37). The local collection
coefficient 8 versus surface position calculated with the linear approxi-

mation is then shown in the table and finally the values of 8 versus
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surface position computed using a polynomial curve fit technique are
tabulated. Note that segment curve fitting was used in this case. The
computed results presented in Table 4.6 are compared with experimental
data from NACA TN 3839 in Figure 4.2. The agreement is believed to be

very good.
B. JOUKOWSKI AIRFOIL 0015 AT 4° ANGLE OF ATTACK WITH WALLS

The geometry of the Joukowski airfoil 0015 with walls is given in
Figure 4.3. The input data file for generating the geometry with the
program SCIRCL is listed in Table 4.7. Note the output now defines
three bodies since the airfoil is now considered to be in an infinitely
wide wind tunnel. The geometry generated by the program SCIRCL (Tape
17) needs to be modified for use in the 24Y program [2]. The value of
ITR in Column 53 of the first card of Tape 17 is changed from zero to
either one or three depending on whether an elliptical element is
desired.

Card 2, marked with the symbol *, is added to the data file (Table
4.8). The card specifies the coordinates of the center of rotation for
the airfoil in the wind tunnel. The airfoil is rotated 4° clockwise
(negative) from its original position with the point (x,y) = (0.5,0.0)
as the rotation axis.

This modified data file Tape 17 (Table 4.8), the output data file
Tape 21 from the potential flow program, and the data file Tape 02
(Table 4.9) generated manually by using the instructions in Reference 2

are input data files for the trajectory program.
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Figure 4.3 Joukowski airfoil 0015 with walls.

Input Data File for Geometry Generation Program SCIRCL.

TABLE 4.7.
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(continued).

TABLE 4.7
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Input Data File Tape 17 (modified and renumbered Tape 05)

for the Potential Flow Program.
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(continued).
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The output data file Tape 06 of the trajectory program is listed in

This table has the same description as given in Subchapter

Table 4.10.

The computed results are compared with the available experimental

A.

Again, the agreement is good.

data from NACA TN 3839 in Figure 4.4.

TWO-DIMENSIONAL INLET AT 0° ANGLE OF ATTACK

C.

(TWO-BODY CASE)
The geometry of the two-dimensional inlet is given in Figure 4.5.

The input data used in the program SCIRCL to generate this geometry is
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TABLE 4.9. Input Data File Tape 02 for the Particle Trajectory Program.

SNEDY ™ 3 NFELsS$ 10 NSEAR S0 NEQs$S 4
SLEQM 0 LSYNS 0 LRANG 1
sLIns 1 LOFTS 0 LFLOT 0 LTNLS 1 LXORs 1
$G ¢ 0.0 VINFS$ 78,0
sOF ¢ 18,7 RL 3 0,3302 TIMSF 0,0001 YLIMS 0.000001CF 8 1.0
FRATN 0.0 PIT ¢ 0.0 FITDT 0.0 XORCS -4.0 YORCS 0.1
XREAR 1.00 YLO s -0.10 YUF & 0,10 YMAX$ 0.05 YMINS$-0,11
Ag%i% OiOOOS ANLFL 0.0 ANLCR 4.0 EFSXs 0.001
N
INITIAL INFUT DATA FOR LOCAL CATCH EFFICIENCY CALCULATIONS
NCOEF 3 NFTS$ 7 NS$ 0
EXFERIMENTAL DATA OF LOCAL CATCH EFFICIENCY
13

-0.08 0.00%

~0.,08 0.020

-0.04 0.07%

-0.02 0,389

-0.01 0.520

0.0 0,623

0.01 0,614

0.02 0.522

0.04 0,347

0.0 0,225

0.08 0,133

0.10 0.077

0.135 0.022

*The names of the variables including those with $'s are printed
to fill the appropriate spaces. Normally, these alphabetic symbols
would not be input by the user but are given here to clarify the
illustration.

Tisted in Table 4.11. The output data file Tape 17 of the program
SCIRCL is used directly as the input data file, Table 4.12, for the two-
dimensional potential flow program.

The output data file Tape 21 of the potential flow program and Tape
02 (Table 4.13) generated manually are the input data files for the
trajectory program. In addition to these two data files, the trajectory
program requires input data file Tape 05, which is the output data file
Tape 17. However, for the two-dimensional inlet case a number of modi-
fications are made to this tape to improve accuracy and consistency of
the calculation.

The first modification was to regenerate the body and effectively
magnify the nose area where the ice impingement occurs. The need to

modify the geometry results from the fact that the dimension statement
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Input Data File for SCIRCL.

TABLE 4.11.

2.0

TEST CASE RELEASE
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Input Data File Tape 17 (renumbered Tape 05) for the

Potential Flow Program.

TABLE 4.12.
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(continued).

TABLE 4.12
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TABLE 4.13. Input Data File Tape 02 for the Particle Trajectory

Program.
e ——
sNEDY ®* 2 NELSS 10 NSEAR 60 NEQSS 4
SLEQM 1 LSYMS 0 LRANG 1
SLINS 1 LOFTS 0 LPLOT 0 LTNLS 0 LXORS 0
$6 s 0.0 UINFS 44,35
SIF &8 14.7 KL ¢ 1,00 TIHSF 0.0010 YLIMS 0,000001CF & 1,0
FRATN 0.0 PIT $ 0.0 FITOT 0.0 XORCS =0.5 ORCS 0.5
XKEAR  0.30 YLO $ -0.10 YUF & 0.10 YHAXS -0.50 YHIN$-0.515
ALEFS  0,0010 ANLFL 0.0 ANLCR 0.0 EPSX$ 0,001
INITIAL INFUT DATA FOR LOCAL CATCH EFFICIENCY CALCULATIONS
NCOEF NFTSS 10 s
EXFE?IHENTAL DATA OF LOCAL CATCH EFFICIENCY
-0,08 0,045
INITIAL INPUT DATA FOR LOCAL CATCH EFFICIENCY CALCULATIONS
NCOEF NPTS$ 10
EXFE?IHENTAL DATA OF LOCAL CATCHBRFICIENCY ¢
~0.08 0.045

*The names of the variables including those with $'s are printed
to fill the appropriate spaces. Normally, these alphabetic symbols
would not be input by the user but are given here to clarify the
illustration.

in the SCIRCL and 24Y programs is set at 500. Thus, the number of
elements used in the two-dimensional body case is Timited to 500 for
both bodies. To correctly generate the flow field around the inlet a
Tong body is required. Thus, the original geometry input specified
surface elements of 0.08 and a total body geometry of length 5.41191
normalized by the mouth diameter of the inlet. This geometry was used
to establish the flow field. To magnify the nose area where most of the
impingement occurs, the SCIRCL program is run a second time utilizing
the input specified in Table 4.14. Here, a surface element of 0.025 and
a maximum x-coordinate of 1.85000 is employed. This modification
results in a highly refined body geometry in the nose area for calcu-
lating particle impingement and collection efficiency. The flow field,
of course, is still based on the original longer but coarser grid body

shape.
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TABLE 4.14. Input Data File for SCIRCL to Modify Geometry for the
Particle Trajectory Program.

