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ABSTRACT

An analytical study of icing simulation for turbine engines in altitude test cells was
made. A mathematical model of a typical direct-connect type of icing test cell was
developed, and the governing equations were programmed for computer solution in
FORTRAN computer language. A parametric study was performed to determine the effects
of the test cell inlet and water spray conditions on the thermodynamic and kinetic state
of the flow in the test section or at the engine compressor face. The importance of correctly
simulating droplet size distribution, mean effective droplet diameter, liquid water content,
and humidity was investigated. The results of the investigation lend further support to
the fact that ground test facilities provide the best available capability for conducting
turbine engine icing tests. The ability to define and control the simulated environment
gives an altitude test cell distinct advantages not enjoyed by flight testing in natural icing
environments or flight testing in artificial environments created by tanker aircraft,
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M4

<l

Speed of sound
W, CC/B
Specific heat
Drag coefficient

Flow or discharge coefficient

Specific heat at constant pressure

Mass fraction of water vapor
Cylinder diameter

Droplet diameter

Mass mean droplet diameter
Mass median droplet diameter
Energy

Capture efficiency

Condensed phase loading factor, usually the liquid water loading factor in units
mass of liquid per unit mass of dry air

Enthalpy

Enthalpy of phase change, liquid to vapor

Surface heat transfer coefficient
Inertia parameter

Mass transfer coefficient

Liquid water content, gm/m3 or stere

Liquid water content, lbm/ft3
Mach number
Droplet mass

Molecular weight




Pr

Pt

Pv

rn

Re

Number density

Prandtl number

Static pressure

Total pressure

Vapor pressure

Heating rate parameter

Heat flux per unit area

Reynolds number

Universal gas constant

Boundary layer recovery factor
Schmidt number

Static temperature

Temperature at which supercooled droplet freezes
Total temperature

Velocity

Mass flow rate

Rate of impingement of subcooled liquid onto liquid film
Rate of evaporation

Mole fraction of water vapor

Length, axial

Parameter related to capture efficiency
Ratio of specific heats

Viscosity
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p Density

w Specific humidity

SUBSCRIPTS

a Air

c Condensed phase, usually liquid but sometimes solid
Ct Compressor face conditions

d Droplet

e Boundary layer edge conditions

g Gas mixture; water vapor plus noncondensable gases
I Inlet

IMP Impinging

i Index, usually referring to a particular size drop or injection station
max Maximum value

nc Noncondensable

o Entrance region conditions of duct

s Saturation conditions or droplet surface conditions

T Tangential trajectory

t Total

A\ Vapor phase

w Liquid water phase or surface condition

s Free-stream conditions
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SECTION |
INTRODUCTION

1.1 THE ICING PROBLEM

Ice accretion on aircraft usually causes a degradation of the aircraft performance
and operational safety. The degree of degradation is related to the amount of ice adhering
to the aircraft and propulsion system components. Because of this, aircraft are routinely
equipped with either a system for intermittently removing the accumulated ice (a de-icing
system) or a system for continuously maintaining the exposed surfaces of the aircraft
free from ice (an anti-icing system). These systems must be tested under conditions which
closely simulate or if possible duplicate the natural atmospheric icing conditions. This
requires that natural icing conditions be well known and that methods be developed for
simulating these conditions for testing purposes. It follows that, to ensure good simulation,
the primary variables which define icing conditions must be established and controlled
in the test facility during the testing process.

A propulsion engine test facility (Fig. 1, Appendix I) provides a unique capability
for simulating aircraft engine environments since the aerodynamic and thermodynamic
conditions at the compressor face are accurately controllable. In this facility, the engine
is coupled directly to the air supply ducting, and the attempt is made to simulate the
flow conditions that would exist at the compressor face in flight. This type of facility
has been utilized for conducting icing tests;of turbine engines. A recent survey of the
state-of-the-art of icing simulation for propulsion engine testing was reported by Kissling
(Ref. 1). An important conclusion of Kissling's is that the ground test facility offers the
best solution for determing anti-icing system performance because all variables which define
an icing condition can be very accurately controlled.

The purpose of this study was to analyze the simulation of icing conditions in
propulsion engine test cells as currently practiced. Only the direct-connect type of test
cell was considered. While this limits the applicability of the results of the analysis primarily
to the testing of pod-mounted engines, the basic approach is applicable to fuselage-mounted
engines as well, In the case of engines having inlet ducts, as is usually the case with
fuselage-mounted engines, it is, of course, necessary to consider the effect of the inlet
ducting on the flow conditions at the compressor face.

12 TOPICS CONSIDERED IN THE REPORT

Section II of this report includes discussions of natural icing conditions and the
military specifications for conducting icing tests for turbine engines. In Section II1, some
of the problems associated with simulating icing conditions in an altitude test cell are
discussed. An analysis of flow in a directconnect type of test cell is presented in Section
IV, and an application of the analysis follows in Section V. In Section VI, a number
of factors affecting icing simulation are discussed.




AEDC-TR-73-144

SECTION 11
DISCUSSION OF NATURAL ICING CONDITIONS

2.1 METEOROLOGICAL DATA

The principal factors which determine an icing condition are cloud temperature, liquid
water content, and water droplet size distribution, including the "mean effective” droplet
diameter for the given droplet size distribution. In addition, the extent and severity of
the cloud formation causing the icing condition are important factors, i.e., cloud size and
shape. The NACA investigated atmospheric icing phenomena and reported the data from
these studies during the period of years between 1940 and 1960. References 2 through
5 are typical reports from this era of icing investigation. Flights were made with specially
instrumented aircraft through weather conditions that led to aircraft icing. The data from
these flights were cloud liquid water content, cloud temperature as a function of the
pressure altitude, and the relation between cloud formation or configuration and modes
of ice accretion. The modes of ice accumulation were defined by the rates of ice buildup
on the aircraft, that is, if the rates were small or large, and if the accumulation was
continuous or intermittent in time. Also, the shape and the texture of the ice accumulation
were studied.

Essentially, it was found that the severity of icing can be correlated with the type
of icing cloud formation. Moreover, intermittent icing can be associated with one type
of cloud formation, and continuous icing can be associated with another type cloud
formation. For clarity, the method of summarizing data which was presented in Ref. 4
is quoted in this report as follows: In Ref, 4, it is stated that "the data on liquid-water
content, mean-effective droplet diameter, ambient air temperature, and pressure altitude
of icing conditions are divided into two categories: for stratiform and cumuliform clouds.
Stratiform clouds are layer-type clouds in which the horizontal extent is greater than the
vertical thickness. This cloud type includes stratus, strato-cumulus, alto-stratus, and
nimbo-stratus. Cumuliform clouds are clouds with vertical extent comparable to the
horizontal extent. This cloud type includes cumulus, cumulus congestus, cumulo-nimbus,
and alto-cumulus-castellatus. This division of icing situations was necessary because the
icing conditions in the two cloud types are very different, owing to the difference in
the manner in which they are formed." The continuous mode of icing is associated with
the stratiform clouds, and the intermittent icing mode is associated with the cumuliform
cloud type. On the average, the liquid water content (grams of water per cubic meter
of cloud) was found to be greater in the cumuliform cloud than in the stratiform cloud
formations. Thus, moderate to heavy but short duration icing was encountered on the
average in cumuliform clouds and light to modérate but long duration icing was incurred
on the average in the stratiform cloud types. A concise summary of the meteorological
data for icing conditions which occurs on the average for the cumuliform and the stratiform
clouds is provided in Ref. 6 and is reproduced and presented in Figs. 2 through 5. Figures
2 and 4 present the correlation between mean effective droplet diameter and liquid water
content for stratiform and cumuliform clouds, respectively. Figures 3 and 5 present the
relation between ambient temperature and pressure for stratiform and cumuliform clouds,




AEDC-TR-73-144

respectively. It should be noted that the iging conditions defined at the time the data
were being obtained were defined in terms of typical aircraft speed, rate of climb, and
performance in that era. Icing conditions for modern aircraft may be redefined in the
light of modern aircraft performance. That is, modern aircraft performance may well be
sufficient reason to redefine continuous or intermittent icing and the relative severity
associated with each type icing condition. It is also important to note that the FAA
specifications (Ref. 6) for withstanding icing pertain specifically to icing on external
aerodynamic surfaces and not to engine performance under icing conditions.

Despite the fact that there is still much of cloud physics which remains to be
investigated, sufficient data have been obtained for the icing problem to enable the
construction of a fairly comprehensive description of the icing environment. According
to Lewis (Ref. 7), the amount of data gathered from reported icing conditions covers
such a range and is sufficiently complete that further investigation of natural environments
is unnecessary. If this is accepted then the data in the FAA circular can be considered

as adequately describing the envelope of possible icing environments for all design and
test purposes.

25 MILITARY SPECIFICATIONS FOR TURBOJET AND TURBOFAN ENGINE
TESTING UNDER ICING CONDITIONS

From the NACA data, such as summarized by the FAA circular, standard icing
conditions have been defined for the purpose of testing turbojet and turbofan engines
for military applications. These conditions are specified in Ref. 8 and are presented in
Table 1 (Appendix I1). The military specifications appear to be definitive at first glance.
They define the required gas temperature, the liquid water content, the flight Mach number,
and the geometric altitude from which the pressure altitude can be obtained. Also specified
is the "mean effective” diameter of the liquid droplefs in the icing cloud. Unfortunately,
there is ambiguity associated with these specifications, For example, the definition of the
"mean effective" drop diameter is not precisely clear. There have been two commonly
defined mean effective drop diameters. One is defined as the mass or volume mean diameter.
The volume mean diameter is defined by the equation:

N, 1/3
d - (2: (N j/N‘)df)

i=1

where N; equals the number of drops having a particular diameter (d;) in a given sample
and N is the sum total number of all drops in the sample. On the other hand, another
mean effective diameter is the mass median diameter defined as the diameter (dj, ) of
those droplets for which one-half of the entire liquid water content in the spray cloud
is contained in droplets whose diameter is less than dp,. The values taken by d and dp
from a given sample depend on the distribution of the mass of liquid water among the
droptets in accordance to their diameters. Thus, the statement that the mean effective
diameter should be "M" microns for icing testing is ambiguous unless the definition of
the mean effective diameter is also given. It should be noted that most NACA publications
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and the major engine manufacturers use the mass median diameter (dy) as the mean
effective diameter. It may be necessary to specify the droplet-size distribution for icing
tests where the amount of ice accumulated is a strong function of the droplet size. This
effect will be discussed in a following section of the report. In this report, the mass median
diameter is used as the mean effective diameter.

Another possible source of ambiguity is in the definition of gas temperature. The
gas temperature is specified as both an atmospheric air temperature and as an "inlet"”
temperature. The terminology is unclear, since engines are tested with and without an
inlet duct. In flight, an engine which is pod-mounted is exposed directly to the free stream.
Hence, the direct-connect testing of such an engine is conducted by ducting air to the
compressor face, which is conditioned to simulate conditions experienced at the compressor
face during flight. A turbojet engine for a fighter-type aircraft typically has the engine
mounted in the interior of the aircraft (fuselage-mounted), and the free-stream airflow
is ducted to the engine- from some inlet air scoop. Thus, there are inlet conditions to
the inlet ducting and inlet conditions to the engine compressor. Therefore, the term inlet
temperature in the military specifications is not sufficiently clear. A burden is put on
the test engineer to decide which inlet condition to consider, In previous icing tests, it
has been assumed that the specified temperature is the free-stream total temperature. The
ambiguity in the military specification can be removed if the defined conditions are
specified as free-stream total conditions rather than inlet conditions. Thus T, or T ot Do
or p,_, humidity (w,), liquid water content (L), M., and d or dpy can completely define
icing ‘conditions. Note that in this study it is recommended that the free-stream humidity
(w,.) be also specified. Reasons for this recommendation will be given in the following
sections of this report. At present, w, is not given in the military specification. In typical
previous tests, w, has been set to the saturation value corresponding to T;_ and p,_. It
is expected that, in natural icing conditions, the relative humidity is approximately 100
percent so that w,_ corresponds to saturation at the ambient atmospheric conditions.

Another important point to consider for defining atmospheric icing conditions is
whether the drop-size distribution must be specified and required during test simulation
in addition to specification of the mean-effective diameter. The reason is that the icing
on engine components could be sensitive to drop-size distribution. This question is
considered later in the report.

To summarize this section of the report, the military specifications for icing testing
can be made sufficiently definitive by specifying freestream static or total conditions of
pressure and temperature, flight Mach number, free-stream humidity, liquid water content,
and a precisely defined mean effective diameter. This latter parameter should be specified
as either the mean volumetric or mass median.
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SECTION 1l
ICING CONDITIONS IN PROPULSION ENGINE TEST CELLS

3.1 DISCUSSION

Ideally, a test cell for conducting icing tests should duplicate the flow conditions
at the compressor face experienced by an engine in flight through an icing cloud. The
flow conditions are characterized by temperature, humidity, pressure, velocity, liquid water
content, mean effective droplet size, and droplet-size distribution. It is generally not
practical and frequently impossible to duplicate all of the flow conditions encountered
in atmospheric icing. Fortunately, however, it is not necessary to duplicate all of the
icing conditions to get adequate simulation,

Briefly, the method used to produce ice accretion on turbojet and turbofan engine
inlet components for icing testing is to inject a continuous spray of water droplets into
a cold airstream directed at the engine. A typical icing test cell is shown schematically
in Fig. 1. The water droplets are accelerated to near the airspeed by aerodynamic drag.
Through heat and mass transfer, the droplets are expected to come to the proper
supercooled condition. Air-atomizing spray nozzles are typically used to produce the spray
cloud of droplets having the desired mean effective diameter.

In the previous section, it was noted that the icing specifications are given in terms
of flight conditions. Since the flow conditions at the compressor face are rarely the same
as the flight conditions, the air having been accelerated or diffused before entering the
engine, it is necessary to relate the engine inlet conditions to the free-stream conditions.
This is discussed further in the following sections. The problem of establishing and
monitoring the liquid water content and mean effective droplet size of the spray cloud
in the test cell is considered in the following section.

32 RELATION BETWEEN FREE-STREAM AND ENGINE
COMPRESSOR INLET CONDITIONS

For purposes of discussion, flow from the free stream to the engine compressor inlet
is assumed to be one-dimensional and isentropic. This is a good assumption for a
pod-mounted engine. The validity of the assumption for an engine having a long inlet
duct depends on the duct shape and flow conditions.

To simulate the free-stream temperature, pressure, and flight velocity in the test cell,
the total pressure and total temperature at the compressor inlet are set equal the total
pressure and total temperature computed from the altitude static pressure and static
temperature and the flight Mach number. Based on results to be discussed later, it has
been found that flow from the free stream to the compressor inlet occurs at essentially
constant specific humidity. Hence, the specific humidity at the compressor inlet in the
test cell should be set equal to the specific humidity of the air at the flight conditions
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being simulated. In a natural icing cloud, it is expected that the supercooled liquid is
in equilibrium with its saturated vapor at the local ambient temperature. That is, the
relative humidity in the cloud is 100 percent. The specific humidity (w) at the compressor
is given by

Py Py
— = 0,622

[~
apcn o0

e
[
| =

where p,_ is the saturation pressure of supercooled liquid at the free-stream static
temperature (T.), and p. is the free-stream static pressure, i.e., altitude pressure. The
relative humidity at the compressor will be 100 percent only if the compressor inlet flow
velocity equals the flight speed. Thus, the flow entering the engine will generally not
be in thermal equilibrium since equilibrium can exist only at 1 00-percent relative humidity.
The importance of humidity on the icing problem is that humidity affects the heat and
mass transfer from droplets in the spray and the heat and mass transfer from exposed
surfaces within the engine inlet. These effects are analyzed and illustrated quantitatively
in the following sections.

