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PREFACE

This document, No. FAA-RD-70-50, is the final report of a study conducted
by the Gates Learjet lorpcrition to develop an improved and simplified
Procedure for predictiryg and evaluating engine/inlét anti-icing systems.
A1l work was performed in the Advanced Design, Aerodynamics, and Propuls-
ion Analysis departments, under the coordination of Mr. A, M. Heinrich,
Program Manager. The technical analysis was performed by Messrs. R. Ross,
N. Ganesan, D.W. Newtor and R. Sundsi:ist. Development of the anti-

icing analysis computer pregrams s originally formulated by Mr. T. M.

_ Kutty prior to his dzapatture from the company '

Appreciation is a-atefully extended for the'cooperation and assistance
provided by r._rsonnel of the NASA-Lewis Research Center in the conduct of
icing wi»4 tunnel tests.
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1.0 INTRODUCTION

Gates Learjet introduced two new aircraft, Models 35 and 36, into their
product line during 1974. These aircraft are powe?ed by Garrett-AiResearch
TFE 731-2 turbofan engines and use bleed-air for thermally anti-icing

engine nacelle inlet lips, wings, and horizontal tail. Ouring development
of these airdraft it was founu that existing techniques for predicting anti-
icing system performance were either very complex or, when simplifying
assumptions were made, were highly questionable in accuracy. In addition,

" current procedures for anti-icing system certification include a significant
amount of flight testing in simulated and Hifficu]t to find natural iciny
conditions which is an expensive and timeé consuming process providing a

very limited sample of the actuel icing environment. Also, the validity

of extrapd]ating data obtained from such flight tests ta other FAR 25
Appendix‘C conditions has aiways remained questionable.

What has appeared to be needed is a simpler, less costly, and less time
cbnsuming technique where flight test requfrements,can be reduced to a
minimum. To achieve this a proéedure is needed which would utilize
analytical prediction methods to evaluate the full scnpe of the icing
enviroﬁment and icing wind tunnel tests to confirm the method. The
procedure must be sufficiently accurate and comprehensive to be accep-
.able to the FAA, but at the same time be simple and economical enough to be
widely acceptable within the industny o
Agéinst this backgrodnd butkfocusing on only one area of a transport type
- airplane, a contract, No. DOT FA?GNA43852. was granted by the FAA,
Nashington,:D.C., to develop a.procedure for predicting and evaluating the
performance of engihe frilet anti-icing systems for compliance ..cth FAR 25
1ce'protection requirements. The desire was to minimize the need for
conducting flight tests in natural icing conditions. The procedure was to
include consideration of water droplet impingment and collection
efficiency, internal and external heat traﬁsfer; and mass transfer of the
impinging water. A large.spectrum of environmental and operational ,
factors were to be analyzed in- development of the procedure to identify

1-1
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those environmer.tal/operational conditions which should be recormended for
evalua“ion by the procedurs. Icing wind tunrel tests were required to
assist in the procedure development. -

The following report describes the method of appéoach taken, icing wind
tunnel tests conducted, and a correlation between predicted results, using
the methodélogy, and the tunnel test results. Conclusions and recommen-
dations ‘are presented‘plus detaiis of the computer programs developed.

1-2
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2.0 ANALYSIS METHODOLOGY

Prediction of anti-icing system performance is based on & combination of
aero-thermodynamic theory and empirical relationships. A summary of these
methods, tased on the works of many investigators, was prepared and pub-
lished by the Federal Aviation Administration in 1964} Solution of the
general problem of internal heat transfer and of heat and mass transfer
from a wetted surface in forced convection is quite involved and tedious.
- The method of solution customarily involves several trial-and-error
calculations that are intermediate between the final answer and the basic
factors that define a particular anti-icing situation.. In order to
lessen the burden of this effort a digitaT computer program was developed
to perform these calculations.

The solution desired in anti-icing calculations is tor the internal heat
transfer rate of thermal heat systems, the external heat transfer by
convection, evaporation of surface water,. and the sensible heat change of
the impinging'water. After determining the heat transfer characteristics,
the anti-icing performance (i.e., the rate of water impinging on the
surface and the rate of evaporation) can be calculated for any known set
of flight and atmospheric conditions. The difference between the rate of
water impingidg4on the surface and the rate it is evaporated is the run-
back rate. Knowing the run-back rate, the amount of run-back ice corres-
. pounding to the time taken to travel through the horizontal extent of the
cloud is calcu]ated

The ané]y§is is made using a point-by-point approach by dividing the
heated area into several smal]l segments. This method represents a more
_rea]istic evaluation because skin temperature and impingemant rate
gradients are genera]]y too steep for use of average values.

1. Bowden, D.T., et. al.: "Engineering Summary of Airframe Icing Technical
gggz“. Technical Report ADS-4, Federal Aviation Administration, March

2-1
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2.1 Aero-Thermodynamic Relationshins

The theoretical and empirical relationships used in calculating anti-
icing performance of a system are arranged into several categories for
convenience, The grouping is in a seqdential order of calculation;

i.e., the equations presented in a particular group use the known
parameters mentioned in that group plus thcse that are mentioned (known

or calculated) in preceding groups. Various parameters are identified

by symbbls which are identical or similar to the variables used in the
computer program. This helps to easilyv understand the logical development
of the computer programs from a Tisting of their statements.

Basic-Relationships

Known parameters:
' . Altitude (ALT), ft

Ambient Temperature (TA); R
True Airspeed (V ), ft/sec
Gas Constant, R = 53.35 (ft- 1b)/(lb-°R) _

Based on the above, the following equations can be developed .
Specific heat, C = .2365 + 7.6 X 1081, Btw/(1b-R)  (2-1)
Coefficient of viscosity?

'7.475 x 10‘7TA1 -5

M = S 1b/(ft-sec)  (2-2)
Ty + 216 o o

" Coufficient of}Thermal"Conductivity3

Ky = (.06944 T, + 4.722) x 1077 Btu/(ft-sec-"R)  (2-3).

2.  Eshbach, 0. . and Souders, M.: "Handbook of Engineer1ng Fundaménta]s“.
Third Edition, Wiley and Sons, New York, 1974, (P. 843, Table 3).

2. 1ibid, (P.576, Figure 4)

3. Baumeister, T.: "Standard Handbook for Mechanical'Engineers".
7th Edition, McGraw-Hill, New York, 1966, (P.4-93, Table 2}.
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Prandtl number, P _ = (Cp)(MU)/K1 (2-4)

Ambient pressure )
P = 2116.21/ e[ALT/(27710 - .098774 ALT)] 1b/ft (2-5)
A .
Density, RHO = PA/(R TA) : 1b/ft3 (2-6)
Reynolds Number per foot, Reft = (RHD) (vo)/(Mu) 1/ft (2-7)

The equations for specific heat, coefficient of viscosity and coefficient
of thermal conductivity were developed by a curve fit to the data presented
in the cited references.

The ICEOFF computer routine was written to calculate some basic aircrafg
performance parameters and, by calling an engine performance subroutine,
detenmined extracted bleed air data for the given conditions. Since
engine performance subroutines may not always be available and the desired

data is otherwise known, the engine subroutine may be bypassed and bleed
air data read in directly. ’

Thrust/Bleed-Air Calculations
Known parameters
A1rp1ane weight (W), 1b
Airplane wing reference area‘(Sw), ft
Profile drag coefficient (CDo)
Induced drag coefficient factor (DCD)
Nacelle highlight diameter (DIA), ft
Based on the above, the following equations can be written:

2

Lift.‘coeff""icient, c = w/_[%‘% vg swj : (2-8)
.'- Drag coefficient, CD =‘CD° f (ocD) cLz_ , : _- (z-é),

Drag, D = C; R g Sy llbs, A' - (2-10)

Thrust per engine, Fy = D/2 1bs (for 2 engines) - “. (2-11)

Knowing ‘x> ALT, V, and Tps the bleed-air temperature (TB) and mass flow
rate (HB) can be determined from erigine performance data.

2-3




Impingement Calculations

The inertia parameter, K 2% the Droplet Reynolds Numtber, ReD,'and .the
water collection efficiency, LM, are required to completely determine
the rate of water catch and the region of 1mp1ngement on a given airfoil
shape.

Known pérameters:
Chord (nacelle length) (C), ft
Thickness (t), ft

- ‘ Heated surface area per toot of circumference (S ), ft /ft

Droplet diameter ( D) ft : ‘
Liquid water content (LWC), g/m
Acceleration due to gravity, G = 32.174 ft/sec2
Surface Pressure coefficient (P )

Fxgure 2-1 illustrates this geometry deflnlthﬂ Based on the above, the

following relationships can be written: T
Droplet Reynolds number, ReD = (Reft)nD | (2-12)
Droplet range ratio (LOLS): droplet range is the distance the
drop of water would travel before impingement if projected into
still air with a given velocity :

LoLs ~ Jroplet range projected into still air ‘
Droplet range projected into still air per Stoke's Law

Physically this is cn average value of drag force times R, for a drop
projected into still air. ' - D :

LOLS = .98 - .13 In (R, ) : “Rey %200 (2-13)

LOLS = .74 - .0887 In (R, ) - Reo_ >200 (2-14)

€p : :
‘These relations for LDLS were obtained by a curve. fit of
information presented by Bowden®.