TEST CASE RELEASE 2.0

FFOC1 24y
2.0 0.025 0.025 0.0
-0.15 -0.75 0.75 20
156 6.0 *0.,025 0.0
*.85000 1.80532
£0:59535 ~0.59535
1.80532 0.40123
~0.59335 -0.59535S
1000. 1.7667 2,2463
0,69132 0,40123_ 0.0 0.C
éogg?gzq 2.;0849,342.0 -0.50000 0.0
. . 0.31509 . z
-9.75163 -0.50000 -0.34245 %0%843as
0.0 0,31509 1.80532 2.104
70,34243 -0.34245 Z0.49414 2oie9sia
1.80532 *,85000
~0.49314 ~0.49414
-2.1 0.0

A second modification to Tape 17 when it is used as input to the
particle trajectory program is required because the discretization error
of the flow field computer program close to the body surface is large.
This effect is described in detail in Chapter V. To avoid the discre-
tization error, a pseudo-body surface is defined. This surface is
generated by simply decreasing the x-coordinates of the body by a value
of Dx. The value of Dx is input on the second card on Tape 05, Table
4.15. Additionally, the value of ITR [2] is set equal to one. For the
test case computed here, the value of Dx used is -0.002.

Utilizing the modified version of Tape 17 (renumbered Tape 05)
along with Tape 21 and Tape 02 described previously, the computer
program was run and the output data file, Tape 06, is shown in Table

4.16. The computed results are shown graphically in Figure 4.6.
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Modified Input Data File Tape 17 (renumbered Tape 05) for

the Particle Trajectory Program.

TABLE 4.15.
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(continued).

TABLE 4.15
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Output Data File Tape 06 for the Particle Trajectory Program.

TABLE 4.16.

-
ac

1.00E-03
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6.80E-23
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0.00E+00

0.00E+00
THICK
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0.00E+00
SD
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1.84800E+00

0.00E+00

10 4,43E+01
YFRNT
-5.00000E-01
0.30036
0.30249

OUT OF RANGE
OUT OF RANGE

1,00E-03
XFRNT
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1.00E+00
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-0.50000
-0,.51500

ID
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D. ADDITIONAL TEST CASES

Figures 4.7 through 4.12 compare computed results with reported
experimental data for the test cases listed in Table 4.1, page 29. The
effect of varying the angle of attack is shown on each of the figures
and separate figures are used to show the effect of wall conditions.
Agreement with experimental results is good, with the exception of the
NACA 65A-004 airfoil at 8° angle of attack. For the Joukowski 0015 air-
foil 0° and 4° angle of attack cases, the effect of tunnel walls on the
computed results is small. In general, including wall effects on the
flow field gives improved agreement with experiment in the nose region
of the airfoil. The agreement with the data in the region further from
the nose on the lower surface, however, is generally better for the
analyses without walls than it is for those with walls. The explanation
of this is not clear and further study of this influence is required in
order to determine whether the appropriate tunnel wall correction
factors are being made for experimental studies.

The tail end of the computed curves for both the upper and lower
surfaces depart appreciably from the experimental results. This is
shown in Chapter V to be strongly influenced by the particle size
distribution. (The computed results shown are for a monodispersed
droplet size distribution whereas the actual droplet size distribution

would be multidispersed.) The NACA 65,-004 thin airfoil gives the

A
poorest agreement with experiment.
For the 0° angle of attack case the agreement with experiment is

acceptable. The experimental results show a much higher value of g at
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the nose, however, than the computed results. This is true for either
the case with or without walls. On the other hand, for the 8° angle of
attack case, the computed results do not agree well with experiment at
all. This is to be expected and has been reportéd by other researchers
(see NACA TN 4151 for example). This technical note points out that at
an 8° angle of attack the experimentally measured velocity distribution
differs markedly from theoretical, predicted values. The experimental
stagnation point is further forward, the lower surface and trailing edge
velocities are greater, and the upper surface velocities peak at a lower
value and describe a region of approximately constant velocity just
after the peak. A1l of these deviations indicate flow separation occurs
on the upper surface, a common condition with thin, symmetrical, sharp-
nosed airfoils. The effect of flow separation is to reduce the experi-
mental impingement rates below the theoretical values. Thus, the
discrepancy between experimental results and computer results using
potential flow theory is expected. The above discussion indicates the
need to carry out analyses similar to those reported herein but with
Navier-Stokes solutijons. Computer programs solving the full two-
dimensional Navier-Stokes equations including turbulence are available
[8,9] and can be readily modified to airfoils. Coupled with the trajec-
tory program many of the difficulties both due to separation and bound-
ary layer effects near the surface would be overcome.

The results presented in this chapter are discussed relative to the
assumptions made and some of the computational difficulties encountered

during the analysis presented in Chapter V.

69



CHAPTER V
DISCUSSION OF RESULTS

A number of assumptions have been made in relating the computed
results to the experimental data. These assumptions along with certain

limitations of the theory are described in this chapter.
A. CORRECTION FOR DISCRETIZATION ERROR NEAR BODY

The potential flow computer programs used in this study has a rela-
tively large discretization error very close to the body. Figures 5.1
and 5.2 are plots of the longitudinal and vertical velocities around the
nose of the Joukowski airfoil and of the upper body of the two-
dimensional inlet, respectively. The velocity is computed for different
constant values of separation distance from the body as illustrated in
the insert. One observes large peaks or oscillations in the flow field
velocity near the surface.