Acceleration or deceleration of the flow from the free stream to the compressor
inlet results in a change in the liquid water content. Two separate phenomena are involved.
One is the compressibility of the gas. The second phenomenon is droplet inertia and the
inability of the droplets to follow streamlines exactly. This problem is discussed in detail
in a following section. It is sufficient to remark here that the liquid water content generally
changes by less than 30 percent from free stream to engine face. In Section VI, it is
shown that the power required to maintain an anti-icing condition is not highly dependent
on liquid water content. Thus a 30-percent correction to the liquid water content may
not be an iinportant consideration for icing cloud simulation.

3.3 MEAN EFFECTIVE DROPLET DIAMETER DETERMINATION

Durning engine icing tests in propulsion facilities, it is necessary to ensure that the
water spray cloud is characterized by the desired mean effective drop diameter. One
established method to measure drop sizes is to capture a sample of drops from the spray
cloud on an oail-film covered slide. The slide is usually exposed to the water-air mixture
for a short time at some flow station downstream of the water spray station. Then the
slide water droplet sample is analyzed to determine the droplet size-frequency distribution.
From this distribution, the mean effective diameter can be calculated. Unfortunately, this
method, while simple and convenient, is not accurate. Correction factors must be
introduced into the analysis of the droplet distribution because of droplet evaporation
after being captured, because the drops may not be spherical in form in the oil film
but may flatten, and because the slide samples only a very small portion of the air-water
mixture flowing through the duct. A much more accurate and modem technique for
determining conditions in the water spray cloud utilizes laser holography. With a
laser-holographic camera system such as described by Gall and Floyd (Ref. 9) a
three-dimensional photograph of any point in the duct flow can be obtained. From the
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photograph, an analysis of the number of drops, their size, and free-flight shape can be
made. With a sufficiently varied sampling across the entire duct, an accurate analysis of
the spray cloud can be obtained. This process can be done "on-line" during the icing
test, using an electronic scanning device to count only those water droplets whose form
is clearly in focus in the hologram,

34 TECHNIQUE FOR SETTING LIQUID WATER CONTENT

The proper liquid water content of the air-water mixture is maintained by metering
the airflow and the water flow, and adjusting the water flow rate to the desired amount.
The relationship between the liquid water content (L or ) and the actual water Joading
factor (f.) in 1bm of water per Ibm of air can be obtained from considering the flow
in a stream tube in the free stream.

w, KMAVW ¢ f RT

f = = = -

()

oo
M

or in particular where the liquid water content is in gm/m3, T in °R, and p in psf:

L_T

oc  OC

f, = 3.326 x 107

(2)

Since L is usually specified for free-stream icing conditions, T and p are the free-stream
static temperature and pressure, respectively. The engine mass flow in the test facility
is metered, often using a critical-flow venturi. In this case,

0.532 Cd,f Py Al
oc

W = — : 3
g i 3)

for mass flow metering venturis operating at a critical (choked) condition; Cq ¢ represents
a known discharge or flow coefficient. By using this equation and Eq. (2) for f, the
water flow rate can be written as

0.532 Cy Py Ay )
Www = T = 3.326 x 10 ol (4)

oo

Since T_ and p,, are related to the total conditions (T;_ and p;_) through the isentropic
Mach number relations, the equation for W, can be written:

1

M?)y—l (S)

o0

W, = 1771070 Cy LA VT, (14 22

w

where M_ is the free-stream flight Mach number for the icing condition being simulated.
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Equation (1) is valid so long as the water in the streamtube remains constant. In
flight, the engine often causes the flow upstream of the inlet to accelerate or decelerate
depending on the particular flight condition (see Fig. 6). If the water droplets have
sufficient inertia, it is possible that they would not follow streamlines entering the engine.
For this case, Eq. (1) does not give the correct loading factor. The amount by which
Eq. (1) would have to be corrected when the droplet inertia is important can be
quantitatively estimated as follows: The basic equation for the loading factor was

(6)

The amount of water (W, ) to be sprayed in the test cell is related to the conditions
in the atmosphere encountered by the engine during its operation. Clearly, Wy, thus depends
on the free-stream liquid water content (£.), the flight velocity, and whether droplets
follow streamlines or not. When the engine is operating under static conditions, it is quite
reasonable to expect that the amount of water ingested is equal to the liquid water content
(2.) times the air volumetric flow rate through the engine. Hence,

i o0 o0 -] u o0 o0

- et M

c . .
static ambient a Pa M
condition

Therefore, it is not necessary to consider droplet inertia for the static ambient icing
conditions, and this case is identical to the case where droplets follow streamlines.

The other case to consider is where droplets follow straight paths, i.e., their trajectories
are not influenced by the disturbed flow field upstream of the engine inlet. In this case,
the water flow rate is given by
W, = A VL, = AV L, (8)

w

On the other hand, the airflow rate is given by

Wo = PofeVeo = PorfeiVer )
Therefore,
ww Acfvaoeao 2«:e»Acf

But since f;_ can be defined by

P T W an

aPoo
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as the free-stream loading factor, then

I (12)

This is the required loading factor when droplets are not influenced by streamlines. To
put this in a more precise form, the flow from the free stream to the compressor face
is approximately isentropic, in which case

y+1
I [ ) A a3
A Moy (1+’%1 M2
Thus,
f
,; =T (14)

This relation has been evaluated for the military icing specifications, assuming two
representative values of M.r, and the results are presented in Fig. 7. The relationship is
shown between the water loading factor which must be established in the test cell to
the free-stream water loading factor based on free-stream liquid water content, pressure,
and temperature. The two curves represent limiting cases for establishing the water loading
factor for icing tests. Where droplets foliow streamlines exactly and for static environment
icing conditions, fo = f._. Where droplets are not influenced by streamlines, f; = I fe,
where ' must be determined by the values of M_ and M.

A question arises as to which limiting case is more realistic for evaluating f, for
testing purposes; that is, do droplets follow streamlines or not? To estimate representative
values of T, an average I' value can be defined as

I‘:=l+1

; (15)
and the following table was devised:

M., M,f I = f/f_ r

0.32 0.25 1.25 1,125

0.71 0.25 2.21 1.605

0.32 0.50 0.70 0.85

0.71 0.50 1.23 1.115
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It is evident from this table that, on the average for military testing purposes, the highest
amount of additional water which must be injected into a test cell to simulate correctly
the proper engine ingestion of water is about 60 percent greater than the free-stream
water loading. This pertains to the case where the engine is throttled back, yet the airspeed
remains fairly high during aircraft descent. This result compares with the "scoop factor"
of 1.33 presented in Ref. 10 for the same kind of flight condition called the "idle descent”
mode. For the majority of the test points, however, as indicated by the average I' factor,
the test cell loading factor (f;) is approximately equal to the free-stream loading factor.
The next important question is to determine how sensitive the engine anti-icing power
requirements are to variations in liquid water content, hence to f.. If they are relatively
insensitive, then it is reasonable to establish f. = f;_ (Eq. (2)) for all icing tests defined
in the military specifications.

35 SUMMARY

The air at the inlet of the bellmouth connecting the test facility plenum to the engine
inlet must have the correct total pressure, total temperature, and humidity such that the
condition of the water-air mixture at the engine compressor face simulates the flight
condition. In general, the water loading factor (f;) should be established equal to the
water loading factor of the free-stream icing conditions.

SECTION IV
ANALYSIS OF MULTIPHASE FLOW WITH APPLICATION
TO AN ICING TEST CELL

4.1 INTRODUCTION

In this section, an analysis of a typical direct-connect type of turbine engine icing
test cell is presented. Through a number of simplifying assumptions, the problem is reduced
to an analysis of one-dimensional flow in a variable area duct. The analysis provides a
means for predicting the thermodynamic and kinetic state of the air-water mixture at
the test section. It is useful in determining the test cell inlet conditions required to simulate
a given icing condition.

The analysis parallels the analysis of exhaust gas spray coolers by Pelton and Willbanks
(Ref. 11).

4.2 THE BASIC ASSUMPTIONS USED FOR DEVELOPING THE MATHEMATICAL
MODEL OF THE MULTIPHASE AIR-WATER DUCT FLOW

Figure 8 shows a schematic of the icing test facility being considered. The duct has
an arbitrary cross-sectional area, and water is injected parallel to, and in the direction
of, the gas flow at some location along the duct. The analysis is based on overall
conservation of species, mass, momentum, and energy both globally and in each phase,

10
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The mathematical model for flow in the duct is based on the following assumptions:
1. All gases including water vapor are treated as ideal gases.
2.  One-dimensional flow,

3. The gas phase is homogeneous at any axial station except in the boundary
layers of the droplets.

4, The drop-size distribution of the spray can be characterized by discrete
drop sizes.

5. Drops are injected parallel to and in the direction of the gas flow and
remain entrained in the gas stream throughout the duct. That is,
de-entrainment by gravity and turbulent diffusion is considered negligible.

6. Each drop injected maintains its identity through the duct. Hence, collisions,
agglomeration, and drop breakup are considered negligible.

7. The drops are uniformly distributed at any cross section of the duct.

8. Internal resistance to heat transfer within a drop is much lower than external
or film resistance to heat transfer. Thus, the internal temperature of a drop
1s uniform at any instant of time.

9. Heat transfer and friction at the duct walls are negligible.
10. Cross-sectional area of the duct is a prescribed function of axial location.
11. The drops are spherical in shape.

12. Drops can be supercooled to a critical temperature which is a prescribed
function of drop diameter.

13. Upon reaching the critical temperature, the drop temperature suddenly rises
to the freezing point and becomes a homogeneous equilibrium mixture of
solid and liquid. The drop remains at the normal freezing point until enough
heat has been removed to completely freeze the drop.

14. Vaporization and condensation are occurring at any instant at equilibrium
rates. That is, at any instant, the drop surface vapor pressure is equal to
the saturation pressure corresponding to drop temperature. The droplets
of interest in icing problems are large enough for the effect of surface
tension on vapor pressure to be negligible.
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4.3 THE BASIC EQUATIONS OF CONSERVATION

Based on the assumptions of the previous section, the following global conservation

equations can be written:
Conservation of Mass

Wv + wnc

Conservation of Water (Condensed Phase + Vapor)

1

Wv + ZiWc - Ww = Constant
Conservation of Noncondensable Gas

Wuc = Vspg(l—Cv)A « Constant

Conservation of Momentum

+ ZW, = W = Constant
1

g dx

Conservation of Energy

2 \¢Cy
(”v+"g/2)'—d, c, <th dVg\) db, v
+ + V + +
v

(dl\ci dvc)
+ X f +V !) -
i Ci\ dx % dx 0

2 1-C
(1-Cy)

df dv
dC dv c c 1
2 v g 2 g g
A + (I_CV)VgT + vg(l—cv) zi(vci—dx + fcl x) 4+

(16)

(a7

(18)

19)

Mass, momentum, and energy transfer between phases can be treated by first
considering these processes for a single droplet. For droplet of class i, the following

conservation equations apply:

Conservation of Mass

Conservation of Momentum

dv aM, a2 |v8-v '

¢

1
MaVe, 5 + (V= Vole o = Pes Co

12

(2n

(22)
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Conservation of Energy

dE_ M,

v, dxl - Findf[T,,,-(Ts)i] + hvlT vci dx' (23)

L2
1

By considering all droplets of class i,

df, o dMy
1 _ —l_' 1 .
dx d dx (24)
i
and
d(hciWci) “ci dl;_]di
dx 5 Md dx (25)
i
The equation of state is
Rp T
- uwg g _
P x M, + {1 ~ xv)Mnc (26)
The molar fraction and mass fraction of vapor are related by
c,/M
xv = M M (27)

C/M, + (1= CO/M_

Droplet diameter and mass are related by the expression:

i
G = (ﬂp) 28

The molar fraction of vapor at a droplet surface is related to saturation pressure and
static pressure by

( Vs)i - P"lr.i/P (29)

For low rates of mass transfer, the heat and mass transfer coefficients for spherical

droplets can be obtained from the semi-empirical equation of Ranz and Marshall (Ref.
12). Thus,

13
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k, = d-sf‘c—ﬁ (2.0 + 0.6 Rel/25c1/3) (30)
and
KCp 1/25.1/3
F = -d—ﬁ(2.0 + 0.6 Re Pr ) (31)

where the Reynolds number is given by

‘vg_ vc|pgd
u

Re = (32)

Carlson and Hoglund (Ref. 13) determined the following semi-empirical equation for the
drag coefficient of a solid sphere in low-speed flow and in the absence of mass transfer:

Cp = 22(1+0.15 Re0-687) (33)

This relation is assumed to be valid for low rates of surface mass transfer as well. The
above transport equations are used in the present study although the rates of mass transfer
immediately following droplet injection may be high. Since the rate of mass transfer drops
off to a low value very rapidly, the error introduced by omitting corrections to R, ky,
and Cp for high rates of mass transfer is believed to be small.

44 A MODEL FOR DROPLET FREEZING

Many experiments have confirmed the fact that liquid water can exist in a supercooled
state (Ref. 14). However, the results of the many studies are not completely in agreement
with regard to the parameters governing the maximum degree of supercooling. Factors
affecting maximum supercooling to some degree include: rate of cooling, concentration
of impurities, and drop size (Refs. 14 through 16).

In the present study, the following simple model is proposed for freezing a droplet.
It will be assumed that the maximum degree of supercooling is a known function of
only the droplet diameter. Thus, a drop of given diameter can be supercooled to some
critical temperature. Upon reaching the critical temperature, the temperature of the drop
suddenly rises to the normal freezing point and becomes a homogeneous equilibrium
mixture of solid and liquid. The relative fractions of solid and liquid are governed by
the initial degree of supercooling. The drop remains at the freezing point until enough
heat has been removed to completely freeze the drop.

14
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A curve of critical temperature as a function of drop diameter was deduced from
data given in Ref. 15 and is illustrated in Fig. 9. The data can be correlated by the
following equations:

463.2 + 16.32 fn (0,03334d) d < 300 (34)

si

and

= 463.2 300 < d < 1000

sf

where T is in °R and d is the droplet diameter in microns. This relationship represents
the average critical temperature for a large number of drops of given diameter. The variation
in critical temperatures-of individual drops from the average may be quite large. For
purposes of the present study, it is assumed that all of the drops of a given diameter
freeze upon reaching the critical temperature in the manner given above,

45 THERMODYNAMIC PROPERTY DATA

It is necessary to specify the thermodynamic property data including enthalpy, specific
heat, and vapor pressure of each constituent as a function of temperature. The following
equations serve this purpose.

45.1 Property Data for Air

For air, the enthalpy and specific heat data given in Ref. 17 are satisfactorily correlated
by

[
i

0.2318 + 0.1040 x 10°%T + 0.7166 x 1078T?

PDC

and

h = 0.2318T + 0.0520 x 10°*T + 0.2389 x 10°8T3 - 127.064

where T is in °R, Cppe I8 in Btu/lbm-"R, and h is in Btu/lbm, This correlation is valid
for 400 < T < 1700. The subscript nc is used since air is the noncondensable species
in the flow.