GVg 2 -
— ~ -15
Inertia Parameter, K, = .108 C(MU) 0p | | (2-1 )‘
1. op. cit.
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FIGURE 2-1 Nacelle Configuration Definition

2-5

B o o by b B s e o s




K, is obtained by é curve fi. of information presented by
2 1 '

Bowden ° . |
Impingement parameter, K = K, (LoLs) : (2-16)

Ko is a parameter introdiced by Langmuir and Blodgett“ so that the
collection efficiency, EM, versus the inertia parameter curves for various
droplet Reynold's numbers may be collapsed into a single curve for bodies
of the same geometrical shape. Collection efficiency is'given by:

Ey=10 o ‘ K, < -004 (2-17)

Ey = .0873 [5.522 + 1n K] - .064,5~K° < .01 (2-i8)

Ey = -08 + .31 [2 +.4342 Tn K ] Qs K < .4 (2-19)
EM is the ratio of the amount of water intercepted by the airfoil to the

amount of water contained in the volume of cloud swept out by the airfoil.
The expressions shown for EM are obtained by a curve fit of information
presented by Bowden'.

Water catch,

My = 623V (LWC) £ C E, 104 1b/sec- ft (2-20)
Water collection rate (average),
ey, ™ S . b/ (sec-Ft2)  (2-21)
v '
Water. collection rate at leading edge, : »
PREL . 1b/(sec-ft?)  (2-22)
E AV . ' ‘

1. op..cif.

4. Lagnuir, 1. and Blodgett, K.: "A Mathematical In tiqats
Droplet Trajectories”. AAFTR 5418, Feb. 10, 1946 = o o" O Water

1. op. cit. (Figure 2-9)
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Water collection rate at any point due to lmpxngement,

M, [1-.385(35')1'75] 0 < S$'s1/3 1b/(sec-ft2)(2-23)
LE h

1.177 MNLE[(I-S')I',SJ V3 <s'<l 1b/(sec-ft) (2-22)

Wrp
My

Where S = distance (ft) along surface from stagnation point to the point
under consideration, S' = /S, and S, = S./2 (S, = Distance along surface
from stagnation point to limit of impingement, ft). These expressions fqr_

Mw were obtained by a curve fit of data presented by NeelS.
IMP : ' I :

IMP

Heat Transfer Calculations

Heat transfer calculations are based on the fact that at any point on -.
the surface, the skin temberature attains a steady value which allows ~
equilibrium between internal and external heat flows. The formulation of
the problem is based essentially on the development presented by Gray®
and Gelder?’. The equations are quite lengthy and a number of simplifying
assumptions and considerable manipulation reduce them to a manageable
level as described in the following material.

Heat transfer in forced -onvection from a surface subjected to water
impingement is represented by the total heat transferred by convection,
evaporation, and the sensible heat change of the impinging water. An ..
accounting is made for heat generated by friction and the kinetic energy .
"of the water droplets. The .expression for heat output can be written

in several ways depending on how the various terms are grouped Following
the development of Gelder7 '

5. Neel. C.G.: "A Procedure for the Design of Air-Heated Ice Prevention”.
NACA TN 3130. 1954. (Figure 16a)

6. Gray, V.H.: "Simple Graphical Solution on Heat-Transfer and Evaporation
: from Surface Heated to prevent Icing”. NACA ™ 2799, 1952.

7. Gelder, F.P., et. al.: "Icing Protection for: a Turbojet Transport :
- Airplane:. Heating Requirements, Methods of Protection. and Perfonmance
Penalties“. NACA TN 2866, 1953. - .
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Qut = %onv * Qevar * Qsens

Where:

' : « vcz) [ Vi ¢ n
Qowv =M Ts - TP\ ) (- P

LK e, - e '
+ .622 & W ( D 5 L ) } Btu/sec-

p L '
, SLK [fe. - e

QEVAP = 0.622 H g .. ( S 5 D) . Btu/sec-

P L '

2
- - _ _o Btu/sec-
Qsens = Sy M Cp (Ts Th™ Zek, )
: ‘ W

ft

ft

(2-25)

(2-26)

(2-27)'

(2-28)

Substituting‘ equations (2-26), (2-27) and (2-28) into (2-25) and rearranging

gives:’

QOUT = SH H { (TS':' TA_) (1 + "w C.Pw/H) .

- 2 . . '
v v "
- 0 _ -' __L_ - n _-w—fL.
. 0.622 L K, [f.S_ ) ,f_L.] } ~ Btu/sec-ft - (2-29)




In order to eliminate the lengthy calculation involved in the solution of

the equation (2-2y), the foliowing set of assumptions were made:
' a. The flow over the body being almost adiabatic, the local

- stream vapor pressure can be represented by®: )
e = e L/P 1b/ft

(2-30)

'b. The local velocity and pressure may be related by the incom-

pressible dry air relation®:

' 5 |
v = [vz gﬁo (P, - PA)] ft/sec

(2-31)

"C.. The exponent on the Prandt number is cnosen as .5 corres-
ponding to the conservative case of laminar flaw rather than

1/3 corresponding to the case of turbulent flow.
Radiation is small and is neglected.

e. Conduction along the skin is neglected because the thickness
is .small and the conduction is small compared to. convection.

f. The specif1c heat of water at constant pressure, CP

1 Btu/(1b -°R)

With the use of the above assumptions, the equations can be combined and

reduced to the final form’:

o =4 % | (1, T e

2 {,.5 . :
-V, (Prs * M, Cp/H)/ZGJC_p

I A
+0'6225p_.— (-lsl-: --F;)

.5
+RT, (1 -7 )(I-PL/PA)/JCD } Btusec-ft

6. op. cit.. -
7. op. cit.
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From (2-22) the following temperature terms can be obtained®:

Ty = (Tg - Tp) (1 + M /H) °R . (2-23)
T, = voz (p;5 + M Cp/H)/26J Cp ' °§ '  | (2-34)
T, =10.622 L(eg/P )/Cp °R - (2-35)
- T; = 0.622 L(ey/P,)/C,y R | (2-35)
Ts = RT, (1-P2°)(1-P /P )/3C, °R (2-37)

Equation (2-32) can then be written as:

%our = H 3y [T1 " Tt K (TyTg) # Ts] Btu/sec-ft  (2-38)
The analytical procedure developed by Gray® defines the terms T3 and T4 ’

as follows: _

Ty = 2760 eg/P, : °R - (2-39)

Ty = 2760 e,/P, o | °R (2-40)

Where L and Cp were assumed to be 1066 Btu/1b and 0.24 Btu/(1b-CR)
respectively and egs €, are rartial pressures of water vapor (corresponding
to saturated air unless otherwise noted), at surface and ambient conditions,
re;pectivély. Curves of these vaiues. good for a wide range of temperature,
were presented by Gray®. HowéQer for computer use, a curve fit to a '
psychrometric chart vapor pressure line presented in Eshbach? 1s used for
e and e,. . o ‘ '

egs eA.- 144 exp (A * BL + cz? *,013 + ez 1b/etl (2-41)

Where: _ , :
exp Is the base of the Napierian logarithm system
1= lggg, where T is static temperature, °R
and, '

6. op. cit.
2. op. cit. :
L 2-10




If: T < 491.688 If; 491.688<7<671.688 If: T>671.688

-

ce kater Vapor
A = +19.598997 A = +13.435296 A = +16.825544
B = -10.431025 B = -5,0988424 B = -14,213106
€ = -0.27550673 C = -1.6896174 C = +7.5567694
D = +0.039234393 D = +0.1782915 D = -4.0151569
E=20 E=20 : E = +0.71697364

Additional parameters that are required for completing the calculations
are latent heat of vaporization, L, evaporation fraction, K, elemental
runback rate, DRB, water co]]ection{rate,-MQ and the change in bleed air
temperature along the heated surface.

The latent heat of vaporization for water is represeated by:

L = 1348.21 -0.5620 Ts 460°R < Ts < G60°R Btu/1b (2-42)
This relation was developed by a curve fit fo,infqnmation'prepared by
the SAE®.
The evaporation fraction is defined as:

K= (T3 =T wam, . (2-43)
The value of K depends on equilibrium conditions and is solved by iteration
during the calculation. '
The elemental runback rate is:

DRB = (1-K) M_ ) b/(sec-ft%)  (2-44)
For the succeeding element the water collection rate is: ' o
M =M (at thit point) + DRB b/(sec-ft?)  (2-45)
A I _ : : |
' The drop in bleed air temperature is: o -
OTg = Qyye/ (4 cPB)'_ o . 0R  (2-46)

This leads to the necessity of calculating the heat transfer coefficients.