These errors are particularly large for the two-body inlet and have
a significant influence on the particle trajectories as illustrated in
Figure 5.3.

Figure 5.3a illustrates the trajectory of three different particles
released at very small separation distances, Yo upstream of the body.
One observes that the upper particle turns near the nose and flows
backward; then again reverses direction and flows around the body. The
initially intermediate positioned particle trajectory crosses the lower
particle trajectory near the body. It approaches very close to the

surface somewhat downstream from the nose and then departs into the
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free-stream without intercepting the body. Finally, the lower particle
trajectory impinges on the body. These erratic trajectories are caused
by the strong perturbations in the flow field near the body. A plot of
the longitudinal wind field velocity component experienced by each
particle along its trajectory is shown in Figure 5.3b. This figure
clearly illustrates the erratic flow field the particle encounters.

To overcome the effect of the discretization error near the body,
an artificial impingement surface is generated by the computer program.
This surface is achieved by displacing the surface of the body a small
increment DX units in the upstream x direction. For the two-dimensional
inlet and the NACA 65]-212 and 65A-004 airfoils DX was set equal to
-0.002. It is believed this distance encompasses the major area of
uncertainty in the flow field. Figure 5.4 illustrates the pseudo-
impingement surface for the upper body of the two-body inlet problem.
Note in comparing Figure 5.3 with Figure 5.4 that the x scale in Figure
5.3 is highly exaggerated. Figure 5.4, on the other hand, is plotted to
scale. To generate the pseudo-impingement surface, the x-coordinate is
increased uniformly around the body and the y-coordinate remains con-
stant. Thus, the nose is simply displaced outward as shown in Figure
5.4. The separation distance for the pseudo-surface of 0.002 used in
the test cases is optional and is input by the user.

The pseudo-surface is generated in the computer program after the
SCIRCL and 24Y programs have been run. Thus, the flow field is not
influenced by the creation of the pseudo-surface but only the particle

impingement positions.
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B. ADJUSTMENT OF EXPERIMENTAL DATA

A second assumption involved in comparing the computer results with
experiment is that the experimental data need to be adjusted slightly to
account for displacement of the leading edge. Although most reports do
not clearly specify the exact point from which surface position is
measured, it is generally assumed to be the leading edge. The computer
solution calculates surface displacement from the foremost point without
angle of attack. In the experimental results, the angle of attack
displaces this surface upward. Thus the experimental data and the
computer results are at slightly different surface locations. To
correct for this, the experimental data have been shifted depending upon
the angle of attack. The amount of shift is computed by multiplying the
leading edge radius of the airfoil times the angle of attack. For the
Joukowski airfoil, this amount of correction is 0.0019 units for the 4°
angle of attack and 0.0035 units for the 8° angle of attack. The NACA

65,-212 data are corrected 0.0007 units for the 4° angle of attack. A1l

1
other data are not corrected.

No other assumptions have been made in comparing the experimental
results to the computed results other than those associated with the
general theory development described in Chapter II. It is believed that
with the small correction factors described, the computer model provides
very good agreement with the experimental results particularly in the
nose region. At the tail ends of the region of impact, i.e., further

along the upper and lower surfaces, the data tend to show a higher

accretion rate than the computer model. It is shown in the next section

79



that this effect is associated with the particle distribution. Also,
impingement studies generally utilize liquid dyes to measure impingement
or local collection efficiencies. The nature of these materials are to
flow back over the surface rather than immediately adhere to the sur-
face. True icing conditions, depending on whether one was looking at

glazed ice or rime ice, are somewhere in between.

C. LOCAL COLLECTION EFFICIENCY FOR MULTI-SIZED
PARTICLE DISTRIBUTIONS

A feature of the particle trajectory program is that it allows the
user to analyze the local collection efficiency for a multi-sized
particle distribution. The Tlocal collection efficiency for a particle
size distribution can be derived as follows.

The local water catch is defined as the mass per unit time which
impinges upon given unit surface of the airfoil. If we consider the
element of area, ds, on the airfoil shown in Figure 5.5, then particles
of size Di passing through dyo at Yoi and particles of size Dj passing

through dyo at y_. will strike ds. For N particle sizes the mass strik-

0J
ing ds per unit time is given by:

N wpD? dni

6 dt

i=1

The derivative dni(yoi)/dt is defined by the expression:

dn, dgi
&N aE TN Yoi Yo (5-2)

where n; is the number of particles of size i per unit volume. Sub-

stituting this expression into Equation 5.1 gives the following results:
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Figure 5.5 Effect of different particle sizes on local water catch.

2
ke)
o

3
n
12z
a—ed

6 : n1'dyo(yo1'>vab (5.3)

e

This represents the mass per unit time which is then divided by the area
of impingement, A = bds, where b is the span width of the airfoil.
Substituting this into Equation 5.3 results in the following value for

the local water catch:

pwniD$ [dyo(s)]
;

3 & (5.4)

Ve L

"1ocal i=]

The fraction of liquid water contained in droplets of size Di is given

by:
3
pwniDi
N = TH (5.5)

where LWC is the 1iquid water content per unit volume of the flow.

Thus, the local water catch can be written as:

R = (LWC)V ? [dy°(5)] (5.6)
"local a 4o 0 ds '
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From the definition of the local collection efficiency we arrive at the

expression for g as:

N [dyo(S)]
B(s) = 1'-2-1 n; —-as——i (5.7)

The subroutine provided in the particle trajectory program deter-
mines water catch characteristics for a given droplet size distribution.
The user provides a tabular listing of the ratio of droplet diameters to
volume median diameter and the corresponding percentages of liquid water
content for a maximum of ten droplet diameter sizes as well as the total
liquid water content and the volume median diameter.

An example application of this feature of the program was carried
out for the Joukowski airfoil 0015 at 0° angle of attack. The droplet
distribution was taken from Reference 10 where the D distribution is
recommended as characteristic of wind tunnel sprays. Table 5.1 shows
the percentage liquid water content contained within each drop size
increment, the ratio of particle diameter to the volume median diameter,
and the Cunningham correction factor used for the smaller size
particles.

The Cunningham correction factor must be used for very small sized
particies (D < 10 u) for which molecular slip results in lower drag
forces than that calculated by the drag laws employed in the program.
Table 5.2 shows the Cunningham correction factor for standard air. This
table provides input values for the user.