45.2 Property Data for Water Vapor

For water vapor, the enthalpy and specific heat data of Ref. 18 are satisfactorily
correlated by
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C, = 0.4304 + 0.1678 x 10°%T + 0.2781 x 107713
v

and

h, = 0.4304T + 0.0839 x 107*T2 + 0.0927 x 107T3 + 806.6

where T is in °R, Cp, is in Btu/lbm-"R, hy is in Btu/lbm, and 400 < T < 1700.
4.5.3 Property Data for the Condensed Phases

The specific heat of the liquid phase was taken to be 1 Btu/lbm-"R, and the specific
heat of the solid phase was taken to be 0.485 Btu/lbm-"R.

45.4 Vapor Pressure of the Condensed Phase

The following equation is a reasonably good correlation of the vapor pressure of
liquid water as given in Ref. 11 over the temperature range 492 < T < 672:

5.19
py = 2117.08%) cxp%-9.06(:,;.-8— - 1.4525)§

where T is in °R, p, is in psfa, and hgy is the latent enthalpy of evaporization
given by

hy, = 1352.3 - 0.5696T + 0.0839 x 1074T2 4+ 0,0927 x 10773

The vapor pressure in psfa of supercooled liquid, that is, liquid at a temperature
less than 492°R, is given by the following equation as taken from Ref. 14:

2
By Cy*~K) [ (p,(:2x)?) (F 1(374.11-0%/4)
p, = 2117.0 exp {Z.S[Aﬁ—ll + _l_t____ [10 1 ..il + E 1o 1

where

t (=T/1.8) is the absolute temperature in degrees Kelvin, and A}, By, C;, D,, E;, Fy,

and K are constants whose values are:

5.4266514

B, = -2005.1

C, = 1.3869 x 107*
D, = 11965 x 107!
E, = 4.4 x 1073
F), = -5.7148 x 107
K, = 2.937 x 10°

-
"
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The equation for the vapor pressure of ice in psfa as given in Ref. 14 is
Py = 2,7845 exp [2.3[1\2/[ + 0.4343B2 fn(t) + C2t + D2t2 + Ez]l

where

t (=T/1.8) is the absolute temperature in degrees Kelvin and Ay, By, C,, Dy,

and E2 are constants whose values are:

A, = -2.4455646 x 10°
B, = 8.2312

Cy = 1.677006 x 1072
D, = 1.20514 x 107
E, = -6.757169

46 THE COMPUTER PROGRAM

The system of equations is closed and can be integrated for specified initial conditions
to give the variation in thermodynamic and kinetic states along the duct. The equations
were programmed in FORTRAN IV language for solution on a digital computer. A program
listing is given in Appendix IIl. The computer program developed in connection with a
study of spray coolers and reported in Ref. 11 was used as the basis for the program
in Appendix IIl.

The program has the capability to handle multiple water spray stations at arbitrary
locations along the duct. The drops originating at any station must have uniform diameters.
The drop diameter may, however, vary from station to station. With this capability, a spray
with a distribution of drop sizes can be treated, providing the distribution can be
characterized by a finite number of discrete drop sizes. To accomplish this, each drop-size
class (i) is assigned to an individual injection station (i). From a given distribution of
drop sizes, the fraction of injected liquid containing droplets in size class (i) can be
determined. This fraction corresponds to the fraction of the total liquid injection rate
to be assigned to injection station (i).

In the computer program, dropiet freezing is handled in the following way: The
temperatures of drops originating at each injection station are monitored, and when the
temperature of a droplet reaches its freezing temperature defined by Eq. (34), then the
droplet is considered to start freezing. An energy balance predicts the state of the droplet
at each step in the flow while the droplet temperature is held constant at 492°R (32°F).
After sufficient energy is lost from the droplet by conduction and evaporation to tum
the droplet completely to ice, the droplet model is replaced by an ice particle model,
and its temperature is allowed to vary. For the rest of the calculations, the particular
size drop that has frozen is treated as a spherical particle of ice, and its temperature
is again determined by energy and mass transfer at the ice particle surface.

17
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47 SUMMARY

An analysis of the multiphase flow phenomena occurring in a typical turbine engine
icing test cell duct flow was presented. The analysis was based on one-dimensional flow
of a mixture of air, water vapor, liquid water, and ice in a variable area duct.

In the following section, the analysis and computer program are used to make
calculations for a typical icing test cell. A parametric study is performed to determine
the influence of the initial conditions on the final thermodynamic and Kkinetic states.

SECTION V
APPLICATION OF THE MULTIPHASE FLOW
ANALYSIS: A PARAMETRIC STUDY

5.1 INTRODUCTION

In this section, results obtained with the multiphase flow analysis for flow in an
icing test facility under typical operating conditions are reported and discussed. A
parametric study was performed to determine the influence of the inlet conditions on
the kinetic and thermodynamic flow properties at the test section.

The particular duct geometry chosen for the study is shown in Fig. 10. The bellmouth
entrance approximates the inlet section of the AEDC Propulsion Engine Test Cell (J-1)
and typifies many other installations. The inlet parameters which were used are:

1. The primary thermodynamic and kinetic state variables such as pressure,
temperature, bellmouth inlet velocity, and humidity

2. The water loading factor (f;) which gives the mass of liquid water sprayed
into the airflow at the duct inlet per unit mass of air

3. The water injection velocity
4. The mass median water droplet diameter

52 THE EFFECT OF MATHEMATICALLY SIMULATING THE WATER SPRAY
CLOUD WITH A DISTRIBUTION OF DROPLETS AS COMPARED WITH

SIMULATING THE WATER SPRAY CLOUD WITH A SINGLE-SIZE
DROPLET

The analysis was first applied to study the effect of a spray cloud with a droplet
distribution on the kinetic and thermodynamic state of flow through the duct in
comparison with the effects of a spray having only a single-sized drop. For the latter
spray, the drop size was equal to the mass median diameter of the given distribution.
The distribution was obtained from Ref. 9 and is a measured distribution from an icing
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simulation test utilizing such a duct flow. The mass median diameter was approximately
25 microns, and the mass mean diameter was approximately 18 microns. Figure 11 shows
three drop-size distributions that were presented in Ref. 9. The distribution utilized in
this study is distribution A-3 of Fig. 11. The specific purpose of this mathematical
experiment was to determine theoretically if the practice of characterizing an engine icing
condition by the liquid water content of the flow and a mean effective drop diameter
in the spray cloud is a valid method for correlating the final state of the water-airflow
at the engine station with the given duct inlet conditions. If not, then it is necessary
to take into account the actual distribution of droplet sizes produced in the spray cloud
by the atomizing nozzle system when trying to correlate engine icing conditions with
duct inlet conditions. Thus, another possible effect of the droplet distribution, other than
on the capture efficiency of the component parts of the engine inlet, may be to affect
the thermodynamic and kinetic state of the multiphase duct flow.

The results of the calculations made with the droplet distribution mathematical
simulation and the mean effective diameter simulation are shown and compared in Figs.
12, 13 and 14. The other initial conditions assumed are presented in these figures. In
Fig. 12, the local static gas temperature (Tg) is plotted versus length from the duct inlet.
The gas temperature is not highly dependent on whether the spray cloud is characterized
by having a distribution of droplet sizes or a single uniform drop size. Figure 13 shows
the liquid droplet temperatures for each size drop in the distribution plotted against length
from the duct inlet. Again, while the larger droplets in the spray cloud required greater
length of flow before reaching a quasi-equilibrium temperature, all size droplets have
reached approximately the same temperature at the engine station, and this is the same
temperature reached by the mass median drop (Fig. 14). Therefore, for typical icing
conditions, the characterization of the icing conditions by liquid water content and mean
effective drop diameter is sufficiently accurate for testing purposes. The engine icing
conditions can be correlated in terms of these two parameters.

By using the droplet freezing model in the program, a comparison was made with
the same model droplet distribution spray cloud mentioned earlier and the single uniform
size spray cloud of the mean effective diameter of the distribution. The computations
showed that for the typical icing test conditions, the freezing model chosen, and droplet
sizes for icing, there was no droplet freeze-out. The droplets remain subcooled and unfrozen
for duct lengths of up to 40 ft from inlet to engine station. Thus, the icing conditions
defined by the military specifications for engine testing can be characterized by liquid
water content and mass median diameter, and for these conditions there should be no
change in the liquid water content because of droplet freeze-out. It should be noted,
of course, that in a real test facility, droplet freeze-out may occur when there is
contamination of the spray water with particles that enable ice nucleation and crystal
formation. However, this problem was not considered in this study.
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5.3 PARAMETRIC STUDY OF THE EFFECTS OF THE THERMODYNAMIC
AND KINETIC DUCT INLET PARAMETERS ON THE STATE OF THE
FLOW AT THE TEST SECTION

5.3.1 Description of the Baseline Values of the Duct Inlet Parameters

For the duct geometry previously discussed, a parametric study was carried out by
varying the duct inlet properties one at a time. The inlet variables that were studied are
given below along with their baseline values. The baseline values of the duct inlet (initial)
parameters are as follows:

1. Liquid water initial temperature, T; (632°R or 172°F)

2. Liquid water content, L (I gm/m3 or 6.234 x 105 Ibm/ft3)

3. Inlet air specific humidity, w, (3.715 x 103 Ibm H,O/lbm air)

4. The mass median drop diameter, dy (3.175 x 104 ft or 96.8 microns)
5. The water injection velocity, Vg (8.35 ft/sec)

6. Air inlet velocity, V, (80.6 ft/sec)

7. Duct radius at constant area section, R (3.8 ft)

The reason d, was chosen at approximately 100 microns rather than a more
representative value of, say, 25 microns is simply that small drops cool faster than larger
drops. Thus, for the larger baseline droplet chosen, the axial variations of the other
properties were more clearly defined when the baseline drop diameter was 100 microns
than if it were 25 microns. This effect will be evident in the figure to be presented showing
effects of varying drop diameter. The results of the parametric study are discussed in
the following sections.

5.3.2 The Effect of Variation of Initial Water Temperature

The effect of the temperature variation of the water spray into the bellmouth was
negligible; that is, the final state of the air-water mixture at the engine station did not
depend significantly on the temperature of the injected water. These results are shown
in Figs. 15 and 16 where the temperature difference (AT) is plotted versus length from
the duct entrance. The obvious explanation of these results is that the amount of water
being sprayed into the bellmouth in an icing simulation (and hence the amount of energy
carried into the bellmouth by the water) is extremely small compared with the mass flow
(or the energy flow) of air. Thus, the process in the duct for icing simulation is nearly
a constant energy flow, not considering heat transferred through the duct walls. The gas
temperature at the engine station depends primarily on the gas total temperature and

20
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the Mach number of the flow at the engine station. The water droplets cool quickly down
to approximately the same quasi-equilibrium temperature which, it was found later, could
be predicted in terms of the air temperature and humidity at the engine station. It should
be emphasized that this conclusion applies only for small liquid water loading typical
of icing simulations,

5.3.3 The Effect of Variation of Initial Liquid Water Content
(Loading Factor)

The effect of the variation of the liquid water content (L) from about 1 to 10 gm/m3
on the final temperature of the airflow is shown in Fig. 17 to be small. Again, the reason
for this small effect is that the absolute quantity of water sprayed into the duct flow
is very small compared with the mass flow of air. The variation of L from 1 to 10 gm/m3
caused only a minor variation in the gas temperature at the engine station (4°R) and
extremely small effect on pressure and velocity of the airflow at the engine station. Also,
the temperature of the liquid water at the engine station did not change significantly
with variation of the liquid water content. This is shown in Fig. 18 where AT is plotted
versus duct length. In this figure, there is, at most, two degrees difference between the
water temperature at the engine station over this range of liquid water content,

5.3.4 The Effect of Variation in Mass Median Droplet Diameter

The effect of varying the mean effective diameter is shown in Fig. 19. As stated
previously and shown in Fig. 19, small drops cool down faster than large drops. As Fig.
t9 indicates, a spray cloud of uniform sized drops of 25-micron diameter cools down
at a much faster rate than a spray cloud of 100-micron diameter drops. The 25-micron
drop temperature drops below the gas temperature but then recovers and approaches the
gas temperature. Droplets of 200 microns and larger will be substantially out of equilibrium
with the gas temperature at 25 ft from the duct inlet. This size of droplets requires a
duct length substantially longer than 25 ft before their temperature would come to within
a few degrees of the gas temperature. The water spray system must produce only a very
sall number of drops larger than, say, 200 microns to minimize their effect on the icing
simulation.

5.3.5 The Effect of Variation in Inlet Air Humidity

The effects of varying the inlet air relative humidity from zero (completely dry air)
to 100 percent (completely saturated air) are shown in Fig. 20. It can be noted that
the inlet humidity is very important in determining the temperature of the water droplets.
The reason is that evaporation and condensation at the droplet surface play major parts
in determining droplet temperature. In general, the rate of surface mass transfer is highly
dependent on the humidity of the air surrounding the droplet. By controlling the inlet
humidity, it is, therefore, possible to have some degree of control over the thermal state
in the test section.

21
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5.3.6 The Effect of the Difference between Inlet Airflow Velocity
and Inlet Water Velocity

The effect of the variation of the water injection velocity on the water temperature
at the engine station is shown in Fig. 21. This figure shows that as the velocity difference
between the water spray cloud and the airflow is decreased, a greater length of flow is
required before the water temperature approaches the air temperature; that is, increasing
the relative velocity increases the heat and mass transfer from the drops. The coefficients
of mass and heat transfer are defined by Eqs. (24) and (25), respectively. These coefficients
are dependent on a Reynolds number based on the relative velocity or velocity difference
between the airflow and the water drops. Thus, heat and mass transfer increase as the
relative velocity between air and the water drops increases. Hence, control of the initial
velocity difference between the sprayed water and the airflow at the duct inlet may provide
a method for controlling the flow conditions at the engine face. Note that this comparison
was computed with d, = 15 microns because the effect of inlet velocity difference was
more pronounced than a calculation made with d, = 96.8 microns.

5.3.7 Discussion

After injection of a droplet into an air stream, the velocity of the droplet tends
to approach the velocity of the air. The temperature of the droplet approaches the wet
bulb temperature of the air; hence, unless the air is saturated, the droplet and air
temperature will not become equal. In a duct flow, equilibrium can be achieved in a
sufficiently long duct since droplet evaporation or condensation leads to saturation of
the air. The duct length for this to occur is several orders of magnitude greater than
the length available for a practical test cell. Figures 12 through 17 show this effect. It
can be noted that the droplet temperature usually becomes essentially constant only a
few feet downstream of the injection station. This distance is, of course, a function of
the inlet flow conditions and the droplet diameter.

The steady-state droplet temperature (Ts) (wet bulb temperature) can be calculated
from the relation:
M
Pr v
T - T, = =h, — =— - /
g s [g Sc MCP(XV PV|T! P)

where T, is the local gas temperature, C, is the specific heat of air, x, is the mole
fraction of water vapor in the gas phase, p, It, is the saturation vapor pressure of water
at temperature T, and p is the local static pressure. This equation can be used to estimate
the temperature nonequilibrium in the test section. An accurate value of X, can be obtained
only by calculating the entire duct flow. However, for many flow conditions of interest
in icing simulation, the specific humidity (w), and therefore x,, is essentially constant
along the duct. Thus for an estimate, x, can be taken to be equal to the vapor content
upstream of the spray bank.



AEDC-TR-73-144

It is very difficult to obtain an accurate measurement of the humidity under icing
conditions. If accurate knowledge and control of humidity is important in an icing test,
it may be desirable to circumvent the difficult problem of humidity measurement by
creating known humidity in the test cell. This can be accomplished by supplying the test
cell with very dry air and mixing the required amount of superheated steam with the
air to create the desired humidity. It is important for the mixing to be essentially complete
by the time the flow reaches the water sprays. Very good humidity control should be
possible with this system.