8. "SAE Aérosbace Applied Thermodynamics Manual". Second £dition, Society
of Automotive Engineers, Inc., New York, Oct. 1969. (P. 165, Fig. 2C-1).
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Internal Heit Transfer

Known parameters:
), 1b/sec-ft
Bleed-air temperature Ty R
Skin temperature (TS), °R ‘
Local channel efficiency (EFF)
Based on the above the followirg _guations can be written:

_ Bleed-air flow rate (wB
(

Specific heat of bleed-ai=?,

Cp, = .2365 + 7.6 x 10 TB;l-‘ Btu/(1b-°R) (2-47)

. B :
Heat input, Q = NB(CP‘) (TB’TQ) . Btu/sec-ft (2-48)
B 3

External Heat Transfer

¥rown parameters:
Leading-edge radius (R ), ft
Local pressure coeff1c1ent (P )y
Mechanical equivalent of heat J = 778 ft-1b/Btu
Tne following relationships can now be developed:
Reynolds number in the leading-edge region,

Repp = RegRi g (2-49)
Local velocity, VL =V, (1- P ) 5 o (2-50)
Reynolds number at any point,. ReS = Reft S VL/V (2-51)

.~ The dry air convective heat transfer.coefficient. is determined by the

method of Gelder?. In the region of the stagnation point. an empirical
equation for a cy]*nder s used: :

H = [o.s7x19;4 Reig/RLE]v{l,- (9/99)3] Btu/(sec-ft?-oR) (2-52)

2. op. cit.
7. op. cit.
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where 6 js the angle in degrees from the stagnation point to the point of
interest. This equation is used up to 0 = 25 degrees. Beyond & = 25
degrees, a flat plate laminar flow equation is used: '

H o= 0.332 K Pi/3 pi/3 Reés/s Btu/(sec-ft2-°R) (2-53)

where S is the distance along the surface from the stagnation point to the
point of interest. This equation is used up to a Reynolds number of
2 x 10°. From Reg = 2 x 10° up to the point where Rge = 1.2 x 10° is
treated as a transition region and for ReS greater than 1.2 x 106 is
considered fully turbulent flow. For a flat plate in turbulent flow:

H = 0.0296 K, P13 Rec®/s © Btu/(sec-ft2-°R) {2-54)
For the transition region a iinear variation of the heat transfer
coefficient with Reynolds numbar between laminar flow and turbulent flow

is used. If the computed Reynolds number indicates a transitic.. flow
region, the following procedure is used.

1. Determine the position on the surfaée, STRAN’ where
Res =2 x 105 and a compute a laminar flow heat traasfer
coefficient for conditions at that point using eqdation '
(2-53), H ay | .

2. Determine the position on the surface, STURB where
Reg < 1.2 x 108 and compute a turbulent flow heat transfer
coefficient for conditions at that poinl using equation (2-54),
HTuRB - o -

3. Calculate the heat transfer coefficient for the point of

interest from:

' H H o C o 2
‘s TURB - "LAM . 5 Btu/(sec-ft™-°R) (2-55)
e T Regt 2 1) |
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The local static pressure is determined from the incompressible relaticn.

p , 1b/ ft2  (2-56)

Channel Efficiency

Dry air test data is used in determining an effective anti-icing
efficiency. This is a measure of the effectiveness of the hot bleed air
in heating the external surface. .Fdr dry air, Mw and Kw are zero and
(2-38) reduces to:

| Qut = M Sy (Tl - T, TS). - Btu/sec-ft (2-57)
and
T T - T, R | (2-58)
I 2 b5 00 ¢ | R (2-59)
2 o'r P ' ' '

Tg is the same as given in (2-37).

The heat supplied, Qne can be computed from (2-48) and .the channel

efficiency is then given by: !

- Eff = Q . (2-60)

out{Qin
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2.2 COMPUTER PROGRAMS

The Channel Efficiency Computer program, CHANEFF, is described in Appendix
A. A flow chart, a program listing, an example ¢f the input format and

an example of the output are presented. In a similar fashion the icing
analysis computer program, ICEOFF, is described in Appendix B.

Included in Appendix A is a listing of a function subprogram, TRP, that

is called by both CHANEFF and ICEQOFF to interpolate the input data arrays
for values of pressure coefficient, surface temperature and channel |
efficiency intermediate to those supplied. . Included in Appendix B, is a
ligting of a function supprogram, PP, that is used to éompute the partial
pressure of water vapor at saturation temperature. |
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3.0 ICING WIND TUNNEL TESTS |
Icing wind tunnel tests were conducted to provide experimental data that

~ would assist in the development of evaluation procedures for engine inlet

anti-icing systems. The scope of testing was selected to cover a wide

" spectrum of environmental conditions that were practicable in the wind

tunnel .described in the following section.

3.1 Wind Tunnel Facility
Through sponsorship by the Federal Aviation Administration, approval was
obtained for use of the NASA Lewis Research Center Icing Research Tunnel
(IRT) Tocated at Cleveland, Ohio..' This facility is a closed return tunnel
hav1ng a 6x9 foot (1.83 M x 2.74 M) test section. Performance capabili-
ties are outlined in the following table:

Airspeed: 260 KTAS (483 KM/Hr) maximum without model installed

Air Temperature: -22°F(-30°C) to 32°F (0°C)

Liquid Water Content: Approximately 0.5 to 2.0 g/m;

Median Drop]et Size: 11 to 20 um
Airspeed capability with the TFE731 nacelle installed was approximately
240 KTAS.

Air temperature in the tunnel was measured by three (3) total temperature
thermocouples calibrated by NASA-Lewis personnel and located aﬁ the upstream
corner from the test section. These were located on cross-bars attached to
the turning vanes and sensed air temperature at the top.‘center, ;nd bottom

‘in the tunnel cross -section. Tunnel temperatures were monitored by both
the tunnel and the refrigeration plant operators and adjusted to matrh as
: closely as poss1ble ‘ '

. Test section static (ambient) temperature was obtained by subtracting

from the measured total temperature the stagnation témperature increment
as follows:
v | 3
WehomTT S (3-1)
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Where: V = true airspeed, ft/sec

acceleration of gravity, 32.174 ft/s.'ec2
mean specific heat of air, 0.24 Btu/(1b - °R)
= meachanical equivalent of heat in engineering units,

778.2 ft-1bs/Btu

' (]
- Ca [
i ] [[]

Liquid water content (LWC) capabi]ities of the tunnel are limited to
some extent by an interdependence on airspeed and median droplet size
because higher LNC is achievable only at the lower éirspeed§. Median
droplet size, in an approximately Langmuir “D" size distribuvion, is

“somewhat deperdent on LWC and airspeed in that larger median drohlet

sizes cannot be obtained at a combination of high LWC and high airspeed.

A desired combination of LWC and mediah droplet sizé is obtained by
setting tunnel controls for the spray system air and water pressures.
To determine these pressures the following method was provided by

NASA: ' _
Given: LWC, Dy, V (e.g., V, or V,) ‘ |
Obtain: | E | |
W, = 11.667 LC(V,) N ’ (3-2)
_ | A2 -
N S
Hy0™ air 38.7 \'77/ . . (3-3)
1.13[43.9-(aV,) 5] [38.7(P, ~=P.. )+3] Tair Y |
. ¢ s 2 '.HZO-air; 536 '
P : -11.3 (3-4)

Doy - 0-006(V,) - 4

Po = (Phy0 = Pair) * Pair- c (3-5)
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"Where: LWC

P

'Pair
T

rair

The tunnel spray system

NASA-Lewis personnel.

"

-

-
=

liquid water content, g/m3

= median droplet size, um

mph true airspeed

knots true airspeed »
water flow rate, 1b/hr
water pressure, lb/in2 gage

air pressure, ib/in2 gage

1180 + 460 = 640°®

water and air pressures were calibrated by

3-3
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3.2 Model and Instrumentation

The wind tunnel model employed for icing tests was adapted from a full-scale
nacelle for the Garret-AiResearch Corporation TFE731-2 turbofan engine.
Modification to the nacelle included incorporation of a roll-formed and
welded steel duct with flanges for mounting of fore and aft nacelle

bodies and the wrap cowls. A strut assembly was fabricated from square
steel tubes which was then welded to the duct and to mounting plates for
installation on the wind tunnel turntable. The nacelle was mounted on its
side in the tunnel, as shown in Figure 3-1, to facilitate angle-af-attack
changes by rotation of the turntable.

Figure 3-1. Test‘NaceTle Installation

3-4
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An aluminum plug was attached to the nacelle exit for certain tests to
provlde a variation of air mass flow through the nacelle and consequently
a shift of the stagnation point on the inlet 1ip. The plug was adjustablie
in fore and aft position through use of threaded attachment rods. The
forward cone of the plug was electrically heated to brevent icing.