The volume median diameter for the example application was taken as

16.7 . This value was selected from Reference 11.
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TABLE 5.1. Particle Size Distribution.

Percentage Liquid Ratio of Cunningham
Water Content Diameters Correction Factor
0.05 0.31 1.033
0.10 0.52 1.020
0.20 0.7 1.000
0.30 1.00 1.000
0.20 1.37 1.000
0.10 1.74 1.000
0.05 2.22 1.000

Figure 5.6 graphically illustrates the results of the calculation.

One observes that the local collection efficiency shows much better

agreement at the outskirts of the distribution but shows less favorable
agreement at the nose. The poor agreement at the nose suggests that the
volume median diameter utilized of 16.7 u may be somewhat low or the

diameter percentages are not completely representative of those for the
experimental facility. If a higher percentage of larger particle sizes
were utilized, more impact would occur on the nose and a larger contri-

bution to 8 would occur at this point.
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TABLE 5.2. Cunningham Correction Factor for Standard Air.

d (w) C d (u) _c
0.001 221.600 0.1 2.911
0.002 111.100 0.2 1.890
0.003 74.250 0.3 1.574
0.004 55.830 0.4 1.424
0.005 44,780 0.5 1.337
0.006 37.410 0.6 1.280
0.007 32.150 0.7 1.240
0.008 28.200 0.8 1.210
0.009 25.140 0.9 1.186
0.010 22.680 1.0 1.168
0.020 11.650 2.0 1.084
0.030 7.978 3.0 1.056
0.040 6.151 4.0 1.042
0.05 5.060 5.0 1.034
0.06 4.337 6.0 1.028
0.07 3.823 7.0 1.024
0.08 3.441 8.0 1.021
0.09 3.145 9.0 1.019

10.0 1.017
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APPENDIX A
INPUT INSTRUCTIONS AND PROGRAM OUTPUT
A. PROGRAM INPUT INSTRUCTIONS

A general flowchart for the computer program is shown in Figure
A.1. The general procedure for running the program consists of first
manually constructing a geometry input data tape, Tape 05. The geometry
is specified in terms of a number of coordinate positions on the sur-
face. The origin for the Cartesian coordinate system used to specify
the geometry can be selected arbitrarily. The geometry generation
computer program, SCIRCL, is then run to create Tape 17 which is the
input file for the two-dimensional potential flow program. The format
of the output tape, Tape 17, created by SCIRCL is the input to the two-
dimensional potential flow program. Input instructions for geometry
generation computer program and two-dimensional potential flow code are
described in References 1 and 2.

A precaution is required if the geometry is to be rotated relative
to the arbitrarily selected coordinate system. In this case Tape 17
requires modifications as described in Reference 2. In particular,
Column 53 of Card 1, which is always set equal to zero by SCIRCL, must
be changed to either 1 or 3 and Card 2, which is not generated by SCIRCL
must be added to the deck.

Also as described in Chapters IV and V, Tape 17 in some cases
requires modification when used as input to the particle trajectory

progranm.
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(input data)

Figure A.1

General flowchart.
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Now using Tape 17 as input, which must be renamed Tape 05, the two-
dimensional flow code, 24Y, is run and creates Tape 21, Tape 07, and
Tape 14. If in addition to specifying values of the free-stream
velocity and angle of attack it is desired to specify the weight fiow
(or average axial velocity) through the control stations, the COMBIN-2D
program is used. Tape 07 and another Tape 05 created manually [2] are
the inputs to the COMBIN-2D program. This program is then run and
creates Tape 15. For two-dimensional flow, Tape 21 is directly provided
to the particle trajectory computer program. If the COMBIN-2D program
is also used (i.e., if LCMB=1, see Table A.1, Card 2), Tape 14 and Tape
15 must also be directly input to the trajectory program. Additionally,
Tape 02, which must be manually created as described in Table A.1, is
required to run the particle trajectory program.

Running the particle trajectory program creates the output tapes
listed below:

Tape 01: Data stored on Tape 01 is later written to Tape 03.
Tape 01=Tape 03 for unsymmetric flow cases.

Tape 03: Data stored on Tape 03 is used for the calculation
of collection efficiency.

Tape 04: Tape 04 is created if LOPT#0 and contains coordi-
nates of the particle trajectories as well as
values of the wind speed component as a function of
time.

Tape 08: Tape 08 is created if LOPT#0. Data stored on Tape
08 is used for trajectory plots. The data stored
are the x/%¢,y/%c coordinates of the particle XP,
YP for each time step and the surface impingement
point SW. SW is initially set at 88.8888. When
SW#88.8888, the particle trajectory is terminated.

Tape 09: Tape 09 contains the local collection efficiency, B8,
as a function of surface position, s/%¢c. The
program automatically plots g versus s/%. at the
MASA/LeRC facility.
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TABLE A.1. Trajectory Computer Program Input.

Card Routine/
No. Column Code Format Explanation

1 6-10 NBDY Main/15 Number of bodies.
=1, one-body case (airfoil without
walls)
=2, two-body case (inlet without
hub)
=3, three-body case:
i) Airfoil with walls
(LNTL=1)
ii) Inlet with hub (LNTL#1).

16-20 NPL " Number of particle trajectories to
be computed.

26-30 NSEAR " Maximum number of loops allowed in
the search for the upper and lower
impingement limits for the case
LIM=1 (Card 3).

36-40 NEQ " Number of equations to be solved.
NEQ=6 for a 1ifting, rotating |
particle; NEQ=4 for a spherical |
particle undergoing drag only
(Chapter II).

46-50 IHUB " Input only for inlet case.
=0, without hub (two-body case)
#0, with hub (three-body case).

2 6-10 LEQM " =1, the initial particle velocity
is equal to the flow at the
initial particle location

#1, the initial velocity condi-
tions input on Cards 4 and 6
are used as the initial
particle velocity.

16-20 LSYM " Symmetric flow field flag.
=0, unsymmetric flow field
(general case)
=1, symmetric flow field (only
half plane is computed).

26-30 LRANG " #0, locates approximate values of
You and yop (see Chapter III).
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TABLE A.1 (continued).

Card Routine/
No. Column Code Format Explanation
2 36-40 LCMB Main/I5 =1, Calculates combination solu-
tion in the same method of
COMBIN-2D program.

#1, Calculates combination solu-
tion in the same method of
24Y program.