5.3.8 Summary

A summary of the results of this section of the report follows. First, for the flow
conditions assumed, it was found that the thermodynamic and Kinetic state of the air
and water mixture at.the test section of a typical direct-connect icing facility duct is
not dependent on the drop-size distribution. The analysis showed that after about 25
ft downstream of the inlet, the spray cloud can be satisfactorily modeled with two
parameters, the mass median drop diameter and the liquid water content. The droplet
size distribution used in the calculation was a measured distribution from an icing test
cell. Second, the temperature of the air, water vapor, and water mixture 25 ft downstream
of the inlet was practically independent of the initial temperature of the spray water.
The reason is that the liquid water contents are extremely small. Third, the effect of
varying the liquid water content between |1 and 10 on the thermal and Kkinetic states
at the test section is small. Fourth, the effect of inlet air humidity upstream of the water
spray station is relatively important in determining the test section's thermal state and
a substantial degree of control over the thermal state at the test section is possible through
humidity control. Fifth, the temperature of relatively small (5 to 25 microns) droplets
approaches the air temperature at a greater rate than that of the relatively large (100
to 1000 micron) droplets because their mass is considerably less. Hence, the small droplets
are effectively at the air temperature in a much shorter length of duct than the relatively
large droplets, and for this reason, the test facility water spray systems must not produce
a significant fraction of water drops greater than 100 microns if effective simulation is
to be provided. Sixth, the water spray velocity should be substantially different from
the surrounding airflow velocity in order to increase the rate of heat and mass transfer
from the drop and the approach to equilibrium. That is, a large initial degree of kinetic
nonequilibrium between the injected liquid and air helps to promote a more rapid approach
to thermal equilibrium.

SECTION VI
CONSIDERATION OF SOME FACTORS AFFECTING
ICING SIMULATION
6.1 INTRODUCTION
Since most ground test facilities cannot duplicate all of the flow conditions

experienced by an engine in flight, it is necessary to determine which of the icing variables
are relatively most important in determining engine icing behavior. In this section of the
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report, the effect of droplet-size distribution on capture efficiency is discussed. In addition,
an analysis of the heating rate required to maintain an anti-icing condition on a surface
in an icing environment is provided, The relative importance of correctly simulating the
specific humidity, liquid water content, and mass median droplet diameter for simulating
icing conditions in a propulsion engine test facility is illustrated quantitatively.

6.2 THE EFFECT OF DROPLET-SIZE DISTRIBUTION
ON CAPTURE EFFICIENCY

In Section V, the effects of a water spray cloud with a distribution of droplet sizes
were compared with the effects of a spray cloud with a uniform droplet size on the
final thermodynamic and kinetic state of a flowing mixture of water and air. The effects
were shown to be equivalent for a typical icing situation.

There are, however, other possible effects which the drop-size distribution might have
which must be considered when simulating icing in ground test facilities. For example,
a given drop-size distribution might affect ice accumulation rates on the exposed surfaces
of components of the engine inlet by affecting the capture efficiency of these surfaces.
Capture efficiency is defined here as follows. Consider the volume swept by the projected
area of a surface moving through a uniform stream. For a uniform stream laden with
particles, the hypothetical maximum particle impingement rate is simply the product of
the particle concentration per unit volume times the volume flow swept by the surface;
that is,

WiMp, max = Lo X Ap x Vg (35)

where A, is the projected area of the surface. In general, however, since the surface disturbs
the flow field ahead of it, the particles lying in the path of the surface will be influenced
by the disturbed flow. Depending on particle inertia, the particles will follow or at least
be sufficiently influenced by the streamlines of the airflow to take curved trajectories,
and some particles in the path of the surface will pass over the surface without impinging.
The two possibilities are shown in Fig. 22; the larger droplets in the stream will be least
likely to follow streamlines because of their inertia. It is possible to define the absolute
rate of impingement of particles on a surface by analyzing the action of the particles
in the disturbed flow field about the surface. For a given size particle, a limiting trajectory
can be found which is just tangent to the surface. The tangential trajectory is used to
find the cross-sectional area of the streamtube far upstream of the surface which contains
all of the particles of a given size that will impinge on the surface. Particles outside this
streamtube will be swept over the surface and will not impinge. Hence, the actual
impingement rate is

where Aqp is the: cross-sectional area of the streamtube defined by the tangential trajectory
(Fig. 22). This analysis assumes that, for the small stream loadings typical of icing
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conditions, the flow field over the surface is not influenced or modified by the presence
of the water droplets. The flow field is determined only by the surface geometry.

The capture efficiency of a surface can now be defined as

. Vimp
IMP, max

For a given surface in an icing condition, each size water droplet in the free stream will
have a characteristic tangential trajectory because of its inertia; the capture efficiency (E.)
of a surface refers to a specified drop size. The overall capture efficiency of a body in
a stream laden with particles depends on the distribution of drop sizes in the stream.
It is of interest to this study to determine, at least qualitatively, if the overall capture
efficiencies of the engine inlet components are sensitive to drop-size distributions. If so,
then this may be an important parameter to simulate, or duplicate if possible, in the
ground test facility for the following reason.

If the capture efficiencies of surfaces within an engine are dependent on the drop-size
distribution, then it is possible that power requirements for keeping a surface inside the
engine inlet ice free would depend not only on cloud liquid water content and mass median
droplet diameter, but also on the icing cloud drop-size distribution. In this event, it would
be necessary to duplicate both the mass median diameter and the drop-size distribution
to siinulate the icing environments in the propulsion test facility. For this reason, the
variation of capture efficiency of typically sized surfaces to different measured drop
distributions was investigated. In addition, the sensitivity of anti-icing power requirements
of exposed surfaces to variations in stream liquid water content was analyzed assuming
a surface capture efficiency of unity.

6.3 SURFACE CAPTURE EFFICIENCY FOR DROP DISTRIBUTIONS TYPICAL
OF ICING CONDITIONS

6.3.1 introduction

The problem is to estimate capture efficiencies for typically sized engine inlet
components for droplet sizes representative of icing environments and, from these
calculations, to determine if these capture efficiencies are sensitive to droplet distributions
typical of icing conditions in the atmosphere and in a ground test facility. The principal
inlet components of the high-bypass turbofan-type engine considered in this study are
the spinner bullet nose on the compressor axis, the compressor inlet guide vanes, and
the first-stage blades. The capture efficiencies of the guide vanes and the compressor blades
may be very crudely obtained by analogy to equivalent cylinders. The thickness of the
guide vanes and compressor blades define the diameter of equivalent cylinders. The spinner
hub capture efficiency can be estimated directly from known analytical and experimental
results for bodies of revolution.
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The work of Langmuir (Ref. 19) can be used to determine the capture efficiencies
of right circular cylinders in incompressible flow, given the cylinder diameter, the
temperature and density of the air, and the density of the droplets and their diameter.
The effect of compressibility has been found to be negligible (Ref. 20); hence, Langmuir's
work also applies with sufficient accuracy to compressible flow over cylinders. Langmuir
defined two correlation parameters which enable the capture efficiency of a given
cylinder/airflow/drop combination to be estimated from his analytical results presented
in Ref. 19. These two parameters are the inertia parameter (K) where

and the parameter (¢) called the altitude parameter in Ref. 19 as defined by
¢ & 9p§D Vo,
BPe

By using the given information on a particular cylinder/airflow/drop combination, K and
¢ can be evaluated, and the capture efficiency of the cylinder under the given conditions
can be obtained from Fig. 1 or 2 of Ref. 19. Thus, for a given distribution of droplet
sizes, a mass fraction (of the total water content, per unit volume of gas) can be calculated
for each droplet-size class. From this, the mass fraction of liquid water impinging on the
cylinder from each droplet-size class can be determined. Thus, an overall mass-weighted
capture efficiency of a cylinder for a given drop-size distribution can be calculated. It
should be mentioned here that Langmuir found that, for his assumed droplet-size
distributions, one can equate the overall capture efficiency of a cylinder for a distribution
of droplets to the capture efficiency of the cylinder for the mass median droplet. On
the other hand Dorsch, et al. (Ref. 21), show that the capture efficiency of a 5 to
1 ellipsoid of revolution for a given drop distribution was not equal to the capture efficiency
of the ellipsoid for the mass median drop. Thus, to clarify the problem for simulated
icing testing, these effects were reinvestigated during this study.

6.3.2 Droplet-Size Distributions in lcing Conditions

The first problem was to find reported drop-size distributions in the natural
atmospheric environment. Distributions typical of conditions in cumulus clouds are
reported by Battan and Reitan (Ref. 22) and in fog conditions by Eldridge (Ref. 23).
In these references, the distributions were presented in terms of frequency of occurrence
(number of drops of a given size per sample) versus drop diameter. The resulting mass
fraction distributions are shown in Fig. 23. Distribution N-1 is the mass fraction distribution
for icing conditions in fogs, reported in Ref. 23. Distribution N-2 corresponds to conditions
in tropical cumuliform clouds, and distribution N-3 corresponds to the conditions in
cumuliform clouds over the USA; both of these distributions were reported in Ref. 22,
In this study, these distributions were reduced to and presented in the form of mass
fraction of total liquid water content (per drop size class per sample) versus drop diameter.
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Drop distributions that were measured in an icing test in a ground test facility are
reported by Gall and Floyd (Ref. 9). These distributions were also reduced in this study
to mass fraction (of total liquid water content per drop-size class) versus drop diameter.

These distributions are presented in Fig. 11 of this report. The mass median and mass

mean diameters of these distributions are also presented in Fig. 11 with sufficient
supplementary data to identify each distribution in its original form as given in Fig. 23
of Ref. 10.

A comparison of Figs. 10 and 23 of this report shows that the drop distributions
in the icing facility are fairly similar to drop distributions in cumuliform clouds. To compare
these distributions with the distributions utilized by Langmuir and Blodgett (Ref. 19),
the original forms of the distributions (number frequency versus drop diameter) were
replotted in this study in the form of number frequency of occurrence versus a reduced

droplet diameter which was the form favored by Langmuir and Blodgett. The reduced :

diameter (dr) is defined as

d
dR:d_ |
m

Comparisons are shown in Figs. 24 and 25. In Fig. 24, the cumuliform distributions of |
Ref. 22 and the artificial distribution of Ref. 10 are compared, whereas in Fig. 25 the |
distributions of Ref. 22 are compared with the Langmuir distributions which are denoted
as B, C, D, and E in Ref. 19. Because the Langmuir distributions were suggested by |
data from cloud measurements made by Houghton and Radford (Ref. 24) and by Radford |
(Ref. 25), the favorable comparison in Fig. 25 is not surprising. The important point
to be made from these comparisons is that the test facility spray system, like that described
by Gall and Floyd, is capable of simulating the droplet size and water mass distributions
which occur in natural icing and cloud conditions in the atmosphere.

6.3.3 Effect of Drop Distributions on Capture Efficiency

The question previously posed was whether the capture efficiency of typical engine
inlet surfaces was dependent on drop distributions in icing conditions. Since natural and
artificial icing cloud drop distributions were shown to compare favorably, it may seem
irrelevant to pursue the question of the relation between capture efficiency and drop
distribution. Nevertheless, the values of these estimated capture efficiencies are important
for estimating water impingement rates, and in addition, while the drop-size distributions
compared favorably, they were not identical. For these reasons, overall capture efficiencies
for two different diameter cylinders and a 5:1 ellipsoid of revolution were computed for
distributions N-2, N-3, A-I, A-2, and A-3.

The stream conditions were the same for each case, defined by

V= 10 fit/sec
p = 1932 psfa
T = 180°R
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For the circular cylinders, the inertia parameter (K) and the altitude parameter (¢) were
used together with the results in Figs. 1 and 2 of Ref. 19, to obtain, for each droplet
distribution, a mass-weighted overall capture efficiency (E.,). The results of these
computations are presented in the following table:

CYLINDER DIAMETER: 0.04166 ft (1/2 in.)

Capture Efficiency, E¢o

dm, Based on Mass
Distribution microns Based on Distribution Median Diameter
N-2 40.0 0.928 0.962
N-3 26.5 0.923 0.925
A-1 38.0 0.950 0.958
A-2 30.0 0.938 0.942
A-3 22.0 0.909 0912

CYLINDER DIAMETER: 0.25 ft (3 in.)

Capture Efficiency, E¢,

dm, Based on Mass
Distribution microns Based on Distribution Median Drop
N-2 40.0 0.770 0.805
N-3 206.5 0.690 0.680
A-] 38.0 0.773 0.892
A-2 30.0 0.725 0.732
A-3 22.0 0.632 0.630

Essentially the same procedure was followed for computing the overall capture
efficiency of the 5:1 ellipsoid of revolution. The method for computing ellipsoid capture
efficiency is outlined by Dorsch, et al. (Ref. 21). For this study, an ellipsoid with a
midsection diameter of 2 ft was chosen; hence the major diameter (axis) was ten feet.
For the same free-stream condition, the computed capture efficiencies of the ellipsoid
are shown in the following table:
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5:1 ELLIPSOID (10-FT MAJOR AXIS)

Capture Efficiency, Overall, E.,

dm, _ Based on Mass
Distribution microns Based on Distribution Median Drop
N-2 26.5 0.107 0.079
N-3 40.0 0.180 0.160 '
A-1 38.0 0.156 0.140
A-2 30.0 0.119 0.110
A-3 22.0 0.072 0.055

From the data in the previously shown tabulations, the following conclusions can
be drawn. First, with only one exception, the calculated overall capture efficiencies for
both cylinders and the ellipsoid of revolution which were based on droplet-size distributions
are approximately equal to capture efficiencies based on the mass median diameter of
each distribution. The exception is for the distribution N-3 for both the 1/2-in. and 3-in.
circular cylinders. Second, in general, as the mass median diameter is increased, the capture
efficiency increases, and as the cylinder diameter increases, the capture efficiency decreases.
Third, as stated, for the ellipsoid of revolution the capture efficiency based on the
droplet-size distribution compares reasonably close to the capture efficiency based on the
mass median drop diameter. This agrees with the Langmuir predictions (Ref. 26). It is
pertinent to point out that Lewis and Ruggeri (Ref. 27) provide experimental data on
capture efficiency for four different bodies of revolution which they compared with the
theoretical prediction. They point out that, in general, fairly good agreement exists between
experimental and theoretical impingement characteristics. Fourth, the most important point
for this study is that the results of the capture efficiency calculation showed that the
capture efficiency of the bodies was about the same for drop distributions produced in
the icing facility as for natural cloud icing conditions when the mass median diameters
for these distributions were approximately equal. However, the capture efficiencies based
on the test cell distributions were slightly greater than those based on natural distributions
but not significantly so. Thus, the capture efficiencies of the engine inlet components
under simulated icing conditions should be approximately equal to capture efficiencies
which occur during flight. This means that if the ground test icing facility provides a
spray cloud with the correct mass median drop size and of the correct liquid water content,
then the absolute rates of impingement of subcooled water on the engine inlet components
should correspond very nearly to in-flight water impingement rates. Thus, it is possible
to provide very good icing simulation, in principle, in the ground test facility for turbofan
and turbojet engines of the type which are typically pod mounted.

An important point to resolve is the degree of approximation which is acceptable
when providing simulation of the icing conditions in the ground test facility. That is,
how accurately in practice must the free-stream liquid water content, humidity, and other
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parameters be simulated in the icing facility in order to achieve good simulation, and
hence, accurate experimental evaluation of anti-icing power requirements. In the following
sections of this report, the sensitivity of anti-icing power requirement of a surface to
variations in stream liquid water content and humidity is analyzed. This analysis is then
used to define the kind of accuracy required in ground testing for providing these
parameters in order to obtain good icing simulation.