Instrumentation was provided.on the nacelle inlet lip to measure outside
surface temperatures and static pressures along three chordwise positions*
located at radials of 6, 9, and 12 o'clock. Figure 3-2 illustrates
typical instrument positions on the 1ip. These positions are relative to
nacelle orientation as instailed on the aircraft. In .the wind tunnel,

with the nacelle mounted on its side, the 12 o'ciock position faced towards
the centrol room and the 9 o'clock position was on the top. At each
radial position thermocouples and pressure ~aps were separated circum-
ferentially by approximately two (2) inches. Pressure tubing and thermo-
couple wires were routed inside the 1ip chamber in order to present a
smooth exterior 1ip surface.

Hot air mass flow provided to the inlet lip heat distribution system was
supplied By a gas-heated tunnel supply system. Air mass flow was measured
with a calibrated orifice Tocated outside and beneath the tunnel test
section. From there the hot air was ducted up through the test section
turntable, into the forebody of the nacelle, and then into the inlet lip
-anti- 1clng system. Temperature and pressure of the hot air entering the
antl -icing system were measured wlth total temperature and pressure probes.

Afr temperature was controlled by a NASA provided Brown Recorder/
Controller which regulated a natural gas fired air heater. Air pressure
was controlled by a NASA provided pneumatic servo valve which adjusted
a remote pressure regulator. '

* Th: turbofan engine used with this nacelle produced neglible 1nlet '
swir v
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| Figure 3-
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A1l pressures and temperatures on the model, tunnel airspeed, and the
heated air flow,provided to the model were measured and recorded with the
following contractor supplied equipment: '

a. Pressures were measured using a scanning valve and pressure
transducers. ' -

b. Temperatures were measured using iron-constantan thermo-
couples, a 150°F temperature controlled reference, and
amplifier. . '

c. Electrical outputs from pressure transducers and thermo-
couples were measured by a Hewlett Packard 3455A digital
micro-voltmeter with an accuracy of +(0.007% of reading +4
digits) in.the 0.1 volt range.

d. Tést data from the voltmeter Qere further processed with a
Hewlett-Packard 9825A desk-top digital computer to apply
instrument calibrétions, convert voltmeter outputs to
engineering units, calculate tunnel airspeed and hot air
mass flow, annotate output, record data on magnetic
éassette tape, and print outputé on paper tape.

Calibration of contractor supplied equipment was accomplished prior‘to

the icing tunnel tests. This equipment included all instrumentation
employed to‘measure model temperatures, pressures, tunnel air speed,
pressure altitude, and hot air bleed mass flow rate. funne] air speed was
obtained with an existing pitot-static-probe installed in the test section.

»'Total and’ static pressures were picked off the tunnel plumbing system for
measurement by contractor instrumentation. -

3.3 Scope of Tests , ,

The scope of tests conducted, liste¢ in Table 3-1, were perfcrmed over a
period of six weeks. The conditiohs shown in Table 3-1 were set as test -
objectives and were not always what was achieved during this test. Actual
test conditions are cresented in Appendix C. vInsta]lition and check-out

_ of the test modei and instrumentation requirgd four days.
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TABLE 3-1. ICING WIND TUNNEL TEST SCHEDULE

Dry Air Runs - Configuration A*

NCTE: Conditions shown are test objéctives. Corrected test conditions
are shown in Appendix C. : _

Rin  fno Mg Dy LKC & v %?;:y
No. (°r) (ib/min} _pm  (g/m”)  (°F}  (KIAS} = (min.)
1A 350 12 - - 30 25 - --
24 350 15 - - o 25 -
3 400 12 e e 30 25 -
A 400 15 - == .30 225 -
A 450 12 - -~ 3 a5 --
6A 450 15 -- - 3 25 -
A 350 12 - 14 225 -
8A 350 - 15 - - 14 225 -
9 400 12 - 4 2 --
104 400 © 15 - - 1 25 ' .-
1A 450 12 - .- 25 -
124 450 15 .- - 4 . 225 -
1330350 . 12 .- - -4 150 o
14A 350 15 - - -4 150 -
15A 400 12 e e a4 150 . -
16A 400 15 e e 4 150 -
A 450 12 - - -4 - 150
188 450 15 - - -4 150 -
194 350 - 12 - - -5 200 -
200 350 15 e e s 200 s

_* Single skin inlet 1ip configuration.
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Dry Air Runs - Configuration A (Cont):

; . ' Spray
Run. tB hB DDM LHC3 tT v Time
No. (°F) (ib/min) _pm {g/m”) (°F) (KIAS) (min.)
21A 400 12 -- -- -15 - 200 --
224 400 ¢ 15 , -- -- " .15 200 -
23A 450 12 -- -- -15 200 .

28A 450 15 .- — . -15 200 .-
25A-28A (Not used) ‘

29A%+ 400 12 - -- 14 225 --

30A%* 400 12 e - 14 225 -

3At 350 12 -- -- 14 225 I
324t 350 12 —- - 18 25 - a=-4

** Variable stagnation point using nacelle exit plug.:

t. Variable nacelle angle of attack conditions.




Wet Ajr Runs - Configuration A

NOTE: Conditiong shown are test objectives . Corrected test conditions ,
are shown in Appendix C. :

Run Yy 8 Dy e 4 v g?;:y
P LF) Oumin) m) CF) o (kis) {min.)
60A 350 12 15 0.8 30 225 4.63
614 380 g B0 3 4.63
628 409 12 B0 3 s
63 400 15 15 018 3 225 463
648 450 12 B0 3 4.63
654 450 g5 . 0.78 39 25  4.63
864 350 12 s 0.6 18 2 4.63
678 350 15 15 0.6 B 25 4
684 400 @ 12 45 0.6 14 225 4.63
e T Y 4 o2, 63
70A 450 12 15 g5 14 225 4.63
714 450 15 15 o6 14 225  4.63
A 30 20 17 10 g
TR 350 g5 0, L2 o4 - 150 2.0
74A 00 20 72 4 150 ° 20
758 4y 5 200 172 - 150 é.q
e 1.72 < 150 2.9
77A a0 g 20 172 4 150 2.0
784 350 12 0 L8 s g 2.0
794 350 15 20 18 200 29
BOA 400 12 15 200 g9

B4 400 15,y S N Y
| | | " 3-10 - |




Wet Air Runs - Configuration A (Cont):

Run B g Doy MM v ??;2’

No. (°F) (1b/min) pm (g/m”) (°F) K1AS) (min.)

82A 450 12 20 1.28 -15 200 2.0

83A 450 15 20 1.28 -15 - 200 2.0

84A-94A (not used)

95A* 400 12 15 0.6 14 225 4.63

96A* 400 12 15 0.6 14 - 225 4,63

97A** 350 12 15 0.6 14 225 4.62a = -2°
98A**_ 350 12 15 0.6 14 225 4.63a = -4
* Variable-stsgﬁation poin;.

** variable nacelle angle of attack. Note: These two conditions

were rot run due to lack of time in tunnel schedule.
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Ory Air Runs ~ Configuration B*

NOTE: Conditions shown are test objectives. Corrected test conditions

are shown in Appendix C.

wn o Wg Dy~ LWC
Moo (°F) . (ib/min)  m (g/md)
358 350 12 - -
368 350 15 - -
7B 400 12 -- -
388 400 15 -- .
398 450 12 - -
40B 450 15 -
418 30 12 - -
428 . 350 15 - -
438 400 12 - --
848 400 15 - -
458 450 12 o= -
468 450 15 — e
473-528 (not used):
53 30 12 e e
548 380 15 -- -
558 400 12 -
568 400 15 .-
578 450 12 - e
8B 450 15 - -

* Double skin inlet 1ip configuration,

32

t; v
(°F)  (KIAS)
30 225
30 225
30 225
30 225
30 - 225
30 225
14 225
14 225
14 225
14 225
14 225
14 225
-15 200
-15 200
-15. 200
-15 200
15 200
-15 © 200

\'.
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Wet Air Runs - Configuration B |
NOTE: Conditions shown are test objectives. Corrected test conditions
are shown in Appendix C.
rn B Mg Dy WtV Tine.
No. (°F) - (1b/min)- Wm (g/m”) (°.F) (KIAS) (min.)
1008 - 350 12 15 . 078 30 225  4.63
1018 350 15 15 c.78 30 225 4.63
1028 400 1z 15  0.78 30 225 4.63
1038 400 15 15 0.78 3 225 4.63
1048 450 12 15 0.78 - 30 225 4.63
1058 450 15 15 078 30 225  4.63
1068 30 12 15 0.6 4 25 4.63
1078 350 . 15 15 0.6 14 225 4.63
1088 400 12 15 06 14 225  4.63
1098 400 15 15 - 0.6 14 225 4.63
1108 450 12 15 0.6 14 225 4.63
111B - 450 15 ., 15 0.6 14 225 4.63
1128 350 12 20 .28  -15 200 - 2.0
1138 350 15 20 1.28 - -15° 200 2.0
1148 400 12 20 . 1.8 -5 200 - 2.0
1158 400 15 20 1.28 . -15 200 2.0
1166 450 12 20 1.28 -15 200 2.0
1178 450 15 20 128 -5 20 2.0




3.4 Icing Wind Tunnel Test’Procedures

Dry air testing was conducted prior to icing tests to determine the inlet
lip skin temperature and surface static pressure profiles. Various combi-
nations of tunnel airspeed, tunnel temperature, hot air bleed mass-flow rate
and temperature, and nacelle angle-of-attack, as indicated in Table 3-1,
were run with dry air conditions. Following the dry runs, wet-air tests
were conducted for the same conditions except that cloud characteristics
were simulated using the tunnel water spray system.