46-50 LCMP ! Input only when LCMB=1.

=1, Calculates compressibility
correction.

#1, No calculation of compressi-
bility correction.

3 6-10 LIM . #0, Calculates surface impingement

limits yoy and you-
=0, Calculates single particle

trajectories; LRANG=0 (see
Chapter 11I).

16-20 LOPT " #0, Stores details of particle
trajectories on data Tape 04.

26-30 LPLOT " #0, Executes subroutine for plot-
ting local collection effi-
ciency, B8, versus surface
distance, s/zc.

36-40 LTNL " =1, Computes flow over airfoil
with walls (i.e., wind tunnel
simulation).

#1, Computes flow over airfoil
without walls and inlet case.

46-50 LXOR " Control flag for adjusting the
upstream x-coordinates, XORC, for
upstream position of particle
release (see Chapter III).
=0, The upstream x-coordinates of
particle release is not
adjusted. Particles are
released from XORC input on
Card 6 by user.

=1, Particles are released from
the x-coordinate position
adjusted by the criteria:
|1 - (W/wm)l < EPSX.




TABLE A.1 (continued).
Card Routine/
No. Column Code Format Explanation
4 6-15 G Main/ Acceleration of gravity, m/s2.
F10.0

21-30 YINF " Velocity of free-stream, m/s.

5 6-15 DP " Particle volume median diameter in
microns (1076 m).

21-30 RL " Reference length, e.g., chord
length of the airfoil, m.

36-45 TIMSTP " Initial value of the time step
used in the Adams-Moulton
predictor-corrector method (see
Chapter II).

51-60 YLIM " Accuracy criteria for computing
the surface impingement limits,
YLIM=10"5 m is recommended.

66-75 CP . Cunningham correction factor.
Use if volume median diameter
DP < 10 u; otherwise, CF=1.

6 6-15 ATK 8 Initial value of the angle, o,
Figure 2.1, page 7 (deg).

36-45 PITDOT " Initial value of § (deg/sec).

51-60 XORC " Upstream x-coordinate position of
particle release, y/2c (NPL=1,
LRANG=0, and LIM=0).

7 6-15 XREAR ! Maximum downstream value of x/ic
for which the flow field is
computed.

21-30 YYLO " Minimum value of y/&c for which
the flow field is computed.

36-45 YYUP ! Maximum value of y/&c for which
the flow field is computed.

51-60 YMAX " Initial guess of the upper limit

You/%c (LIM=1) (see Chapter I11).




TABLE A.1 (continued).

Card Routine/
No. Column Code Format Explanation
7 66-75 YMIN Main/ Initial guess of the lower limit
F10.0 You! %¢ (LIM=1) (see Chapter III).
8 6-15 ADEPS ! Convergence criteria of the Adams-
Moulton predictor-corrector method.
ADEPS=0.001 is recommended.

21-30 ANLFLO " Angle of flow direction relative
to airfoil chord line measured
from positive direction of x-axis.

51-60 EPSX " Accuracy criteria for the case
LXOR=1 (see Card 3); EPSX=0.001 is
recommended.

9 6-10 NSI Main/I5 Number of droplet size increments.
10 This card is input only when NSI>T.
1-10 PLWC Main/ Percentage of liquid water content
F10.0 for each drop size.

11-20 DPD " Distribution of the particle
diameter ratio to volume median
diameter.

21-30 CFP " Cunningham correction factor cor-
responding to DPD (see Table 5.2,
page 84). If DPxDPD < 10 u, CFP=1.

Number of 10 cards = NSI.
11 1-80 TITLE Main/ Initial input data for local col-
20A4 lection efficiency calculations.
12 6-10 NCOEF Main/I5 Number of coefficients of poly-

nomial curve fit for calculating
8. The order of the polynomial is
NCOEF-1 (see Chapter III).

21-25 NPTS " Number of data points used in
curve fitting for computing local
collection efficiency (see
Chapter III).
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TABLE A.1 (continued).
Card Routine/

No. Column Code Format Explanation

12 36-40 NS Main/I5 =0, Segment curve fit data.
=1, Total curve fit (see

Chapter III).

13 1-80 TITLE Main/ Experimental values of local col-

20A4 lection efficiency.

14 1-5 NASA Main/I5 Number of experimental data points
input for comparison with computed
results.

15 1-10 SFOIL Main/ Surface distance, s/&., along the

F10.5 airfoil at the location of the
measured value of local collection
efficiency.

11-20 EFC " Experimental values of local col-
lection efficiency at positions
SFOIL.

16 1-80 XTITL APLOT/ Title of the x-axis.

20A4

17 1-80 YTITL ! Title of the y-axis.

18 6-15 YHEIT APLOT/ Length of the y-axis for graph to

F10.0 be plotted (inches).

21-30 YMAX " Highest value of datum point on
y-axis (inches).

36-45 XMIN " Far right value of datum point on
x-axis (inches).

19 6-15 XLENG " Length of x-axis for graph to be
plotted (inches).

21-30 XMAX " Far left value of datum point on
x-axis (inches).
36-45 XMIN . Far right value of datum point on

x-axis (inches).

Cards 11 through 19 are cycled NBDY times.
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The input instructions for running the trajectory computer program
are presented in the following and in Table A.1. The instructions are
given in terms of an input card deck structure which compares directly
with data tapes or files.

There are five input data files used in the trajectory program.
They are described in the following:

1. Tape 05 stores the airfoil geometry data. This is the

same file as the input file Tape 05 of the potential
flow program [2].

2. Tape 21 stores the data for calculating the flow
velocities. This is the same file as the output file
Tape 21 of the potential flow program.

3. Tape 14, which is one of the output data files of the
potential flow program, stores the coefficients for
calculating the individual solutions.

4. Tape 15, which is one of the output data files of
COMBIN-2D program, stores the coefficients for calcu-
lating the combination solution.

Tape 14 and Tape 15 must be input when LCMB=1 (see description of Card 2
in Table A.1).

5. Tape 02 stores the initial input data for the trajectory
program. Details are described in the following. The
data must be in MKS units with the exception of particle
diameter, which is input as microns.

The input deck structure for the particle trajectory program is

described below with detailed comments given in Table A.1.