6.4 HEATING RATE REQUIRED TO MAINTAIN AN ANTI-ICING
CONDITION ON A SURFACE IN AN ICING ENVIRONMENT

The purpose of this section is to analyze the effect of humidity, liquid water content,
and liquid capture rate on the heating rate required to maintain an anti-icing condition
on engine components. The analysis parallels the analysis given in Ref, 28. The degree
of importance of duplicating in the test cell the values assumed by these variables under
actual flight conditions is discussed. The flow over the component surface is assumed
to have been accelerated or diffused from some prescribed free-stream conditions. Thus,
the fact that the Mach number of the flow entering an engine compressor is generally
different from the flight Mach number can be recognized. Flow from the free stream
to a component surface is assumed to occur isentropically and at constant specific humidity.
The validity of the latter assumption can be inferred from calculations made with the
computer program discussed in Section IV. For prescribed free-stream conditions, the
conditions at the edge of the gas boundary layer on the surface are determined by the
local static pressure or Mach number. Since some of the droplets cannot follow streamlines,
a certain portion of them will impinge on the surface and form a liquid film. The rate
of impingement depends on the liquid water content, the surface capture efficiency, and
the flow conditions. It is assumed that the surface is maintained at the freezing point
(492°R) and that enough heat is supplied to prevent any ice formation. Vaporization from
the liquid film into the adjacent gas boundary layer will occur.

In the absence of radiation heat transfer, a heat balance at the surface yeilds

q = BT, -T,) + wv@fg) + wcCC(Tw - Tcw) ~ w V272

(37)

I Il Il IV
where q4 is the anti-icing heating rate, h is the gas side heat transfer coefficient, w,
is the rate of vaporization from the film, w. is the flux of subcooled liquid entering
the film, Ty is the wall or film temperature, T,  is the subcooled liquid temperature,
and T, is the adiabatic wall temperature. In this heat balance, it is tacitly assumed that
the liquid in the film is at a uniform temperature. A few remarks about the individual
terms in Eq. (31) are in order.

Term (I) is the rate of heat loss from the liquid film to the air by convection. The
adiabatic wall temperature is given by
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a

Tow = T(L+r 25 M2) (38)

where r is the recovery factor and M, is the Mach number at the edge of the gas boundary |
layer. |
l

Term (II) is the rate of heat loss due to evaporation of the liquid film. In terms |

of the mass transfer coefficient (kyx), the rate of evaporation is approximately

Wy = kaxévw—pvb/pe (39)

where py,, is the saturation pressure of water at the freezing point. By the analogy between
heat and mass transfer on a flat plate,

|
. - _E‘:(E_r)ﬂ.67 |

x C M\Sc (40)
P I
Term (III) is identified with the sensible heating of the supercooled liquid droplets |
to the film temperature from their temperature before impingement. The droplets are '
assumed to pass through the gas boundary layer with no temperature or mass change. |
Term (1V) reflects the flux of kinetic energy contained in the droplets entering the :
film. It is assumed that the droplets are in velocity equilibrium with the gas at the gas
boundary layer edge and that the droplets do not slow down as they pass through the |
gas boundary layer, l

— . .
It is convenient to introduce the parameter (b = w.C./h) and rewrite Eq. (31) in
the form

he M 0.67 (Pv. — Py C
f _
g_v(& Y bt ~T - b1 Y=l P2 I
C_M\Sc Pe o0 ° C. °
0. a
h(Tw - Taw) Tw - T-w f

It can be noted that the parameter on the left-hand side (Q) is the ratio of heating rate
required in an icing environment to the heating rate required to maintain the surface,
temperature at Ty, in a dry environment. The parameter (b) is approximately the ratio
of the sensible heat transfer to the impinging liquid to the heat loss from the film byI
convection, It reflects the effect of liquid water content and the liquid capture rate on
the heating rate. In particular, b is directly proportional to the liquid water content and
surface capture efficiency. The humidity is reflected in the partial pressure (py,). |

Based on calculations made with the computer program, it can be inferred that the
supercooled droplets are in quasi-equilibrium with the gas phase locally along the path
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from the free stream to the compressor inlet and icing surface. The process occurs at
substantially constant specific humidity, and depending on the engine inlet ducting, the
flow may be isentropic to a good approximation.

Thus, for given free-stream pressure (p..) (or altitude), temperature (T_), and velocity
(V.) or Mach number (M_), the heating rate parameter (Q) can be determined as a function
of local icing surface pressure (pe) or Mach number (M), the parameter (b), and the
humidity. The subscript (e) denotes conditions at the outer edge of the gas boundary
layer. From the constant humidity assumption,

PVC/PC = Pyv_ P

Figure 26 shows the effects of boundary layer edge Mach number (M) and the
parameter (b) on the heating rate parameter (Q) for the high altitude test conditions of
the military specification given in Table I. Calculations have shown that, for icing surfaces
in a turbine engine, b generally will not exceed 2.0. It can be observed that Q is relatively
independent of the free-stream Mach number. If M_ is increased from 0 to 2, Q only
increases by a factor of two. This is an important result since b is directly proportional
to the liquid water content and has some dependence on the droplet size distribution.
If b is approximately 0.5, a 50-percent variation in b results in about a 10-percent variation
in Q. It can be concluded that exact duplication of the liquid water content or droplet
size distribution is not too important in conducting anti-icing tests. It should be pointed
out that this conclusion may not be applicable for conducting icing tests without anti-icing
heat or for testing de-icing equipment. The rate of ice accretion on an unheated surface
is highly dependent on liquid water content, liquid capture rate, and the frequency of
operation; therefore, the heating load of a de-icing system is proportional to the rate
of ice accretion.

In Fig. 27, the effect of humidity on the heating rate parameter (Q) is shown. It
can be noted that, for the particular flow conditions for which the calculations were made,
the heating rate parameter is relatively insensitive to the humidity. This effect can be
attributed to the low partial pressure of water vapor at the edge of the boundary layer
compared with the partial pressure at the surface of the liquid film. The partial pressure
difference across the boundary layer, of course, determines the rate of evaporative cooling.
Large variations in the small partial pressure at the boundary layer edge do not significantly
affect the partial pressure difference.

It is important to have approximately the correct humidity, however. Icing tests have
been conducted in which the air was essentially saturated at the total conditions of the
stream corresponding to a large degree of supersaturation in the free stream, which implies
that the airflow into the engine compressor was supersaturated in the test. This procedure

cannot produce the desired degree of simulation, especially for flight Mach numbers above
0.5.

The effect of humidity on the heating rate parameter becomes more pronounced
as the air temperature is increased, although the absolute heating load diminishes. This
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effect deserves detailed consideration if anti-icing tests are to be conducted at temperatures
much above the -4°F specified in Table I.

&

65 EVAPORATION FROM THE SPRAYBANK

In order to prevent freezing in the water spray system, the water must be sprayed
into the cold air stream at a temperature exceeding the freezing point. Thus, evaporation
of the spray will occur. Net condensation may occur if the air is greatly supersaturated.
The extent of evaporation is governed principally by the air temperature and humidity
and the temperature of the water at injection. The initial rate of evaporation from a
droplet may be very high; however, evaporative cooling and convective heat transfer from
the droplet bring the droplet rapidly to the local wet bulb temperature and a
correspondingly low evaporation rate.

There are two primary effects of spray evaporation to be considered. The first effect
is humidification of the air stream. As discussed in Section 5.4.6, it may be desirable
to create the desired humidity by mixing steam with the air upstream of the spraybank.
Thus it is important-to know how the spray evaporation affects humidity. Based on
calculations made with the computer program discussed in Section V, it appears that spray
evaporation is not too important, If the air stream is nearly dry, evaporation from the
spray may more than double the humidity. However, since the evaporative cooling
contribution to the heating load for anti-icing is not highly dependent on humidity for
nearly dry air, a relatively large change in humidity will not seriously affect the anti-icing
heating rate. On the other hand, if the humidity is large, the percent change in humidity
resulting from the spray evaporation is small. For high humidity condition, the evaporative
cooling contribution to the anti-icing heat load is small; thus, the additional humidification
from the spray should have but a small influence on the anti-icing heating rate. The second
effect is the change in the liquid water content due to spray evaporation. The average
liquid water content in an icing tunnel is usually determined from measurements of the
air and water flow rates. Results of calculations made with the computer program show
that the liquid water content may decrease by about 10 percent because of evaporation
for liquid water contents on the order of 1 gm/m3. If the spray vaporization rate can
be calculated accurately for a particular system, then the effect of evaporation can be
accounted for by increasing the water flow from the sprays. In view of the relative
insensitivity of the anti-icing heating rate on liquid water content as discussed in the
previous section, this effect is probably negligible. An upper bound on the evaporation
can be obtained by determining the amount of liquid necessary to saturate the air stream
at the stagnation conditions.

SECTION VI
CONCLUDING REMARKS

A study of icing simulation in altitude test cells was made. A mathematical model
for the flow in a typical icing test cell was developed, and the governing equations were
programmed for computer solution. A parametric study was performed to determine the
effects of test cell inlet and water spray conditions on the thermodynamic and kinetic
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state of the flow at the test section or test article. The importance of correctly simulating
droplet size distribution, mean effective droplet diameter, liquid water content, and
humidity was investigated analytically.

The results of the parametric study made with the mathematical model of the icing
test cell indicate that simulated flight conditions at the face of an engine compressor
can be obtained through proper selection of the test cell inlet conditions and water spray
settings. The model can be used to determine the required test cell inlet conditions for
proper simulation. The thermodynamic state at the engine was found to be very sensitive
to inlet air temperature, pressure, and humidity and insensitive to the inlet water
temperatures, droplet size distribution and velocity, and liquid water content. The velocity
difference between the inlet airflow and the water from the spray system was relatively
important, however.

In general, the total pressure and temperature at the test cell inlet should be set
equal to the total pressure and temperature of the free flight condition being simulated.
While there is some humidification from the water spray system, this influence can usually
be ignored. The test cell inlet specific humidity should be set equal to the specific humidity
corresponding to saturation at the static pressure (altitude) and static temperature being
simulated. The test article should be located sufficiently far downstream of the spray
section to ensure that the required near-equilibrium thermal state is obtained in the test
section. The required distance can be calculated using the mathematical model and
computer program developed in this study. For the system considered in this study, the
distance is approximately 20 ft.

[t is very difficult to make accurate humidity measurements under conditions
prevailing in the test cell under icing conditions. This difficulty can be circumvented by
mixing superheated steam in correct proportion with dry air entering the test cell. The
mixing process should occur well upstream of the water spray section. Thus, the desired
test cell humidity can be created and direct measurement with its attendant difficulty
and uncertainty is avoided.

An analysis of the heating rate required to maintain an anti-icing condition on a
surface was made. From the analysis, it was determined that the heating rate is relatively
insensitive to droplet size distribution and liquid water content and only moderately
sensitive to humidity. It can be concluded that exact duplication of these variables is
not required for adequate testing of an anti-icing system. Icing tests in the absence of
anti-icing heat and the testing of de-icing systems will generally require better simulation
of the environment than testing under anti-icing conditions.

The military specifications for conducting icing tests were found to be inexplicit.
There is ambiguity associated with the temperature and mean effective droplet size and
complete absence of a humidity specification. A wide range of test conditions is possible
within the framework of the specifications as formulated. In order to be definitive, icing
test specifications should include the conditions in the atmosphere to be simulated including
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the ambient temperature and pressure, the humidity, the liquid water content, and the

mass median or mass mean droplet diameter.
*

From a simplified analysis of droplet capture efficiency on bodies which represent
various turbine engine components, it was found that the overall capture efficiencies are
relatively insensitive to droplet distribution when the majority of drops are greater than
five microns in diameter. The capture efficiency (scoop factor) for the engine was found
to be near unity.

It appears that current capability to provide icing environments for turbine engine
testing in altitude test cells is quite good. These facilities can provide the correct spray
cloud, that is, one with the proper mean effective drop diameter and a sufficiently correct
drop size distribution, at the required thermal_state. In principle, control over the pertinent
flow variables such as humidity, temperature, pressure, liquid water content and velocity
is excellent.

This ability to define and control the simulated environment gives altitude test cells
a distinct advantage over testing in natural icing environments or artificial environments

created by tanker aigcraft,
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TABLE |

ICING CONDITIONS SPECIFIED IN THE MILITARY
SPECIFICATIONS FOR TURBOJET AND TURBOFAN

TESTING

I. SEA-LEVEL ANTI-ICING CONDITIONS

ATTRIBUTE

Liquid Water Content
Atmosphere Air Temperature
Flight Velocity

Altitude

Mean Effective Drop
Diameter

CONDITION I

1 gm/m3
-4°F (-20°C)
Static

Sea Level

15 microns

II. ALTITUDE ANTI-ICING CONDITIONS

ATTRIBUTE

Liquid Water Content
Inlet Air Temperature

Flight Velocity (Mach
Number)

Altitude

Mean Effective Drop
Diameter

CONDITION 1

CONDITION II

0.5 gm/m3
-4°F (-20°C)
0.32

20, 000 ft

15 microns

2 gm/m3
+23°F (-5, 0°C)
Static

Sea Level

25 microns

CONDITION I1I
0.5 gm/m?
-4°F (-20°C)
0.71

20, 000 ft

15 microns



AEDC-TR-73-144

APPENDIX 111
COMPUTER PROGRAM

A listing of the computer program used to integrate the equations governing flow
in a typical icing test facility are given in this Appendix along with a sample calculation
made with the program. The capabilities of the program have been discussed in Section
IV of the text.

INPUT AND OUTPUT

The English system of units is used in the program with lengths, including droplet
diameter, in feet, pressure in pounds of force per square foot, temperatures in degrees
Rankine, mass in pounds, and time in seconds. Almost all input data are punched on
cards and read into the program. An exception to this is the initial integration step size
DX in feet, which is specified in the main program. The procedure for preparation of
input cards is illustrated below. The input data required are as follows:

1. A table of duct radius versus axial position

2. Gas properties
a. Static temperature
b. Static pressure
¢. Mass fraction of water vapor
Velocity

3. Total number of injection stations

4., Water properties for each injection station
a, Temperature

b. Loading fraction (mass rate of water injection divided by
mass flow rate of dry air through the duct)

c. Droplet diameter
d. Velocity

The input data cards are prepared as follows:

Card 1
Cols. 1-2 Number of points describing duct geometry (NXY)

A constant area duct can be treated by specifying three points along the duct,
including the beginning and end points.
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Cards 2 to NXY + 2

These cards specify the duct geometry.

Cols. 1-12 Axial location
Cols. 13-24 Corresponding duct radius
Card NXY + 3
Cols. 1-80 Title identification
Card NXY + 4
Cols. 1-2 Number of injection stations, NSTA
Card NXY + 5
Cols. 1-10 Axial location of first injection station
Cols. 11-20 Axial location of second injection station

Cols. 1 + 10(1-1)
through 101  Axial location of Ith injection station

A fictitious injection station at the end of the duct must be indicated on this card.

For example, if only one injection station is used, the location of the end of the duct
must be entered in Cols. 11-20.