The procedure employed during drx‘air runs is described as follows: -

a.
- b.
c.

Start tunnel and set at idle speed.

nStart tunnel cool-down.

When tunnel has reached the approximate temperature desired,
increase airspeed to test condition and re-adjust tunnel temp-
ature. . , .

While (c) is in progress, fire air-bleed gas heater. ,

Adjust air heater temperature and bleed-air pressure to obtain
desired mass flow rate and temperature at entrance to nacelle
inlet 1ip anti-icing system. '

When all cunditions are stabilized, conduct instrumentation data
scans, convert to engxneer1ng units, and reccerd data.

Hold tunnel conditions constant and adjust bleed air temperature
or mass flow rate to next test po1nt and again stabilize and
record data.

When all test conditions at a given tunnel airspeed or temperature
are comp]ete,-adjuét to next test point and repeat procedure above.

Following completion of dry runs for a particular test model‘configuration‘
the pnocedure is repeated for wet runs, except that the tunnel water/air
spray system is used to simulate icing cloud conditions. Dry air test
procedures are repeated through item (g) with the foilowing additional steps
used during 1c1ng test runs: ' LT
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h. When all conditions are stabilized, including pre-adjustment of
spray system water and air pressure, switch spray system on,
adjust water flow rate rotameters for uriform spray across tunnel
cross section, record data after a predetermined interval, and at
completion of spray time switch spray system and_hat'air bleed

~ flow off. - -

i. As soon as spray system and bleed air are off, conduct a rapid
shut-down of the tunnel fan motor. This procedure Treezes the
“iced" condition of the model because tunnel temperature has a
tendancy *o cool-down further by 10-15°F and to hold this-
condition due to the cold- soaked state of the all metal tunnel.

j.' Conduct an inspection of the ice formation on the model, take

" measurements and samples if desired, and remove ice from the model
. using a steam hose. ‘ '

k. Following the above, subsequent runs are conducted repeat1ng the
procedure outlined.

Spray duration during a test run was selected correspond1ng to the anprox1-
mate time it would take to fly through the cloud size being simulated at
the tunnel airspeed. During simulation of maximum continuous cloud
characteristics, corresponding to low levels of LWC, tunnel airspeed was
run at 225 KIAS (approxwmately 230- 235 KTAS depending on tuanel
temperature).

For intermittent maximum cloud simulation conditions, thever; airspeed was
Timited to either 200 KIAS (approximately 196 KTAS) or 150 KIAS (approxi-
mately 142 KTAS) because the tunnel spray system is limited in maximum '

water flow rate. Run time based on the time of transit through intermittent
cloud size at these speeds, however, is insufficient to allow data acquisition
S0 run time was increased to two (2) minutes as was seen in Table 3-1.

315




Although time in a cloud may have no significance in developing an
analytical method there is 6ther rationale for limiting the exposure time.
For the nacelle and anti-icing system employed there are design limits to
which icing can be prevented-'at any bleed air temperature and/or mass

flow rate when testing in conditions of either maximum continuous or maximum
intermittent icing. It was to avoid exceeding these limits that the
approach was taken to use FAA defined cloud sizes and tunnel velocity to
determine exposure time. In addition, longer exposure time to the icing
cloud results in an undesirable amount of ice forming on the unheated
nacelle support structure, especially under glaze icing conditions.
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4.0 CORRELATION OF RESULTS

Dry air wind tunnel test data were used with the computer program CHANEFF
to determine effective channel efficiencies for'each set of data corres-
ponding to a different nacelle 1ip pressure coefficient distribution and
internal heat distribution system. These are related to changes in nacelle
angle of attack, nacelle air flow, circumferential position around the

lip and doubl~ versus single skin internal distribution systems. Although
it would appear that a change of internal bleed air flow or bleed air
temperature would result in different channel efficiencies, this is not
the case. For a ineh type of internal distribution system, the surface
temperature, which is used in determining the channel efficiency, is
directly related to the quantity of heat provided whether by virtue of
higher bleed mass flow or bleed air temperature. Thus the calculatgd
efficiency, for the range of bleed flows and temperatures tested, is
independent of these two parameters. Hence in order to use a larger data
base for improved accuracy of the channel effjciency, the individual test
efficiencies for a given physical arrangement are averaged. There will

be efficiencies related to the 6, 9 and 12 o'clock measurement positions
for each variation in nacelle angle of attack, mass flow. and internal
‘distribution System.‘ In total 18 different efficiency distributions were
computed, corresponding to three angles of attack, two mass flows and two
distributicn systems for each of three clockwise measuring stations. Table
4-1 presehts a matrix of which dry test runs were used to calculate the
efficiency and to which wet test runs they apply.

Table 4-1 Efficiency - Run matrix

Runs used Runs EFF applies for Ts Calculations
for EFF Dry .. : Wet
10A-24A 1A-24A 60A-83A
294 . | - 29A 95A
304 o 3A° * 96A

<} 7. 3N | .

328 . o aa .
35B-458 | 358-46B - " 1008-1178

538588 . 538-588
e . .y




A typical averaged surface pressure coefficient is presented in Figure 4-1.
It is noted that the peak pressure coefficient from this test data is ‘
greater than 1.0. Since this is physically impossible the Pc curve was-
faired to 1.0 at the stagnation point as shown. This appeared to be a

common occurance with the measured pressure data., This first came to
attention during the running of the test and an effort was made to ‘
determine the cause of it. No reason for its occurance would be determined. - .
Corresponding measured surface temperature distributions are shown in

Figure 4-2 and the resulting averaged channe! efficiencies from program
CHANEFF are presented in Figure 4-3. Utilizing the pressure data from
Figure 4-1 and efficiencies from Figure 4-3 surface temperatures were -
computed with program ICEOFF. A comparison of calculated and measured
surface temperature for these dry air conditions is presented in Figure

4-4., It is seen that the agreement is excel]ant.

A comparison of suiface pressure coefficient at the three nacelle inlet

1ip measuring stations is shown in Figure 4-5 for both wet and dry air. As
would be expected the presence'of water has little if any effect on the
pressure coefficient. The corresponding clannel efficiencies for dry air
for the three inlet 1ip measuring stations is given in Figure 4-6 and the
comparison of calculated and measured surface temperature for the three

inlet 1ip measuring stations for both single and double skin bleed air distri-
bution systems is presented in Figure 4-7. It is noted in Figure :-6

that at the 6 o'clock position, the calculated channel efficiency «xceeds
1.0. Although it is physically impossible to exceed 100% efficiency,. the
mechanics of the calculation process allow this .to happen on rare occasions.
Detailed checks revealed no mathematical or computational error and the use
of this efficiency in program ICEOFF gave an exact Eeproductien of the
measured surface temperature. ;t is concluded that there must be some of
the basic assumptions underlying the method of channel efficiency that
allows this to happen. Examination of the equation used to compute EFF
reveals how this can occur. From equation (2-48), (2-57), (2-58) and

(2-60):




T, - T, + T2) ~
A2 (4-1)

Wa (TB>~ TS)

Hs,, (T -
EFF = ot

Py

It can be shown that, compared to Té and T,, T2 and T5 are relatively
unimportant for the test conditions of this report. Hence it is easily
seen that for conditions such tnat TB and TS are quite close in magnitude
and TS and TA are quite different in magnitude, the result for EFF could
exceed 1.0. This is undoubtedly due to some of the swmp]if1cations that
resulted from early assumptions concerning the flow and heat transfer
characteristics. Understanding how it can occur makes it no more desirable
but in the final analysis it will repfoduce accurate surface temperatures
~and thus will be tolerated. Examination of Figures 4-4 and 4-7. reveals
that the agreement for dry air is excellent but for wet air it is less
good. It appears that the method tends to over predict the temperature
near the stagnation point and to under predict it near the aft limit of
the heated area. Although the amount of difference between calculated

and measured T¢ varies with various conditions the trend noted above is
fairly consistant. This could be caused by a somewhat inaccurate modeling
of either the evaporation process or the heat transfer process that
resulted from simplifying assumptions.