Card
_No. Description
1 Number of bodies; degree of governing equations
2 Flow field control flags
3 Trajectory control flags
4 Initial conditions of flow field
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Card

No. Description
5 )

6

: : Initial conditions of particles

8

9 Number of size increments
10

: This card is input only when NSI>1; number of 10 cards = NSI
10
1 TITLE of initial input data
12 Input for polynomial least square fit
13 TITLE of experimental data
14 Number of experimental data

15{
: Number of 13 cards = NASA
15

N\

16

17
: Input for plotting
18

19 |
For more than one body, Cards 11 through 19 are cycled NBDY times.

B. DESCRIPTION OF PROGRAM QUTPUT

The output files of the programs are divided into three categories:
(1) output of the geometry generation program, (2) output of the two-

dimensional potential flow program, and (3) output of the particle
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trajectory program. For the first two programs, only the output files

related to the present particle trajectory program are described.

C. PROGRAM QUTPUT

1. Geometry Generation Program Qutput Description

The geometry generation program is named SCIRCL. The output data
file Tape 17 of SCIRCL is used as the input data file Tape 05 of the
two-dimensional potential flow program and of the particle trajectory
program. Tape 17 stores the airfoil geometry data. In general, Tape 17
is the same for both the 24Y and the particle trajectory program;
however, in some cases it is modified when used in the trajectory
program as described in Reference 2 and Chapter IV. The format of Tape

05 is the same as the input data described in Reference 2.

2. Two-Dimensional Potential Flow Program Output Description

The output data file Tape 21 of the potential flow program is used
as the input data file Tape 21 for the particle trajectory program.
Tape 21 records all the necessary information including the source,
sink, and/or vorticity distributions along the body surfaces for calcu-
lating the flow field about the bodies. Note that Tape 21 will not be
generated by the two-dimensional potential flow program unless at least
one value has been assigned to NRAKE during input to the SCIRCL program.
Thus, file Tape 05 must contain one or more off-body points [2].

If LCMB=1 (see Table A.1, Card 2, page 93), then the output data
file Tape 14 of the potential flow program is used as the input data
file Tape 14 for the particle trajectory program. Data stored on Tape

14 are the coefficients for calculating the individual solutions.
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The output data file Tape 07 of the 24Y program is used as the
input data file Tape 07 for the COMBIN-2D program. Tape 07 records the
coordinates and the corresponding individual solutions for on-body and

off-body points.

3. COMBIN-2D Program Qutput

If LCMB=1 (see Table A.1, Card 2, page 93), then the output data
file Tape 15 of the COMBIN-2D progrém is used as the input data file
Tape 15 for the particle trajectory program. Data stored on Tape 15 are

the coefficients for evaluating the combination solution.

4. Trajectory Program Qutput

A data file Tape 04 is generated if LOPT#0 and contains the values
of X, ¥, X, ¥» 8, and & for each time step of the particle trajectories.
Values of the flow field velocities at the particle locations along the
particle trajectory are also contained on this file.

Data file Tape 08 is also generated if LOPT#0 and contains the
particle locations along the computed trajectories for plotting pur-
poses. The data stored on Tape 08 and Tape 04 are nondimensional.
Because Tape 04 and Tape 08 are used to record the information at each
time step, the program will need much more storage than that generally
needed with the option LOPT=0. LOPT#0 should be used only if a few
particle trajectories are to be calculated.

Additionally, information on particle initial position, impingement
limits, surface impingement point coordinates, and surface distance are
recorded on data file Tape 06 for printout. The computed local collec-
tion efficiency, 8, is also recorded on Tape 06. The value of g versus

surface distance is recorded on Tape 09 for plotting purposes.
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Tape 09 is unformatted. The format for Tape 06 will be explained

in Chapter IV where test cases are documented. The format for Tape 04

and Tape 08 is illustrated in Table A.2 and Table A.3, respectively.

TABLE A.2. Format for Tape 04 (FORMAT(10E10.3)).
Column Code Explanation
1-10 X Time
11-20 El x-coordinate of the particle, x/zC
21-30 E2 y-coordinate of the particle, y/szC
31-40 YLAST(5) Pitch angle of the particle in radians
41-50 E3 x-component velocity of the particle
51-60 E4 y-component velocity of the particle
61-70 YLAST(6) z-component angular velocity of the particle
71-80 ES Velocity of the particle relative to the flow
field
81-90 W1 x-component velocity of the flow field
91-100 W2 y-component velocity of the flow field
TABLE A.3. Format for Tape 08 (FORMAT(3F10.5)).
Column Code Explanation
1-10 XP x-coordinate of the particle, x/szC
11-20 YPL y-coordinate of the particle, x/sLc
21-30 SW(IW) The parameter is used to indicate the end of each

trajectory, i.e., if SW#88.8888 the trajectory is
terminated.
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APPENDIX B

PARTICLE TRAJECTORY COMPUTER PROGRAM CAPABILITIES
AND FUNCTION DESCRIPTIONS

Details of the particle trajectory computer program are presented
in this appendix. Each subroutine is described individually in
Subchapter A. A list of FORTRAN variable names is given for each sub-
routine, and flowcharts are provided to illustrate the order of calcula-
tion. Error messages and typical corrective measures are given in
Subchapter B, and approximate computational times for the test cases

discussed in Chapter IV are given in Subchapter C.
A. MAIN PROGRAM AND SUBROUTINES

1. Main Program

Objective: The main program serves as an executive program for
initialization and program control.
Variables: A1l input initial values of variables and control flags are

described in Appendix A.

Y(1) Value of x

Y(2) Value of y

Y(3) Value of X

Y(4) Value of y

Y(5) Value of 8

Y(6) Value of &

VINF Free-stream velocity, W_

YP y/zC coordinate of current particle location
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YHIT
YMIS

SL
SU
JAR
U

Flowchart:

Initial y/szC coordinate of a particle which impacts body
Initial y/zC coordinate of a particle which moves away from
the body

Lower surface impingement limit, sL/zC

Upper surface impingement limit, sU/zC

Lower limit, yOZ/Zc’ corresponding to SL

Upper limit, you/zc, corresponding to SU

See Figure B.1.

2. Subroutine ADAMS

Objective:

Variables:
YPRED
YCORR
YLAST

TSP

X

Flowchart:

Use Adams-Moulton, variable time step, predictor-corrector

method to solve the equations of particle motion.