Card NXY + 6
Cols. 1-10 Mass fraction of water vapor
Cols. 11-20 Gas velocity
Cols. 21-30 Gas temperature
Cols. 31-40 Pressure
Card NXY + 7
Cols. 1-10 Mass flow rate of water from first injection station
divided by mass flow rate of dry air through duct
Cols. 11-20 Mass flow rate of water from second injection station

divided by mass flow rate of dry air through duct
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Cols. 1 + 10(1-1)
through 101 Mass flow rate of water from Ith injection station
divided by mass flow rate of dry air througn duct

Card NXY + 8
Cols. 1-10 Water injection velocity for first injection station
Cols. 11-20 Water injection velocity for second injection station

Cols. 1 + 10(I-1)
through 101 Water injection velocity for Ith injection station

Card NXY + 9
Cols. 1-10 Temperature of water injected at first injection station
Cols. 11-20 Temperature of water injected at second injection station

Cols. 1 + 10(I-1)
through 101  Temperature of water injected at Ith injection station

Card NXY + 10
Cols. 1-10 Droplet diameter of water injected at first injection station

Cols. 11-20 Droplet diameter of water injected at second injection station

Cols. 1 + 10(I-1)
through 10l Droplet diameter of water injected at Ith injection station

In cards NXY + 7 to NXY + 10, it is necessary to make entries for only the number
of injection stations being considered.

It has been found that the most common cause of program failure is use of an
improper integration step size. No criterion has been developed for step size selection;
however, through experience with the program the user may develop a "feel" for selecting
a satisfactory step size. Difficulties are to be expected in getting solutions for initial
conditions corresponding to an extremely high degree of nonequilibrium.

The program output includes the following: axial location (X), mass fraction of water
vapor (CV), area ratio (A/AOQ), gas velocity (VG), condensed phase velocity (VL),
condensed phase loading fraction (FL), gas temperature (TG), condensed phase temperature
(TS), static pressure (P), and droplet diameter (D). The first line of values of FL, VL,
TS, and D at a particular value of X are values corresponding to water that originated
at the first injection station. The second line of values of FL, VL, TS, and D corresponds
to the water from the second injection station, and so on.
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PROGRAM LISTING

The program listing is presented on the following pages.

MAIN PROGRAM FUR SPRAY COULEK AND DRYER PROBLEM
IF ThIS PROGRAM SHUULD STOP GEFORE Trt REQUIRED LIMIT ON X IS MET

oo

wITH A PRINTOUT OF *TEmMP=F]= IS OUT OF RANGE

TGeXXX o TSmXXX tAT THE

C END UF THE QUTrPUT . wb SHOULD INCREASE THE AMOUNT QF WATER 10 8F

INUECTED (FL).

bopompopo

DIMENSIUN RUL(10)9CPL(10)

DIMENSIUN FL{10)sVL(L10)+TS(J0)sD(10)sSTA(IL)

DIMENSION Y (90)
PIMENSION YP(60)

VDIMENSTIUN LUFF(1000)
_COMMON BA

COMMON RULsVWo W oGCoRVICJUIWNCADIB(8) 9 ISTAPISET KKK

IR OUNT o NSTA IDUM

CUMMUN ZICEE/ZCPIWROTSUMJILU) vDELE(LD) 9SUMI(10) yNF (1U) 9yNG(10)

COMMON /AYN/ XS(99]) s YS(99) sNXY

COMMUN/ZLOW/ MICH
CUMMON ZDOXX/Z UX

CUMMON /HSWR/ RZ
COMMON /ROYS/ ALP(10) s JECTeINIT

CALL LUNITS
LCR=229

LPR=2]

ms

KEAD (LCKoluz) NAY
SEAU(LCRs104) (XS(I)2YS(I)oImlyNXY)

104 FORMAT (2E12.0)

H2=YS(1)*YS(]1)

NXYBNXY=2

200 M=pe)

BA = 0,05
MICH=Y :

REAO (LCR9S1ULS) ALP

51015 FORMAT(20A4)

HEAD(LCR91C2INSTA
NSI= NSTAelL

READ(LCR»101) (STA(I)o1m19NS1)

—  HEAD(LCR+1001CVsVGeTGeP

READ(LCR9101) (FL(I)9I=19NSTA)
READ(LCRy101) (VL (J)s12]y,NSTA)

100

KEAD(LCR+101) (TS(I)9ImloNSTA)

FORMAT (¢E10.2)

101 FORMAT (BF10,0}

102

FORMAT( I2)
M H 1
Cu=T78.0
_GCs 32,2

2164 RUN INFORMATION 20A%)

1SET = 9
Gu=29,0

vusly,0 . .
RV=s 1,986® T78.0

DO 20 1I=1,10
NG(I) =9
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HOL () =62 ,040U
CPL(I)=1.00
SUM9(I1)®0,40
2u SuMJ(])=0,.D0
«O0I=ROL (1)*y, 91700
CPI=CPL(1)%0,48500
TREF = S40,0
15TA=]
NEQ=H
c THE ARKAYS USED IN DIFFE Aws NOW SET VP
Y{l)eCY
Y(2)=V6
Y(3) =16
Y(a)=P
Y{5)=F| (]}
Y(6)svL (1)
Y{T}=Y¥S¢Q)
Y(B)= D(1)
wNCAQS V12)'(110-v11))07(4)/(V(314Rv0((l.-V(x))g W eY(1)/VM)})
xshen
WRITE(LPHRy]1VI) IStA.ALP
INIT=O
WLECI=4 3
3 com1mm‘/,f-Thls card establishes initial
DX3,000] integration step size.
KOUNT =0
LIMIT=99999
DO 1 ImleLIMIT
A YyYPIOXoK Qy1)
IF(X.GE.STA(ISTA+1))GO TO 2
1  CONTINUE'
JUds JJJel
2 CONTINUE
c wE WILL NOW PLOT THE STATION JUST FINISHEO
NPeKQUNT
1STA= ISTAe]
ISET = 9
IF(ISTA 6T, NSTA)IGO TO 5
WRITE(LPRs103) ISTAeALP
[ SET UP ARRAYS FOR DIFFE
Y(NEGe])=FL (JSTA)
Y(NEQe2) =VL (ISTA)
Y (NEw+3) =TS (ISTA)
V(NEOOA)-D(ISTA)
NEQ =NEQ+4 .
KOUNT = 0
60 Y
S CONTINUE
G0 _TQ 200
222 STOP
END
SUBROUTINE OIFFE(XeYoYPsDXsKKeNEQs])
QIMENSION Y(50)sYP{50)s2(50)92P{50) +ZN(50)
CUMMON BA
COMMON ROL s VW sGWoGCo RV CUsWNCAD 9B (4) 9 ISTAP ISETIKKKY
1ROUNT yNSTA s IOUN
CUMMON /ZXYN/ XS(99) s ¥YS(99) sNXY
) COMMON /DDXX/ UKX
COMMON /BARK/ BARH(10)
CALL LUNITS
LPR=21]
LCR=29
_CALL MONITR(XsY)
CALL YFUNC(XsYoYPo])
DO 1 I=1,NEQ

aemm mpe = - — P
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1 £(I1)mY(I)eDX®YR(])
AmXelX

Ux2=,50¢0*DX
DO 9 U=2e999Y —_

CALL YFUNC(A929iPsJ)
rey

LU 40 l=]enEY
b AN(I)BY(T)+DX2®*(YP(]1)e2P(]}]

IF(DABS(ZN(I)=2(]))=14D=0S2VABS(ZN(I))) 44893’
3 A=)

4 KREJ
_2{lyaZN(l)

40 CUunT]INUE
1IF (X158

S COUNTINUE
wHITE (1 PH+99) (ZN(I)sT®]4NFQ]

wRITE (LPR+90) KK
Q0 FURMAT(IS) -

99 FURMAT (4£20.,10)
STQP

6 U0 7 I=lyNEWQ
7 Y(l)wZ (1)

IF(J «GEe 3 oANUe J LE, S)GO TO 1212
IF{J 1T, VGO IO 2020

DA ,5%DX
DXX®i}X

6u T0 1212
2020 LX=2,0%DX

IF(OX «GT. 0.1) UX=0, l
GO _T0 1212

1212 CUNTINUE
LXX=DX

RETURN
END

SUBKHOUTINE YFUNC(K.Y.YPQK)

DIMENSION Y(SO).YP(SO)0A5(10)0Ab(10)oh7(10)oAB(lO)oAlO(lO)OXVS(IO

1) eXHIL (1O W XHEG(10) 2AARHI101«DM{10) +XK(10)2CD(L0]
’ 29XHV (10)
COMMON RBA

COMMON ROLQVUQG!OGCOQVOCJQINCAOOB(Q)oISTAOISET'KKKO

COMMON /RSGR/ R2
COMMON /DNxX/ DX

COMMON /ROYS/ ALP(10)+JECTINIT
L) (10)

‘COMMON /BARK/ - BARM
CoV¥L (10+102)9TS (10+102)9D (10,4102)
CUMMON ZAYEZ 1

-CALL LUNITS
LPRu2]
LCR=29

SUM]=0,
SUMZE0.
SUM3s(,
SUMS=0,

2Y{11eY(2)aX])
DO 1 Im)yISTA
J= Beg®(T=])
AS(]) = PIE.ROL(I).Y(J)..z /2.0 ; !

1ARH (1) s Y (J=2) Y (2))
— YP(J)m XK({])*PIE®Y(J)®%2, 00 (XV=XVS(I))®VW/(AS(])®Y(J=2)®(]),0=-XVS(]
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1))
an(])s YP(4)
YP(J=2)=((PIE/HU)*ROGH (Y (J)ee2 YRCL(I)®*DABS(Y(2)=Y(J=2))®* (Y (2)=

1Y (J=2) )= Y(JI=2)=Y(21)®Y(J=~2)®AS(])®AO(])}/(DM(TI)®Y(J=2)}}
AT(I)sYP (J=2)
1P (=3} AS(I)®*a6(1)eY (=3} /7DM(])}

AB(1)=YP (U=3)
SymlsSynleas(li®ag(I)®v(y=3)/0M(])

CaLL NLl('(J'l)0XHL(1)0KHFG(I)QXHV(I))

. YP(J=-1) s BaRA(])® PJF Y(J)®#e2 o({Y(I}=Y(J=1))/ (OM(I)®Y(,j=2))=

CAHL(]).AS(I).Ab(l)/DM(I)OAb(l)’Ab(l)’XHV(I)/DN(l)

AlUutt)= YP{JU=1) .
SUM2 8 SUMZ ¢ Y(U=2)®AB(])e Y(J=3)*aT(]) '
s M3 ¢ ® (XK oY (J=2)®®2 /(2.00GC*C.J)}
SUME s SUMG Y (J=3)® Y(d-?)'A7(l)/(GC’CJ)
SUMS_ = SUMY ¢ Y{J=3}®A)u(])
1 CurTINUE
YP(l)==SUmM]®(]l V=Y {]))®®2, 0
AQ=YP (1)
CALL ARA3(XeY(L1)eY(2)sA3sAADSIVAAQIROG)
CALL DERT( HOOeY (1) oY I2) oY (3)sY(4)9a99SUM2ySUMI SUMAWSUMSAUA3sAI

Clonl2eAl3eAleeReCPVICPAYARZ A AAUIA)

YP(3) = (Al1%Alae=212%A03)/7(AL)®(CPVeY (1) /(]1,0=Y(l))eCPA)=Al2®A0®ROG
lep}
Albzs YP(3)
YP(2) 3 (A}3=AU®RUG*R®*A]S)/AL])
AlesYP (2)
______LALL__LﬁP1_Qﬁ;_A1L__iZlJ1J}l4_1A21AJ4AAJA__Al51Alb_D_iAl_________________
YP(4) s DP
1F (K GTa 1) 60O TU 3
IF(A FQs 04,0160 TO 999y
IF(XaLTaUa0005)) GO TO 9999
1F (X +LTe mA)GU TO 3
IF (Xat T51.0}) HA = BA ¢ 0,05
IF (XeGTWsloe) HBA 8 BA ¢ 0,25
9999 CONTINUE

CPGmY(1)®CPYV <+ (l.DO0=Y(1))®CPaA

20 FURMAT (lH 93F20,9)
CPGEsCPGeTTE,00
GAMGECPG/ (CPG=H)
AMACHSDSURT (GAMG®*GC®*R*Y (3))
AMACHSY (P2} /AMACH
POT'I-DOO(bAHG'l.DO)’O.SOO’ANACH.AMACH
PUSY (4) #POT®® (GAMG/ 1GAMG=]1,D0) )
TusY (3) *POT

30 FORMAT (11H]ISTATION = 514910Xe16H RUN INFORMAYION!ZOA‘)

31 FUORMAT(ISHOINITIAL AREA 2+Gl6.6)
AREAI®3,141592600%K2
IFCINIT JEQ. V) WRITE(LPRs31) AREAI
INITsINITe] -—
wRITE (LPRy&) XesAMACHsPOLTO ’
JF(JECT oGEo 54) WRITE(LPRy3IQ)ISTA9ALP
IF(JECT.GEL54) JECT=0
JECT=JECT+2
wws Y(I)/()1.,0=Y(1))

4 FORMAT (AHOXS Gl69693X94H MGR9GLl6:693X94H POu9G164693Xy4H TOs,

1 Gl6,6)

WRITE(LPR)S) AAOyWW
IF(JECT +GE. 584) WRITE(LPR,30)ISTAsALP
IF(JECT ,GELS4) JECT®mO
JECTsJECT+2
S FORMAT (BHO A/ZAQw !Glb.bo3109ﬂ WV/WUNC 29Gl6e6)
WRITE(LPRsOQIY(I)oY(2) oY (3) oY (WH)
IF(JECT <GE, 54) WRITE((PRe30) [STAsALP
: IF(JECT.GE.Y4) JECTm=0
e MECT=JECT2 —
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6 FURMAT(4HUOCYVEILIOE«OIIR 4N VEEIG10603X00H TGB1610,693X93H PE9G16,6
|

LU 10 1= 1+1ISTA
UEHeL4® (T=])

LELT=Y (3) =Y (J=1)
wHITFE (0 PHaM)Y (4=3) oY Jo2) oY (J=1)aY (B eI T

1F(JECT +GE, S6) wrRITE(I.PRe3VU)ISTAALP
. . ! gl

JECT=JECT+2 .