The balance of the figures in this section present the effects of
independent parameters-on the pressure coefficient, the resulting effic-
~ iency and a comparison of calculated and measured surface temperature.
Figures 4-8, 4-9 and 4-10 present this infcrmation as 1nf1uenced by
nacelle angle of attack. Only dry air temperatures are presented because
'time did not allow the test1ng of the wet air counterparts. '

figures 4f11, 4-12 andf4»13vpresent pressure coefficfent. efficiency and
temperature comparison for changes in inlet mass flow. Here again one of
the efficiency curves. (Run 29A) exhibits a value greater than 1. 6. In
this case 2.44, ‘Although appearing to be unreasonable at first, the same
arguments as set forth before apply and again the calculated dry air
surface temperature agrees well with measured values.
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| Figures 4-14 and 4-15 present channel efficiency and comparison of temp-
eratures for single and double skin anti-icing systems.

The last four figures (4-16; 4-17, 4-18 and 4-19) show only comparative

,<temperatures because they were aerodynamically and'geometrically similar
Lo other configurations and used pressure coefficients and efficiencies

defined for them. These similarities are distinguished in Table 4-1.

The effects of bleed air temperature are illustrated in Figure 4-16. Here
‘the comparison include: wet and dry air as.well as single and double skin
systems. |

Tempe}ature comparison for changes in bleed air mass flow are shown in
~ Figure 4-17. Included are data for wet and dry air as well as single and
double skin systems.

Figure 4-18 gives comparative temperature for a variety of liquid water
contents. It should be noted here that it was not possible to hold all
other test parameters constant during the test whi?e varying liquid water
content alone. Hence a direct cemperison for the effects of l1iquid water
content alone cannot be made. Again both single and double skin systems
"are shown. ' '

The comparison of temperature while changing water droplet diameter is
given in Figure 4-19 for both single and double skin systems. As for
- liquid water content, it was not possible to change droplet diameter alope
while holding all other test parameters constant. Thus a'direct comparison
to determine effects of droplet diamefer alone is not pussible.

For all.of these comparisons, the results are nearly the same: very good
agreement for dry air and moderately good agreement for wet air. It is
noted that even minute as well as large fluctuations in surface temperature’
are reproduced for dry air calculations. Although not as accurate as for
dry air, the wet air temperature distributions'génebel]y give the correct
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trend and do display the yross variations that exist in the measured data.
This leads to the belief that the method is very useful and needs only
some refinements as applied to wet air calculations.

A correlation of all calculated and measured.data was performed. For the

966 calculated dry air temperatures the mean deviation from measured

temperature is 6°F and for the 924 wet air temperatures the mean dev1at10n
is 19°F.

During the data analysis, it was noted fhat the calculated surface
temperatures for wet air consistantly gave better corrélation with the
measured results for the double skin system than for the single skin
_system. There are at least two reasons why this is so. First the double
skin wil l give a more uniform temperature distribution (i.e. nearly '
constant) and second, the deviat1ons from this nearly constant value wi]l
be smaller. Both of these will work in favor of better accuracy from the
calculation method. These are well illustrated by the tabulated data,"
(Tables C-4, C-5 and C-6) and Figures 4-17 and 4-18.
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5.0 APPLICATION OF THE PROCEDURES

The analysis method consists of two separate programs written in Fortran
IV. As presently programmed, these can be run on PDP 11/7G, IBM 370 or
other compatible equipment. '

The first program, CHANEFF, is used to determine the héat transfer
efficiency of the inlet 1ip hot air distribution system. The intent is
to determine the efficiency for the particular configuration to be
employed in the nacelle design by running dry air tests in a wind tunnel.
'The test model can be two-dimensional with a configuration representing a
partial section of the nacelle inlet désign. Data to be coilected during
dry air test§ and geometrical information that is required for running
program Ch. ._FF are: . '
Nacelle Geomatr
Leadii . edge radius .
Streamwise surface length of the heated surface
High-1ight diameter
Flight Condition Data
Flight/tunnel pressure altitude

Ambient temperature
Flight velocity/airspeed
Bieed air mass flow rate
Bleed air temperature '

Inlet pr Data ' _
Surface skin temperature profile streamwise around inlet lip
Surface static pressure profile streamwise around inlet lip

Surface static pressures will be used to calculate the pressure coefficient
characteristics of the inlet 1ip. With the above 1isted data the channel

~ efficiency can be calculated for incremental intervals streamwise around '
the inlet lip. For the same nacelje geometry and engine flow characteristicﬁ;
the pressure-coefficient profile will remain the same so long as the nacelle
angle-of-attack is held constant.
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The second nrogram, ICEOFF, can be employed to evaluate the anti-icing
performarce of the nacelle in}et. This program'éan be used in any one or
all of the following ways: - |
a. As a tool during the design phase to determine the bleed air
requirements for anti-icing. ‘ ' ' v
b. With incorporation of an engine performance'routine into the
present program this can be used to size the heating system.
As a.means to demonstrate engine/nacelle anti-icing capability
as part of the FAR anti-icing performance.
The data required for ruaning program ICEQFF are:
Nacelle and Aircraft Geometry
Nacelle chord length _
Nacelle thickness-to-chord ratio
. Nacelle inlet leading edge radius
Nacelle inlet high-light diameter
Extent of inlet lip heated surface
Wing area.
F11ght Conditions
Flight/tunnel pressure altitude
Aircraft gross weight
F11ght velocity
.Constants of the airplane drag polar
Inlet Lip Data
Surface pressure coeff1cient prbfile streamwise around the 1nlet 1ip
Channel eff1c1ency profile streamwise around the inlet lip (From
Program CHANEFF) '
. Icing Conditions
Ambient temperature
Droplet median diameter
. Liquid water content
Cloud horizontal extent

(2]
.
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Program ICEOFF is written to operate in two different modes as follows:
Mode I - This mode uses icing tunnel data and predicts evaporation
and runback. In order to check run-data as it proceeds, this mode
of operation prints out intermediate calculation of the point-by-
point analysis. ' ,

Mode Il - This mode is used for icing prediction under given
flight and icing conditions.

Detailed instructions for use of these programs along with sample inputs

and outputs are provided .in Appendices A and B.
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6.0 CONCLUSIONS

Two computer programs, based on a simplified heat transfer theory, have

been developed. The channel efficiency program, CHANEFF, proides a means
for evaluating the external and internal heat transfer characteristics of

an engine inlet anti-icing system. The anti-icing program, ICEOFF, provides
a means of evaluating the icing performance characteristics of an engine
inlet anti-icing system. Both programs are developed for a continuous

£low hot gas anti-icing system.

The program ICEOFF calculates the inlet lip skin temperature profile for
dry air with very good agréement. The calculations for icing conditions,
though useful, are not so good. The mean deviation of the calculated
temperature is 6°F for dry air and 19°F for wet.

It is concluded that, although better accuracy could be desirable for wet
air calculations, the method is simple to use and gives rapid and useable
predictions for the surface temperature distribution cn an éngine nacelle
inlet 1ip that is anti-iced with hot bleed air flow.‘ The method is applic-
able to a wide ranée of independent variables in the problem and treats
double skin distribution systems equally as well as single skin piccolc
tube systems. ' ' ' '




7.0 RECOMMENDATIONS

The .underlying basis of the present approach is the characterization

of the internal heat transfer that is used in the analysis pubiished

by the Federal Aviation Administration!, by a single parameter..referred

to as Channel Efficiency. fhis parameter is used in lieu of a more

, definite determination of an internal convective heat transfer coefficient.
Channel Efficiency equates to the ratio of external heat transfer divided
by internal heat transfer. Any errors caused by 1mproper determination

of the internal or external heat transfer will then appear in the value

of Channel Efficiency when using the program for evaluating experimental
data.

Based on the analysis of dry air data using progrém ICEOFF, it is
concluded that the assumptions made in formulating the internalrdﬁd
external flow and heat transfer model are very reasonable. This is
supported by the 6°F mean temperature deviation which is probably well
within the data accurécy. This is considered excellant agreement and
~no change to this portion of the program is recommended.

The corretation accuracy for wet air (19°F mean deviation) is not as
good as for dry air. It appears that there is possibility for improve-
.ment here. Brief analyses of the cause of major temperature differences
.between calculateu and measured near the stagnation point lndlcated that
the rate of heat transfer in this reglon is consistantly over predicted
resuiting in higher than measured temperature. On the other hand, near
* the aft 1imit of the heated reg1on, the calcu]ated temperatures tend to

"be lower than. measured A more in-depth investigation of these two
~regions would probably result in improved calculation procedures and
better accuracy on’temperature correlation. Potential candidates for
improvement would be the modeling for evaporation and heat transfer.