Adams-Moulton predictor

Adams-Moulton corrector

Value of function y at previous time step
Initial time step increment

Time

See Figure B.2.

3. Subroutine RANGE

Objective:

Flowchart:

Locate an approximate range of Yo which contains the Timits

_you and yoz'

See Figure B.3.
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Call RANGE

Read Cards1 -
10 of TAPE 02

IW=0
1C=0 l
ITOT=NPL
(:i7Ca11 EFFICY;::>
ITOT=NSEAR (€2 @ YES
YES
@ Read Cards
YES 16 - 19
Seﬁrch for
ower
[y} meement s (i7Ca11 APLOT j)
Limit v
—— N (:jCa11 TRAJCT;:)
earch for
Upper
Impingement
Limit IW=IW+1
NO
Set
Equilibrium
YES Initial
< LIM=0 Conditions

Record
s = s(yy)
on Tape 03

l

Read Cards 11 -
15 of Tape 02

(' can1 ApAMs

Figure B.1
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X=0
NT=0

v

P NTNT+]

v

Initialized with
Runge-Kutta
Method

YES

I Adams-Moulton
Method

NO

YES

X=X - TSP
TSP=0.5*TSP

Figure B.2 Flowchart of subroutine ADAMS.
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IAC=0

IW=0

[PROT=0

M
K
1
TW=1W+] Ho
IPROT=IPROT+1
Set Initial
Conditions of
the Particle
for LEQM=1 Case
Yes ‘J
PP YO{2}=Y0(2)-DY
JAC=0
[W=1
C=1|
A
A
P y

y

YMX=Y0(1)
YMN = Y0(2)

4

{ RETURN )

Figure B.3 Flowchart of subroutine RANGE.
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4. Subroutine F

Objective: Supply functional form of equations governing the particle

motion.

Variables:

T Time

X Values of the functions (correspond to Y in main program)

XDOT Derivatives of x with respect to time (i.e., x, ¥y, 8, X, ¥,
§, see Chapter 1I)

CL Coefficient of 1ift force

CD Coefficient of drag force

CM Coefficient of moment

5. Subroutine COEFF

Objective: Supply aerodynamic coefficients CL, CD, and CM,

6. Subroutine MODE

Objective: Determine whether the particle impacts the body. Also,
terminate the trajectory calculation for particles which
move away from the bodies.

Flowchart: See Figure B.4.

7. Subroutine READIN

Objective: Read geometry coordinates and flow field (Tape 05 and
Tape 21).

Flowchart: See Figure B.5.
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.GT . XREAR
.or, YP.GT.YUP
YP.L

SW(1W)=99.9999

1STOPe1

v

Compute
YREF

No @ Yes

YEE

Compute

Compute
YPT

v

XNEW=XP
YNEW=YPT
YREFN=YREF
YRsYNEW«YOLD

XNEW=XP
YREFN=YREF

7.67.
YFRNT.AND.

.G
P Yes

Special

Compute Hit Point
(xp.YP

Compute Hit Point
(xp.YP)
General Cases

ases

l

1€=1C-1

TC=1C+1
Yes
)
Yes
. No
1FLAG=1 6T
Compute YT FRN
No
<‘.i!!§;',_ Yes N )
No A 4 M y
TP>1P >1P2 o ZNTOTH P>1p7]
ip:1p2 1P :NTOTH
P1P+ 1p+
Compute Compute
R XR
No R.LESNNO
0.0
Yes
—\

YREF=YFRNT

—>

XOLD=XP
YOLD=YPT
YREFO=YREF
YPQLD=YP
15T0P=0

y
‘ RETURN ’

Compute YPT

1STOP=1
Compute S(IW)

y
RETURN

Figure B.4 Flowchart of subroutine MODE.
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READ Tape 15
Yes | (coefficients
of combination
solution)

No

READ Tape 21,
i.e., Flow Field

l

READ Tape 05, i.e.,
the Coordinates of
the Body

l

Compute Surface
Distance Along
the Body

Figure B.5 Flowchart of subroutine READIN.
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8. Subroutine VELCTY

Objective:
Variables:
X

Y

VXC

VYC

Flowchart:

Compute flow velocities for a given position (x,y).

Dimensionless x coordinate, x/zc, of particle position
Dimensionless y coordinate, y/zc, of particle position
Dimensionless x component velocity, wx/wm, of airflow
Dimensionless y component velocity, wy/wm, of airflow

See Figure B.6.

9, Subroutine COMBZ2D

Objective:

Variables:

VX

VY

VXINC

VYINC

VXCOM

VYCOM

Flowchart:

Compute flow velocities which satisfy the initial conditions
of free-stream velocity, angle of attack of free-stream, and
the weight flow (or average axial velocity) through the con-
trol stations. Additionally, this subroutine calculates the

compressibility correction.

Dimensionless x component individual velocity of airflow
Dimensionless y component individual velocity of airflow
Dimensional x component combination velocity of airflow,
ft/sec

Dimensional y component combination velocity of airflow,
ft/sec

Dimensional x component compressible combination velocity of
airflow, ft/sec

Dimensional y component compressible combination velocity

of airflow, ft/sec

See Figure B.7.
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Calculate
Uniform and
Nonuniform Flows

Y
4@ S pIREAD Tape 14

No
Calculate Calculate
Combination Individual
Solution Which Solutions
Satisfies Input
Conditions

Call COMBZD
Calculate Combination
Solution Which
Satisfies Initial
Conditions

Figure B.6 Flowchart of subroutine VELCTY.
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COMB2D

Calculate
Combination
Solution

|
|
|
|

No

Calculate
Compressible
Combination

Solution

GID

Figure B.7 Flowchart of subroutine COMBZ2D.




10. Subroutine EFFICY

Objective: Calculate the local collection efficiency, 8, using both a
1inear approximation and a polynomial curve fit interpola-

tion technique.

Variables:

NCOEF Number of coefficients for polynomial curve fit

NPTS Number of data points used for each curve fitting procedure
NS Do-loop index (see flowchart, Figure B.8)

YP Collection efficiency, B = -dyo/ds

XIN Value of s(y.)

0
Flowchart: See Figure B.8

11. Subroutine EF

Objective: Calculate the local collection efficiency, 8, for multi-size
particle distribution NSI>1 case using a polynomial curve

fit interpoiation technique.