=9 (> = =93 =
1616ehol Aot DELTSeFT.3)
AaRITE(LPRaY) YP( J=4) 2YP( l=eP) sYP(,J=1) o YP({,}}

1F(JECT +Gte S4) WRITE(LPRe30) ISTA9ALP
1F (JECTLGF ana) JECY=3

JECT2JUECT 2
10 CONT InNUF

9 FUFRMAT(SHOFLFZ=4610,693K95H VLP39G10,693Xe5H TSP3eGl6.693X04H NPy
1GlAhaf)

WRITE ILPRoT) YP (L) aYP(2)oYP(3)sYP(4)
IF L JFCT GEFa “a) wikJTE(IPRadU) 1STA

1F (JECTGE.54) JECT=D
SECTRIFCT o2

T FURMAT(ShOCYPZeGl6.6930ebH VGCPRIGLB.603X95H TGPReG10.693X 040 PPey,
16161

1F (KOUNT L,GE.1CU) GO TOU 1000V
KOUNTY = KUOUNT ¢}

XX (KOUNT) =X
CV_ (KOUNT)= YL}

v (KOUNT)= Y (2)
T (xOUINTY= YL 3)

P (KOUNT) = Y (4)
N0 1001 Y= 141STa

Jz Hebe®(]e))
— FlL (1.KOUNT] =Y(,j=3)

VL (1sXKOUNT) =Y (J=2)
IS (1+KOUNT) xYCI=-l)

U (I4XKOUNT) = Y (J)

1001 CONTINUF
1000 CONTINULE
3 CONTINUF
e FORMAT (1IN +Tel6.86)
— HFTUKN
END

SUHROUTINE MUNITR(XeY])
DIVENSION YP(50)
RDIMENSTION XVS{lu) s XK(10) oM (L0)aCU(10]
OIMENSION Y(50)ebs(10)+CPL(L10)
COMMON HOaROL (14} sV uaGnahLeaHRVeCIaNNCAONeZ(4) 2 ISTA
CUMMUN Z1CFEZCPTeRULSUMJ(10) sUELE (10) 9SUMO(10) oNF {10) s NGTLU)
Cummiity ZD0DXAZ OX
CUMMON /ZAYE/Z ]
COMMON /MAKK/ BARA(1u)
CALL LUNITS
L PReZ2]
LCR=z29
EnTl O=144 .0
CALL YFUNC(AsYoYPo2)
DO 10 1=1e1STA
bll)=kARH(])
10 CUNTINUF

LO 1000 1=191STA
WUEHe4® (Je])
A(Y(J)/.001093)

 IF(Y(d) Wl Fa J0032HO0 oANDa Y(J} .GTs 001093)TSFee63.200

IF(Y(J) oLTes001093D0)TSF=(463,20+16,320°0L06(A))
e ENTLENTLO (TSF=49240)
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5% IF(NF(]1) .£Q, 1)GO TO Iu00
hVY=]1349.40=,55714260%Y({J)=])

SUMO L) =SUAY L) ¢ ((3,0/Y(U))2YP(J)*OR*hVV)

y = <+ * *» - - K *» - L ]
aRTTFILPReING) SUMYII) sSUMJILL) 0]
pRITEQILPRLI0O) YO (J) oYY e ISTA

wHITE(LPRIUI) w(D)
lul PURMAT(E2U, L)

100 FURMAT (2E204.100110)
SULILI)=Sum () =SUMQ (T}

wrR1ITE(LPRyYy) SuMull)

IF(aBHSISUMI(II)-ENTL dabay
4 Y(J=1l)=a92, 0
wiG (1) =) _
vu Tu 1udy
S NE(1)=)

RUL (1) =ROT
_lupy CONTINUE

99 fFukMaT (FZU,1U}
1F (X o0Ts L00A9)WRITE (I PReYIISUMJITIY

nETURN
END

SULRUOUTINE  SUFLL CVyTGeFPeTSeAVSeAVeXKeDeUMsCOIBHIVLIVG)
LIMENSTION TTLZ2)

UIMENSTON ROLCL1U)9CPLITINO)
- COMMON HA

CUMMON RUL ¢ VR 9 GWaGCoRVaCUoWNCAO 9 (4) 9 1STASISEToNKRY
IRUUNT o NSTAS I1iUIM

LOMMUN ZICEEZCPYIsROLIISUMICIV) oDELE (I0) +SUMI(I0) oNF (I10)9NGI10)

—  QumMn ZAYE/ ]

CALL LUNITS
LPR=2])

LCR=2Y
ME]

1F (T5=4G2,N)15¢504
4 XVE(CV/NW)/{CV/NWw *+(1,=CV¥)/Gw)

R2==0,Uh®((=,9696%TSe 0LIGE=4 OTSEs? +,092TEL~T7 *TS**3+1352.3)/TS~-

ClaébeS744)

Kl= 67240775
FYIS = 2117,0 ®x])®85, 198pFEXP(RP)

oy Tu &
S IF(NF(I)=1)6eTs/

6 A=, 426651600
IT4J)=TS/1,80Q

rR==200%.100
C=la38690=4

pu=l.I96SN=11
VKE293TU0,DY

t==.1)04400
Freo0U4T]4400

M0, ®e ((DO®(TTIY)®#82 ,=DK)®8L,Y))=1,0
w=Co (TT(J) oop=DNK) /TT (J)

W10, Us® [ (F®(3T4,11=-TT(J))®**],25))
HRER®H

5zA+RR/TT (J) +RR
PVTS=2]1 1T U*DEXP(2,3% (S+E®G))

60 TO 8
T _A==2445,565400

TT(J)8TS/] ,u0
ER=8,241200

C==,016770060D0
—_ DL=,n00Q12¢5140v

L3=6,75716900

77

EB((A/TT(J)) +44343%8%0LOGITT(JIND*CATT(J) 40D TT(JI2R24E .



AEDC-TR-73-144

VB ¢ 3%F
PYTS32.78a5®0)F AP (G

B CUNT TANUF
X¥YS 3z FYTIS/P

AVFE = (AVSeAV)/Zev
Az Vb oy o} =~aVFlew

TF] =(1SeTG)/2eU
PMys (JUatFe ®NSGRI(TFINIZ() 01538, /TF 1)

FANCE 745E=7 *LSOURT(TFI)/Z (1.4216./71F 1)
bt = X¥P ®FMY e () a=XVF)®FMNC

HaK 2 (o9379/P)* (TF1/4Y9]1 ,0)*®82 334

KUF = p® X/ (RKYSTE])

SCF=rM/ (HOF®PAN)
IF (W oFGa VEIVO=YOLe,0000U00R
HE SNAGS(VoH=VL) *ROF®*)/F M
ABE 2ale U NS UNTIRE) ® SCFe® p,3334
AR = ARN®FR/(DUSCHERAM)
L o= ppeed #3119l o (TY /78,0
Ll = 26e0/mER( LoUeeld¥HL®®y nB]T)
e AP { TF] oG14120040 N0, TF] Al T,68000.4) GO0 JO 221
LF(TF] oLTe 40Ue oURe TH]I 6T, 45uus Y6V TO 2722
LPYF =,6430% e l0/nt=o®TF] +0.C7R1F=78TFI882, (
CPNCF = D231 ¢ Ull04UkE=4 ®|F] ¢ 047166E=8 #TF[eez
nu 10 lurz
221 CPVF = o37]19 +0,]1430FE=3 ®#TF] =0,1312L=7 *TF]ee2,0
CPECFS (o221 + (1,452 1t =g®[Fl= 0, 477AF=H ®TE]®*eD
o) T 102
22?2 wnllr UPKalUL)
101 FURMAT (2514 TeMPr=FI=]S OQUT U} KRANGE )
LI (1l Pral22T1GalS
127 FURMAT(9R0 TOh2eb20eb99Xoart THZE2UL0 )
S108#
102 COMT INUE
FXY g (a.632% 12V
FEKNC £ 0257 #(Ul19¢ SH,17%CPNCF)® FMNC
K = XWF ®FKYy o [] ~XVF)®FxNC
CHFE XVF® (VA/AN)RCPVF ¢ (] .=XVF)RCPNCF ®Gw/XM
PVFE CPF ®FM/FK
FNU 2o *0,0®NSURT(RE) « PVF®##(Q,3333
rh SFENI ®ry ®CPF/(D*PYE)
rETUSRN
Eitul)
SURKNUTINE  HOGEE (HUGsCVIVBIA)
DIMENSTON pUl (1U)SCPL (1D
UIMENS JUN A (G4o%)
CUMMDN A
CUMMUN HULovRhaGw o GLoRVICJowNLAUIE(a) 9 ISTA
$oaMOy ZAYRNZ AST94Y) aYS(99) aMNAY
CUnrreud /mSuH/ K2
Calt LUNITS
Lrrsel
LURSZY
IF (XetTeaS(I)) 6OV TO lv
IF (A ) ToX8(2)) GO IO 24
Uy 9 I=leNRY
¥ ( " o] E.xSt(le21) GO [0 40
IF (XebLToAS(NXY)) GO TOU 10
S CONTInUE
wrITF(LPRJIOU) X )
— 100 rUHMAT(1 76 X OQUT OF BANGEs=zaFl6,7)
STOR
lu cOunNTINUF
lsnNXY=]
0 TO 34
20 1=1
30 CUunTINUF
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nsl=]
LD 31 K=laeé

KIn =lex=]
PN=KeN

ARlRel)=],
alkes)l=YS(KIK)

VU 3] L=Zew
TE (XS(AN) bt Ua) p(Kel)=uanl

LE RS (KM) JEWe Ue) GU TO 31
A(KoL)=XS(KN)#®({=))

3l

CUMTIMNUE
sy

1CL=S
Call CHOLES taelkUsICL0)

1F(IRO oFldy =})) wRITE(LPHeT0U)

[} 13 ATk Sk 1) G F SFOMETR N3 R
1)
LU &) I=le4

6u

b(I)=a(]es)
AQY =H(L1) ov(2) %X +5(3)wxe®p Do H{H)®A®®3,(

nAU=AAU®AANU/ RE

hUG = W' ( - *YG*AA0)
hE TURN

END

SURKOUTINE dLT (TSeAHL e ANF Ge XhV)
AHL =TS =%40,0

ARFG = =,5690%TS ¢ (R39E=6 *#TS#82 & U, 0927E=T7 #TS#a3,Ne]1352,3
ARY=ANL ¢ XHF {3

HETUKN

el

SUHBROUTINE Apnd(XeCVeVUBsAdsAAUIDAADIKROG)
DIMENSTION RUL (190)9CPL (lu)

CUMMUN BA A
LUMMUN RUL g Voo GWyGC oV CJawNCAUIR(4) 9 ISTA

CUMMON /rSuR/ K2
AAD = p(l) & H(2)®X o+ (J)X®82 .0 sp(s)aX®®y 0

UAAU = BI(2) +24U* H(3I%K +3.0%B(a)RAS82.0
LAAY=Z2,.DO*ABQ*DARY/ P

ARUZAAY®AAD/rE
£y = Vo* (], =CVI*DAAN/Z (VL (] ,=CV)*AAN)*82,

HRETURNN
END

SURROUTINE CHOLES(AsNoMeMATOYM)
DIMENSION B (NgM)

IFLtA(l o)) aNFoOWwU) GO TU «7
L0 37 J=Pety

1F(A(Js1) oFULULU) GO TU 37
1rLip=y

37

60 Tn 27
COUNTINUE

27

U T0 56421
DO 57 k=]

[EmP=A{TFLIP oK)
A(IFi JPer)=a({]9K})

27

Allex)=TEMP
CUNTINUE

a7

L1} € Js2e¢m
AlleJl=A(leJ) /AL 0]}

CUNT INUE
LU 6 Jl=zeN

LY T J=2¢m
1F (MATSYM,FWR,0)60 TO 4%

IF(I=J)A9stBs07
IF(J,6T,1)GU TO 69

NS
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Ly 3 JH=1ex

—_ SuMzESuUmen(ls IR)®a (Inq,d)

3

LOUNT InUE
Alle d)=A(Tatl=SuM

ny

vy T 7

Azl=]

SUKMEN G
p) & Imnsl ek

SUNESUNGA ([elN) @n (IR J)
COUnT Ly

IF(A(IoI) eFHauetr) LU T >e432)
Alle dda(aflaloStiyl} /A1l

o T0 7
A(le )=A(Jg]2®a( Ja.i!

~

CONT UNUF -
Cuvel TNDE

L b rELen
Laiie =K

SumMs g )
il=ls1

SUMSSUMe LTl o IRI® (1 gM]

51

v S1 IK=LLeM

CUNT | euF,
AlTatlasAllaut=Sitn

5¢

COtl InGE
L0 T 123a%

54321
1234%

jvz=e]
bep Tadigind

| SN

Sl bt T Lk bl KOGt VaVhaliiaPeasiliegaSUMIsSU QUMBaAUaRIsAl]

TALlonl 30nlaeoCPVILPAYAPIaGsAADIA)
LinkouSIun kul (lu)et P (lu)

COMAD g P
LOMMUN HUL gV e130 0G0 sV e C o aNCAUMIG) o JSTLISETaKKX

Ir (vis JLTe Ol TN 2V
ha P/ r(13® [13)

Ad = HC®(],=CV) 2RO
A T MNCLOZ(NGR®2 .9 (] =CV]tiay])
Ml = (lellaCV)RVLaTHRR®A{(I®AL

Al2= (laeCV/()a=CV))OVOL/{GCRCI)

Al = OWR(V ¢Ve®(),.=CV])
L = auCAN/Z (VGO =Cyl®eys ®#A80)

AVE (in ®(CV/al

= HNHuU® B (sp= [ X VR *» ¢ - LI 9K LY
Al32 AUSKWNCAUSR [ ®R®A3=AI® (VORR2 e NUGHTL®AZ® A0S THRR®A%AY) =VG* (1,-CV
li®ey o902

20

CALL HFFEV ([GeArVeLFVCPA )
‘oY (iee anl p 4=SUMY

Ke TUWN
LAl LUNTITS

LPh=21
L CR=2y

3}

WISITE(LPHe3}) VG
Fupmal(F20 111

S0P
bisid

SUKROUTINE rEEVITGeXRYeCFY(CPR)
LIMENSTON ROL (Ju) s CPI (1ud

CuMMON Ha
COmiN ROl oVwaGAsGCaHY el JaaNCANaH(4) e ISTASTISFT e KKK

1F( TG oGE417U0e oAND, TG oLEs 4500,)G0 10 222
I ( TG 41T, aUUL JUR, 16 20Ta 4S0U0.)L0O TQO 221

XAV = 443049%TG ¢,0839F=0T6992,000,092TE~T*T6**3,0-236,3161+1042,9

CPY = 6304 ¢ 21nlnFe=4®1(ie2T7H]1F=7213®2 0
= 42318 lUGUE=4*TGe,T166F=-H *TG*2,0
6V Ty Lgo
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222 ANV = 3319 @16 ¢ JUZI9F =30 %92, 0= U3/ 3E-T2TGo*% 3=, 3H]1¢1042,9
CPY = 3314 ¢ 14 3nF=3®Tp= U, ,1312F=10T0ep

CPA = L2214 40,3921K=0%TG =U3TT6E-H*T "e2,¢
LY JTO0  X0u

221 CALL LUN]TS
Wl VIW

LLK=PY
wrITt (| PRyGQ)

99 FJukMal (24K TEMP=G IS QUT OF HANGE )
—_ pRllE@PReNIIG

1 PuRrMAT (4HUTO=9Fl6,b)

SIup. -
10u CUNT [NUE
peTURY
(AL}
DInmESTON ROLIIU)sCPL()0)
LUMmY HA
CIAAON RUL oV wolbasGCoRVICIIwNCAUIH (&) o [STA
= Y, B + P AINT VL) ane epy=T(oR®AL*ALI6=aNCAQ®A I®Ti®R
re TURN
END
SEOF
23 —
060 belalo?
ODadlEHT Sa52940U )
D.83333 Sel(HJ33
1,25%000 44087500
lebbbAY TRy LT
2208333 44343343
245U00v LYY LY
22916867 4o0UHIZI
T 36333340 JeV4inT
_aTH004 3a9lenl
Aol6hRT 3e90D433
44207333 329000
4.5n0333 de9U N0
S.,0000u 340U
Sebltn? 3.:9UN0D
Be033334 3,9000
6ebABAT P THTT]
1250000 329000
B+33733 3.9000 ’
10a.0040 429000
1Se.v0i0u 39000
_20.000y 29000
25.Unnv 3,9000
; : T
02 .
Q00 0408 2544
0.0UUIZ2 1H&e 453425 1330,v
040005 040009
TS5 TS
60U, 600y

O.v0NDS 0eNLO)

I

[ —-— e ——— e~
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SAMPLE CALCULATION

For purposes of illustration, selected pages of printout for a sample calculation are
presented below. The duct geometry is given in Fig. 10, and two injection stations are
considered. The initial conditions can be deduced from the printout, and the initial
integration step size was 0.0001.