1. op. cit.
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The method presented dces give accurate trends for a variety of external
ambient conditions (i.e. droplet diameter, liquid water contept, etc.)
and no further improvements are recommended in this area.
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APPENDIX A - Channel Efficiency Program

A.1 Flow Chart

/’”"\\\

o)
-l

(vEHx
CONFIGLRATIOV

J; DQNU Jd = 1, 20

vd
| ReaD:
' DATA

00 150 II = 1, 100

READ: o
TEST, ALT, TAF,
VKTAS,' HBM,
TBF

YES VkTAs s 0
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A.1 Flow Chart (Cont.)

b
'((%EAD:

[ TSNAT
3
WRITE: [
COMFIGURATION, DATA
\ TEST NO., ALT, TAF,

\VKTAS, WM, TBF
" HEADINGS

A
' v

COMPUTE:
BASIC
PARAMETERS

~—

g 00150 1 =1, N

COMPUTE :
HEAT TRANSFER
RATES

CALCULATION CALCULATION

AWAY FROM THE AT THE

STAGNATION POINT STAGNATION
| ' POINT
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A.l Flow Chart

Cont.) .
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RES '
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| TRANSFER

'TRANSITION

FLOW HEAT
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A.1 Flow Chart (Cont.)
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A.l Flow Chart {(Cont.)
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A.1 Flow Chart {Cont.)
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A.2 Input and Operation

This program uses experimental data for flight and bleed air conditions'to.
.compute a channel heat transfer efficiency on a point by point analysis.

INPUT PREPARATION

CARD 1 (40A2)
CARD 2 (4F8)

Column 1  RLE
Columr 9 SH

‘Column 17 DIA

Column 25 DS

CARD 3 (16F5)

oo o et s S e oot

Title

This card can contain up to 80 columns of
alphanumeric information. It will be used as
the headiry for the output data shget.

Nacelle Ceometry
This card has 4 fields of 8 columns each to

~contain the variables RLE, SH, DIA and DS
(F8.2 format).

Radius of curvéturebfor the 1eading edge of
the nacelle inlet lip in feet.

Streamwise length of the heated surface in
feet. (Heated area per foot circumference).

Nacelle inlet hfghlight diameter in.feet.

Length of increment used between points of
analysis in feet.

Pressure Coefficient Table.

This card has 16 fields of 5 columns each to
contain streamwise distance measurements,
from the stagnation point.to the point under
analysis, in inches. The values should begin

at zero (stagnation:bdint) and increase at

any desired interval until the aftmost heated

‘region 1s reeched (F5.2 format).
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A.2

Input and Cperaticn {(Cont.)

CARD 4 (16F5)

CARD 5 -(40A2)

CARD 6 (5F8)

Column 1 ALT
‘Column 9 VKTAS
Columrn 17 TAF
Column 25 WBM
Column 33 TBF

CARD 7 (16F5)

. CARD 8 (16F5) .

Pressure Coefficient Table. v
This card has 16 fields of 5 columns each
to contain pressure coefficient values for the

_corresponding points on Card 3 (F5.2 format).

Flight Title ,
Test or flight number and any pertinent’
information up to 80 columns (4OA2 format).

Flight Parameters.

This card has 5 fields of 8 colum.s each to
contain the variables ALT, TAF, VKTAS,

WBM and TBF (F8.2 format).

Altitude (MSL) of aircraft in feet.

True airspeed‘of the aircraft in knots.
Anbient temperature in °F.

Bleed air mass flow per engine in 1b/min.
Bleed air temperature in °F.

Surface Temperature Table o

This card has 16 fields of 5 columns each to
contain streamwise distance measurements, from
the stagnation pcint to the point under analysis,
in inches. The values should begin at zero |
(stagnation point) and increase at any desired .
interval until the aftmost heated region is
reached (F5.2 format). |

Surface Temperature Table.

This card has 16 fields of 5 columns each to .

- contain surface temperature values corresponding

to the pofnts on Card 7 (F5.1 format).
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Ub to 100 cases of cards 5, 6, 7 and 8 can be handled at one submission.
Card 8 followed by a blank card will cause the routine to calculate point-
by-point average efficiencies and then loop back to read new nacelle
geometry and pressure distribution data (cards 2, 3 and 4). As many as

20 such configurations can be handied at one submission. Card 8 followed by
2 blank cards will terminate the program. ‘ ’
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A.3 Program Listing (Cont.)

DP=kKU/ ¢ ¥V IRV O/ 0
TZ2sVNRVNApRxx S/ (2 5CPE;¥])

c
GeoomocomomsnmmceeaaP(IAT- RY«ZOINT ANALYSTS 0f HEAT THANSFFN
C RELATIONSHIPS, ARTING AT STAGHATTOM
o PUTNT AND FN”ING A ARFTMGST PCLIKNT OF
¢ HEATED REGION
g AT AFTMUST POINT OF PEATFD KEGION
¢
g---------—o-—------thlf]A!ISL CONDITICNS AND STAFT
S=PSDAT(1,1)/17
NN=1
NG 1%0 I=1,u
IF (7 .GT. 1) G0 To 35
g--~"""”"""**STAuauTinw PALINT CALCULATIONS
PCZPSDAT (L, 2)
TS=TSUAT(L,2)
THFTA=S/RLF¥57, 30
WRITF(1w,900)5,FC, THFTA
PL=PA+DP
CO TO 40
. 35 CONTINUE |
g °---------------°-CALLHIATIth AWAY FENG THE STAGMATIUN PUTLT
PC=TRP(S.,PSLAT,NPS)
TS=THE (S, TSDAL ,NTS)
THETA=S/RLE*S7 .30
WRITE (IW,900)8.PC,THETA
V=VOSSORT(1.-PE)
PLEPA+PC*DP
RESSREFTO#S*V/VQ
40 CONTTINUE
IF (THETA .GT. 25.0) 6O TU 50
g----.-----——-----'-CYLINUFR RFGT()N
STAKIFRETE 4#RELEXFH,5/KLE# (1.2 (THETA/90.)433)
wRi1F(Iw 420)
GO TO 106
50 CONTINIIE
TF(RES .G1. 2.0e5) GO TO 60
g----o-----n-o’------lJAMIN‘AR an‘ RFGIUN
HS,332%K1%PR¥#(1,/3,)8RES**,5/8
WRITF(IwW,430)
G0 TC 106 -
60. CONTINUE . L
c IF(RES ,GT. 1.2%h) "GU TO 100
C . S11=8
REST11=RES
S$1=511=-DS
GO TO (70,95), NN
c 70 CONTINUE :
‘Comecencceccneacnce=CALCULATION OF PC, V AND H AT THE BEGLNNING OF
-g c THE TKANSITION REGT
. PCETRP(S1,PSDAT,NPS)
V=VNeSORT{1, =PCS .
REST1=REFTN*S18V/V0
IF (ABS(KEST1=2,0F5) ,LF, 100 i 60
-g{}=g{l+(st-511)/(RRéTi-PESTi )#( 2 OFb-RFSTII)
x . .
REST112RFST1
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A.3 Program Listing (Cont.)

S1=511
G 10 Vo
78 CuMT TrlUE
HLAMZ (3324 J¥pPRs( ) /3 )*KFST1%% ,5/51

o , .
CovmenccacvacncceeeaCALCULATION OF PC, V AND H AT The ehD OF THF
g LRAMSTTION REGION
Ss1=4 %8 '
PC=T°P(S?1.FQDAI,NP%)
VZVOxSORT (1,=FC)
REST21zrFETURS21¥V/VE
£2z=521+2.2D5
go Cur T TinlE
PC2rRP(S2,PoDAT ,NPS)
VEV(*SGKT (1, =pC) .
Ke.S12=REFTOXS2¥V/V0 .
JE(ARS(HESTY=1,2Fn0Y LF, 100,) GC TO 90
§g{:§%1+(52-821)/(Rh&l?—?hSTZl)*(1.2F6-PP6T21)
PEST21=KEST2
S2=8721
. Gu 1n RO
90 COMTINUE
:TUgh:O nzgo*hl*Pk**(l /3. )XREST2%% H/SY
il
99 CUNTTINUE
cecnvncnnevecceeece]TERFOLATTON FUR H RFETWEEN THE VAIGLES oT Tak
REGINMING OF 'LHE TRANSITION REGION aNU AT TrE
“Eoal) OF The TPANSTITION REGION
HzH|, AM+(H1hRR-"LAM)/1 F6X(RES=2?2,F5)
WRI F(Iw 4
&0 16 104
100 CONTINUE

g-------------------TURbULFNT FLLNw REGIUN
Nz, 0296%K1*pRx%(] /3, )¥RES*%,8/S
NRTIF(Iw 450)
c 105 CUNTINUE .
C----------------ﬂ--CA[LUIATF LOCAL. CONDITIONS
TO=R*TA*¥(],-Ph*% ,5)*%(1, -PL/PA)/LP/J .
CPE=,2365+7.68TH/10, %28 ' :
EFFs= H‘(ls TA-T?¢T5)*Sh/(WH*CPB*(TB-T‘))

C------------------—(lUTPL!'I

¢ .