12. Subroutine LINEAR

Objective: Compute the local collection efficiency by a linear

approximation.
Variables:
X Value of s
Y Value of Yo
YP Local collection efficiency, -dyo/ds

13. Subroutine TERP

Objective: Curve fit the {s,yo} data to a polynomial function.
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Read Data from
Tape 03
(for curve fitting)

I

Call LINEAR
~ (Vinear
interpolation)

:

Call TERP
(polynomial
fitting)

Record Data on
Tape 09
(for plotting)

Figure B.8 Flowchart of subroutine EFFICY.
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Variables:

XIN x(s) coordinate at position (x,y)

YOUT y(s) coordinate at (x,y) obtained by the polynomial data fit
YPOUT Derivative of y with respect to x, dy/dx (dyo/ds)

XA Data set of x-coordinate

YA Data set of y-coordinate

N1 Index of the first data point used for data fit

N2 Index of the last data point used for data fit

NCOEF Number of coefficients in the polynomial function

NPTS Number of data points used in each curve fit procedure

14. Subroutine CHOLES

Objective: Matrix solver called by subroutine TERP.

15. Subroutines APLOT and TRAJCT

Objective: Plot routines for 8 and for particle trajectories to be

furnished by intended users.

B. ERROR MESSAGES

Table B.1 lists the error messages and recommended corrective
actions to be taken for the computer program. The particular subroutine
in which the error message occurs is also listed in the table. The

table is essentially self descriptive and needs no further discussion.
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TABLE B.1. Error Messages and Corrective Actions.

Error Message Generated by
the Program

Problem and Corrective Action

Error
Location

The number of y-
coordinates read is not
equal to the number of
x-coordinates read.

Corrective Action: Check the
input data file, Tape 05, for
equal number of x- and y-
coordinates.

Subroutine
READIN

Time-halving loops exceed
100.

Problem: The Adams-Moulton

method of solution is not

converging to the desired

accuracy at the current time

step. The problem itself

sets NLOOP=100. The value is

large enough for all cases

jnvestigated in this report

where TIMSTP is set equal to

10-4.

Corrective Action:

7) Reduce the magnitude of
TIMSTP.

2) Increase the size of
ADEPS.

3) Check for severe gradients

or error in the flow field.

Subroutine
ADAMS

IPORT.GE.31 in SUB.RANGE--
program stopped.

Problem: Initially guessed
values of YMAX and YMIN are
too far from the body or

AY = YMAX - YMIN is too

small.

Corrective Action:

T) If particles pass below
the body, increase the
input values of YMAX and
YMIN.

2) If particles pass above
the body, decrease the
input values of YMAX and
YMIN.

3) Increase magnitude of AY.

Subroutine
RANGE
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TABLE B.1 (continued).

| Error Message Generated by Error

| the Program Problem and Corrective Action Location
FORMAT 172: Number of Problem: Number of particle MAIN
particle trajectories trajectories which hit body
exceeds NSEAR, program exceeds the input value of
stopped. NSEAR (Card 1 on Tape 02).

Corrective Action:

T) Increase the input value
of NSEAR. NSEAR=50 is
recommended.

2) Increase the input value
of YLIM (Card 5 on Tape
02).

3) Decrease the input value
of NPL (Card 1 on Tape

02).
FORMAT 747: Number of Problem: Number of trajec-
trajectories is more than tories calculated exceeds
100, program stopped. dimension state. Either the

program is having difficulty
finding limits or specified
value of NPL is too large.
Corrective Action:
T) Refer to the actions in
error message #4.
2) Adjust input values of
YMAX and YMIN (Card 7
on Tape 02--refer to
error message #3).

Particle released between Corrective Action: Check
the region ZL-ZU crosses the flow field around the
upper or lower impingement body and increase absolute
1imit trajectory, program value of pseudo-surface DX
stopped. (Card 2 on Tape 05).
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Table B.2 provides a 1listing of the approximate CPU time required
to run various test cases reported in Chapter IV of this study. The

values are approximate times for running on the NASA/LeRC IBM 370

C. COMPUTER RUN TIMES
computer.
|
\

118




02 A0CE vee 0€ =7

ol n0z€E vEE o0 = 391Ut Apoq-omL
Gl A02€ L9€ SLLBM YILIM op = D

Gl A02¢E SL¢ SLLEeM INOYILM p = ®

A A0¢¢€ L9€ SLLem Yitm 0 =% L

Al A02€ GL¢ SLLeM 3NOYItM 0 = ® 212-"59 YOUN
8 1962 ¥8¢ S{LeM YItM 8 = D

6 A96¢ 861 SLlem INOYllM .8 = ©

14 A96¢ ¥8¢ SLLeM Yiitm 0 = © v

€ A96¢ 861l SLlem 3NOY}iM ,0 = ® 00-"99 YOIUN
S A0c2E 69¢ SLlem Yitm 8 = °©

14 1962 68l SLLBeM INOYILM 8 = ®

€ A96¢ 69¢ SLLeM UM op = D

¢ 2962 68l SLLemM JNOYILM p = D

L A96¢ 69¢ SLLeM UILM 0 = D

L A96¢ 68l SLLeM 3NOYILM ,0 = P  GLOO LLOjute LisMoynop

(uiw) abeuols sjuawa |3l uoL3diLadsag ased pa31Sa4dju]l saLpog
|awt] NdI wnwixep
ajewLxouddy

*491ndwo) 0/€ WGI JY9T/YSYN 3y3 404 dull NidI ajewrxoaddy -2°g§ 379Yl

119



APPENDIX C

PARTICLE TRAJECTORY COMPUTER PROGRAM LISTING
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VITA

Ho-Pen Chang was born in Taichung, Taiwan, Republic of China, on
July 5, 1953. He attended elementary school in that city. He received
his high school education in Taipen. In June, 1977, he graduated from
the National Cheng Kung University, Tainan, Taiwan, where he received
his Bachelor of Science degree with a major in Aeronautical Engineering.

In the following two years, he served in the China Army as a second
lieutenant. In the fall of 1979 he was employed as a teaching assistant
in the National Cheng Kung University.

He entered the Graduate School at The University of Tennessee Space
Institute in September, 1980, as a graduate research assistant for the
Atmospheric Science Division. He received his Master of Science degree

in Aerospace Engineering in June, 1982.
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