BEGIN STAT]9NM 1 RUN JNFORMATON SAMPLE CALCULATION & Tw® INJECT]ON
TINITIAL AREATs T iie,s01 T TTUTTWE T T T
TXs 7T Jotobed T uGs 176082 77 ;"Po- 1356,16 Tea 456,089 T
AZAQs 1,00000 WV/KNC a 112201503
TEVe 77T ,122000-03  vés 104,000 T6s T 453,250 Ps’ 1330,00
“FiLs  ,500000-03 T vis T 75.0000 ISz~ 600,000 " Ds’ “500000-94 OELtvasn146,75
FLPs =.737858°02 VLPs J605.08 TSPs -~J8894,2 BPa -, 285983-03
cvps T 73767€-02  VGPw T 89,7081 T 16Pe 2,984} ‘ pPa =29,0500
¥s — 7 .i0j000-02"  HGs T T ,17s101 ‘POs 1359,18 T Tes 486,090 —
i/740s L99595% WY7WNT a ©122729-0%
TEVs T 129714-03  VGx 184,009 T ogGx | 453,2% T Ps 1330,06
TFLs T L49928%-3F Vs 79,3638 © T 1Ss '898,379 . Da 499782-04 DELT=a145,12
FLP= -.689509-02 VLP= 656,31 T5Ps =-13720,1 DPa =, 23005%-0%
TCvpE T T T 6B9IX0-02T  vGAs T TBYL,4E5S T T ""TGP'-" TTATTNRYT T T T PPa T -28,V689 T T
Xs T 200000-03T 7 MG T T 478109 T T T Pex T T 4359, 4BT T T Y@ET T 486,090 T
EYLY:L] WYIY¥YY1l WV 7dNLU = WJZISV7=-TJ
TTVE T L IZ3IRZNT T vGs LEL,UIE ™ TYGE T T asy TSI P 132999 T
TFUs VA99YBIBSDYT T VLe 7%, 7326 T T YSs T U S9E.ESU T DaT T ,49USIV-04 DELY=s133,80
“FLPs = B¥EY9E-0Z VCPE . I/IUL7S TSP ~IIBEVLT DPv LY 2L 1L LR L
TVPE 7 T, 646836=-02° ~ VGPa T 89,2535 T ° " YGFa 2.59243 PPi ~ -28,8924
Xw T.300000-03 7 HG= T ,176118 POs 1359.,18° - T Tes " 486,091
T R7RGE . USVESE AV/ENU = L 123035-U3
C¥as 7 T, 124010-03 VGs 184,827 6= 4%3,25%31 "'Pa 1329.99
FL= = L, 457999-03 Vs 76,1054 T 1S8= 505,403 T 7 De | T ,49932904 DELY#a132,.1%
FLP= <. 809291062 VLF= ITAT 5] _TSPe “INVZ.Y DPa =, 203533-03
cvp= T .609140=-02 VGPE ~ 89,0642 T6Pa”  2.,4091% pPa -28,8252
‘Xa <400000-0F 77 ‘ue= T (176126 Pos T 1389,18 T T YeT 456,091
LYY RLLLFR WV/WRC = .124817-T3
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BEGIN STaTlan 2 RUN INFORMATION SAMPLE CALCULATION t TWO INJECTION
X8 7 T,503000-04 7 mes T ,180252 T T pesT 0 1359.16 Tos 4%6,19%1
TAZADS T T,977904 WV/NNC = +152%94203
“CVs «192271=03 Vis 198,333 “TGs 53.178 Ps 1328,%81
“TFls T 439420-03 Vis 150,347 TSs 506.901 De +489%92-04 DELTs-53,72%
TFLPs T = 100%06-03 VLPs 594.916 " 1SPs -488,390 DPs *,349416-0°

o0 s . s ;

TFLps =, 22793102 YLFsT  1329.20 15Ps «5140,88 DPs 15195403
AT T 239909-02 vePs 87,6643 T6Ps -,491097 pPs 28,5993
s .31005730 AGs r3LLELL — PUs 399,17 T8 T8, 203
BRLYZIL] I T OWVZENG s 0178992-03
Tevs T T ,178940-03 VGs T 19277014 T6s 453,289 Ps 1327.18

Ls . []
TFLPe T T IN19Y7.07 ViPs 270,149 TSPs -229.942 bPe ©.126894-0%
FLs L476711-03 T VLs© 120,447 154 538,923 Os .984226-04 DELT=-83,834
s = = ; =, s s, =
VP T iI71813-037 VGPs 87,1638 < tGPs  -2.17296 PPs  -28.8080
YT ,1%50100 T TTURAGs C C ,188627 T POs 1359.14 TOs 456,228
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STATION = 2

RUN INFORMAT)ON

SAPPLE CALCULATIBN 1 Two INJECYION

Y7Lt TTUY36343 7 T WY/WNC e .164743-03
Ttvs .1647b9-03  "VGs 197,042 T Tte 452,973 Ps 1325.73
TLs L 464%02-03 Vis 180,780 1Ss 481.050 Us . 408018=-04 DELY«-28.077
FLP® =.220872-04 viLes 170.755 5P -1408,711 2] =.771445-06
Fue T TLAT2Y70-07 T Ve T 1416417 18s 520.547 Ds 1981230-04 DELT2-67,574
FLP® = 58433104 Vipe I30.517 TSP =230, 557 TP= X LELY4 B 1]
“CVps L8N4606-04 =~ VGPE 87,6561 {1 -2.49192 PP -29,6220
X3 ,201300 MGs T 192083 POs 13%59.13 T0s 456,246
A7AQS ,916144 WV7WNC = ,1B7563=87
TCVa T T T 167928-0F  V6e T 2031,56% 1Gs 452,840 Pa 1324.19
TFLeT T T 463963-08 " Vs 188,265 1Ss 474,638 Ds 48768904 DELTS-21,79¢
FLPs = 15178164 ViFs 128,087 TSPs 145,883 UPs = 531801-08
TFUsT T Jd7p083-03 T YUe T 145,701 YSs 510.570 Ds +979644-04 DELTs-57,.730
TFLUPsT T T=348209504 T VLPe 230.049 1SPa -159,695 pPa -.239803-05
tVps S408903-04 VGPs L L33 ] TGFs ~Z.5VERy PP -37.5220
X .2%2500 T KGE T LaFTIT POs”  13SVITYT Tos 456,260
BRYZYLEE 896670 T TTUHV/NNE w7 +190096-03 T
[4'f 7 1500%0-0% VGs 208.1¢2 TG: IS, 897 Fs 1322.50
TFls T 463295-03 Yis 194,251 1Ss 466,928 Ds +487453-04 DELT2-17,228
“FLPs =.114027-04 VLPs 106,088 TSPs =79.9794 DPs “.403066-06
Fis ,768824-G63 VL= 166,072 TS LU MR RE] Ts VOTBEEY=04 s<5T.
“tips T e.236416-04 VLPs 179.221 75Ps 119,060 DPs *1164709-05
N4 T .351410<04 vVGps 89,4507 TGP -2,86846 (L] 31,4426
Xs L3003 0% WG v 203538 -0 I3V, 13 h{-IJ 185,770
AsAgs .879049 WY/WNC = 119158003
TEéVs T T L191544-0F T Tves T 210,433 TGs 452854 Ps 1321.07
FLs . 462758-03 'vL- 199,158 466,504 Ds . 487278-04 UELT:-13.947

TSs
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" STATION = 2 RUN INFORMATION SAMPLE CALCULATION 1 TWO INJECTION
FLPs  =.935774-0% VLps 98,5424~ TsPa  -63.%097 DPs ~,328425+06
Fla ~ 487637-p3 Vs 173,931 T ss T 498.412 Da \977941-04 DELTa-45,886
FLP® = 179378-04 Vips T80.4¢3 “TS§Ps  -VY.9083 L0 = J2iVE5-0%
“cvps W27274p-04 VGPs 9n, 1414 TGP ~2,99409 PPa -32,313¢
s L 3%1700 MGs .206010 Poa” 13%9.12 Tos 456,278
A/ADS . 860509 HV/UNL = 192850-0F
TeveTTT TU192792-03 7 vYos T 215,068 168 482,400 Ps 1319.3% 7
TFLe T, 462%50-03 7 vis T 204,081 T 18a 463,594 Ds 148712%-04 " DELT=-11,194
FLPs ~.782751-08 ViPs 93,2437 TSPa -55,.8517% L L) = 27ANYI-08
T FLs TU46482590%  Vis T 1817098 T TSa’ 493,954 Ds 197737504 DEu-ds.ua
FLPa ~~ ‘=.140473-04  VvLPs T 130,737 TSPs | -79,2413 DPa >,981042-06
eves T IUL/ T Dl I [ PLM L SIS L P Y 10 P I ZASS
Xs 7 402800 77 Tm@es’ T T 2705190 T T “Pes ' 1389127 T TE&ET 496,288 T
N YZILIN 843421 7 T TTHV/MRNE TR T T ,193831-03 TToTTT e oo T
TVs BRSAYALEE S V413 IV, 73% TGs 422237 — Pa - 19%7.87
TFCa T T TIEBIVES.0F T VL TT 208,777 T TTYSE T T 464,%% 7 T Ds ,488994-04 DELTs -9,008
TFLPE T =LE75P7RSUS T VUPE T VOLSA94 T T YSPEC -4 Y695~ —  pPs T T -,237278-08
Pl AORITS=0 5 v ¥ 107,433 18- Y0, 26% ~ Us 23 /70930=T& DPELTe=JI¥, 0¥
‘FLPs =.1063206-04 VLPs 117.7%9 TSPs  ~3%,%013° oPa T e 782565-05
cves 1173781-04 VGPs 91,4954 1GPs -3,24%29. PPa -34,1783
X SASEUT AGs i48-1LY 4.0 I35V.12 - (L1040
A/ADS 826982 WY/NNE a 119485403 ) o
Cvs 1194614-0F " "ves 224,434 76s 452,068 "7 Pa T 713{9,89 T
Fla BRI GRS vis 213,377 1598 40V 3¢0 Os 40388 0-TTF s =4,
FLes C =.8596296-08" " vLbs 86,2937 T$Fa T -34,1336 DPa -,209622-06 )
FLs 4856370y T Ve T T 193,220 S8 487,134 Ds 1978587-04 DELTs-3%,088
FLPs = = a . O =55, — = §24ITI-UE
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STATION = 2 RUN INFORNMAT]ON
Xs 1,01090 MGe ,28615%7 7 T T TPesT 13839.09 103 436,323
A/AO® (677729 WV/MNC = .1§¢661-08
CVs 2199621-03% VG 277,085 TG {49,580 Pe 1203, 81
FL= .457422-93 vis 263,398 1Se 450,196 De +486091-04 DELTs =,312
FLPs -.297097-05 VLPs 91.5425 TSP= -7 81338 DPs -,104781-06
FLe . 4625932-03 Vis= 284,861 ~ 1S8a 487,518 Ds .9748%1-54 DELTs-1F, 034
FLP:  -.291789-05 VLPs 87,6430 TSPs -21.%639 DPe -,2047%6-06
" Ccvps ,596651=05 vePs 96.1360 1GPs -4,44170 PP -44.601?
Xs 1.266%0 NG® , 289881 Po= 135V, 08 Tos 138,329
Tazaps T T e2714s WV /HNC = +200997-03
CVs .200956=03" VGs 301,407 TGe 440,709 Pz 1281,85
FLs RELLYETTI N VL= 288,804 RiX] AN, 32% — Us ,485845-04 DELTs .89
FLP= ~-,250109-05% VLPs= 90,4838 TSPs =-5,50431 DPx =,882905-07
FLs ,462293-03 vLs 267,186 T8s 463,170 Ds 1974202-04 DELT=-14,461
FLP: .23 4141-05 VLPs BE, 4650 TSPs =15,3633 DF= < I50%21-U8
T CVPs +4540463-05 VGPs 80,6042 TGP: -4,51384 PPs -45,0061
T Xe 1,52290 MGE +312016 POz 1359,07° To= 456,333
YAY' L] W O3725% WY/WNU = 2 202372~03
TVs .202031-03 VGs 324,001 TGs 447,528 Ps 1270,12
Fi= +458132-03 vLs 309,157 TS 447,234 Ds .485635=04 DELTs  ,203
FLP= = 215957-05% VCPs LLPRLET TSPs ¥, 51085 UPs =, 753071-07
FLs .461811-G3 Vis 286,777 TSs 459,580 Os 1973864-04 DELT=-12,053
" FLps -,165R88=05 VLPs 82,6873 TSPs -12.3639 oPs -+116608-06
CVPs .351690-95 VGPs BB8.1273 TGPs =4, 77887 PPs =47,289¢
Xe 1,7533n MGE «333370 PO 1359,08 Tos 456,337
A/hQsE .554131 NV/KNC = ,202691-03
cVs ,202650-03 Vis 34%,778 TGs 448,309 Ps 1280,11
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STATION 2 —TW THFERMATION  SAMPLE CALCULATION t THO [NJECTION
TFLPr | -.56409A=08  VLPs 18,5205 ~ 15Pa -2.2175? " DPm -,200271-07
TFLs L 459698-03 T VLs T 4B1TBd1 T TTTSe T T 441,604 Ds +972376=04 DELTE -6,731
“FLPe = J28753-08 ViFs 8. 7885 TSFs =Y. 30110 bPs -, 235176%-07
TTtves T L892428-06 vGPs 23,0196 TGPs =1,95110 PP =17,9706
TXs 4,51810 7 MGgs T ,e9%430 POs 1389,07 1.1 486,369
IYITL) T402917 WV/WRC = . 207881-09
tVs ,207618-03 ves ~ 506,930 1Gs 434,793 Pa 1148,65
FLs L454735-53 VesTT 803,734 T5a 435,168 Ds .484432-04 DELTs <~,37%
FLP® =.503186-66 viPs ¥.14808 TSP ~1.50885 tFa <.178583-17
FiLs .459619-03 Vs .7 4887293 TS= 440,817 Ds +972320-04 DELT= -6,024
TTFLPY T -.289989-06  VLF® 20,3574 TSP~ -2,80%00 DPs -, 20449007
tVPs 2 702849-06 VaFs =5, 05382 — TGPa N1YAL}] PPa 5.35078
TXe TTTETT0 T MGs T T T doeve4 T PosT 135%9,0?7 10 456,370
T TAszhQe T T T 403233 '"’H\F/FNC_-"""“ ,2078%52=-03
CVs . ¢07809=-03 vyl oUs , ¥72% “Tihs 34,837 Pa I149,0¢
TFCs L ASAEIIS0Y Vs T T S0%, 125 T T T8a 434,032 Ds +484389-04 DELTs  ,004
TFLFs - =, ¥5577H-U&  VLPv  3,51890° "~  TSPs -1,10%%2 DPs *,161859=07

TFLPs T =,2%7961=08 — VLPs 13.9148 TSP =2,37062 OPs -,181923-07
TCYPE T T ,713392-06 T VGPs .862684-02 1GPs v 199743-02 PPs -.129745-014
X+ 3. I0450 RGe TAVAYZS PO I5Y. 08 TS 55,370
Asage © 7, 403233 ' HV/WNC = +208011-03
€Ve T T T,207968-03 7 VG= . 506,426 TG 434,837 °  Ps 1149,04
“TFis ¥54511-D% V= 505, 724 AT T34, 809 R0 . 4854353-04& DECYs 228
TFipe T -.432021-06 VLPs 1,85835 TSP -,844248 o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>