SIN=§%12
HPH= Ht3béu.
TSF=TS=459, 688
ThE=Th=459, 688
WRITE (Iw,500) "SIN,HPW,TSF,TAF,FFF
DOZHADS* (TS=TA=124T5)
DTR=DG/ (WB*CPb) ,
Th=TR=DTB .
EFFIC(I)SEFF+EFFTC(T)
 SINCH(T)=STw
$=5408

150 CONTINUE

160 CONTINUE -

WRITE(Iw,1300)
DO 165 121N
EFFAVGZEFFIC(I)/NCASF o

 WRITF(Iw,1100) SINCH(I), EFFAVG

165 COMTINIJE s
WRTTE(IW,1200) NCASE

170 CONTINUE'

200 CONTINUE
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A.3 Program Listing (Cont.)
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A.4 Function TRF Listing
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A.6 Sample Qutput Data

FOUFL 3% FuGINE IMLET L1P.bLtFU ATk CRANPEL 2P TOTRCY

LEADING FLGF RAPILS

TS P
REATFD Arba PFROFODT SFAL  0.55R SoF @
LTP HIGHLIGHT LIAMETER 20237 FI
CONFIGURATTUN 108 Upbpk LIP "TAF CURRECTED
ALLT [UIF o 315%4,6 F1
KK THMP o 1.3 F
AlkokEED ™ C 3.8 KTAS
RIE~D PFLOV PER FuC]Ne 14,4 Lib/iwTy,
bLerd 1eMP 402.4 F
SCING C(H OPER HR) (KON TEMP,E)  (BLEeD Towb, i) ErF
$= 0,00000000L+00 . PC= 0,1000NG0CH+01 TRETA = 9,0
*% CYLINDEN *x : , :
n, o0 13,00 4164.00 404 g ulr (aut
S= 0,41660999E=01 PC= 0,96999557F+00 TRETA =  19.10
. k% CYLINDEFR x# » .
0.50 47,59 i 192,00 392,54 Vo s
ST 0,83333996L=01 PC= €,12990030F+0( THETA = 36,70
3x TRANSTTION *%
1,00 21,74 204.00 382,32 Uowls
S5 0,12500100E+00 PC==0,14700172E+01 THRLA = 57,30
¥% TRANSTTIUN #% , v
1.5 : 3v.10 223.00 376,70 Ueth 1
Sz 0.16666R00E+00 PC==0.12998548F+01 THETA = 76,40
% TRANSITION *# . * , :
2.00 ) 47,34 . 160,00 385,44 . Ul st
S= 0,20833500L+00 PC==0,93999022E+00 CTRETA = 95,50
k% TRANSITION *% B - : : :
2050 ‘ 52.‘1‘1 : 1_00000 ’ '...'355-"3 .005.35A
$= 0,25000200E400 - PC==0.80999613E+00 THETA = 114,60
k% TRAgsggrow %

5,56’ 94,00 349,41 (LY
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A6

S(T%)
nLoo!
nL.8a
1.°¢
1,87
2.00
2.580
1.4¢C
N MuE

Samcle Qutput cata (Cont.)
2a70ie Lut k.

FEErAYG

O.%4G
f,337
e 37k

Lk CaSes Aviranen o
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APPENDIN B - ICING ANALYSIS PROGRAM

Flow Chart

e

READ: -
CONFIGURATION

. | READ:
PSDAT
EERAT

D0 277 JJ = 1. 20

5

READ:
TEST -
ALT ,W,VKTAY

- IF

VKTAS <0
N :

WRITE:
TEST,

CONF1G. DATA
W, HEADING.

DO 276 I = 1,100

DO 275 1J = 1,100

B4l




8.1 Flow Chart {Cont.)

i

" READ:
© | TAF, DDM,
LWC, HORIZ.

I .
M rar sa0r e

COMPUTATION

OF BASIC
PARAMETERS

QB“

READ:
WBM, TBF
N1P,

.~o<

60

1

COMPUTE
IMP INGEMENT
DATA

Jd

INITIALIZE
FOR

POINT-BY-PT, |
ANALYSIS

1

I

;]




B.1

Flow Chart(Cont.)

DO 253 1 = 1,N !

COMPU: HEAT
TRANSFER RATES

[CALCULATION AWAY
FROM THE STAGNATION
POINT

v

INTERPOLATE
FOR PC AND
EFF

v

COMPUTE :
THETA, v, PL
RES

-

CALCULATION -
AT THE
| STAGNATION

I

POINT.
v

COMPUTE
PC, PL,

THETA

CYLINDER ,
HEAT TRANSFER

NO-

- 11
;’,,I’I{F
RES >2 x 10

I

JJ




B.1 Flow Chart(Csnt.)

¢

LAMINAR FLOW
<} HEAT TRANSFER

NO

v

TRANSITION FLOW
HEAT TRANSFER

‘IS
THIS

NO '
FIRST TIME

COMPUTE:
S FOR RES = 2 x10P

Y& 150

COMPUTE:
LAMINAR FLOW
_HEAT TRANSFER,

v

COMPUTE :
S FOR | 6
RES = 1.2 x 10

v 170

COMPUTE:
- TURBULENT FLOW

HEAT TRANSFER

175

TURBULENT FLCW
HEAT TRANSFER

VL 180

COMPUTE -
TURBULANT FLOW
HEAT TRANSFER

B-4
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B.1 Flow Chart(Cont.)

1

.

’INTERPOLATE FOR

|

HEAT TRANSFER AT
DESIRED VALUE OF §

185

-

COMPUTE:
WATER COLLECTION
RATE, T2, T5 |

¢

COMPUTE TS,
T1, T4 QIN.
QOUT, FOR NO
EVAPORAT ION

Yg 212 »

COMPUTE:

fL, ES, EA, T3
|74, QIN, QOUT FOR

GIVEN TS

v

8-5
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B.1 Flow Chart(Cont.)

|

QIN > QOUT

IS YES

NO' TS = TS+DTS
QIN <QOUT >x Yes
Y/ 220 WRITE:
90 ALT, TAF,
TS = 32°F :
_ VKTAS, N1P
COMPUTE . A .
WoM, TBFIN,
QOUT FOR s
TS = 32°F
' TS = TS-DTS
0TS = DTS/3
COMPUTE (K) TS = TS+DTS
EVAPORATION
TO IMPINGEMENT .
RAT Iv Nl
: K=1.0
e RECALCULATE
1T, 13, TS,

QIN, QOUT

.B-6
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B.1

Flow Chart(Cont.)

4

47 240

COMPUTE: -
WATER RUNBACK .

POINT

FROM

z

COMPUTE:
DROP IN TB

WRITE: ,
SIN, PG, EFF, TSF,
DMWIH, K, DRBH,

HP

H o

252 Yk:'

S =5 4+08

_"I-I+1

| LOOP BACK IF. j>>
253 |\MORE_POINTS

B-7,
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B.1 Flow Chart(Cont.)

v

COMPUTE:
TGTAL IMPINGEMENT,

RUNBACK &
EVAPORATION

COMPUTE:
TOTAL RUNBACK

CROSS-SECTIONAL
AREA ,

S

WRITE: ALT, VKTAS, TA
N1P, WB, TBFIN, DDM,
LWC, HORIZ, IMPPH,
EVAPH, PERC, RBPH,
RBS

276 11 = 11 + 1

217

A= dd +1
280

END
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B.2 Input and Operation

MODE - 1.
This mode of operation reduces experimental data to check for accuracy.
An expanded output shows results of intermediate calculations in ihe point-
by-point analysis. '

" INPUT_PREPARATION FOR MODE - I
CARD 1 (29A4) Title .

' This card can contain dp to 80 columns of
‘alphanumeric information. It will be used
as the heading on the putput data sheet

. (20A4 format).
CARD 2 (1F10) Made .

' Enter 2 "1." in column 1 for Mode [

‘ operation (F10.3:format).
CARD 3 (8F10) Nacelle Geometry.
| This card has 8 fields of 10 columns each
to contain the variables C, TOC, RLE, DIA,
SH, SW, CDO." (F10.3 format). ‘

Column 1 C - Chordwise length of nacelle in feet.
Column 11 TOC - Thickness ratio (maximum nacelle thickness/

: ' chordwise length) non-dimensional.
Column 21 RLE - Radius of curvature for the leading edge of
: nacelle inlet 1ip in feet. :
Column 31 DIA - Nacelle inlet highlight diameter in feet.'
Column 41 SH - ~ Streamwise length of the heated surface in

| feet. (Heated area per foot circumference).

Column 51 'SW -  Aircraft wing area in square feet.

Column 61 CDO - Drag polar term (Cp O Cpyvorcarsy

Column 71 DCD - ODrag polar term (k or ¢y )
_ ' slope

(Cy = €00 + (0cD)C, % Drag polar).
B9




B.2 Input and Operation (Cont.)

CARD 4 (15F5)

Pressure Coefficient Table.
This card has 15 fields of 5 columns each to
contain streamwise distance measurements,

from stagnation point to point under analysis,

CARD 5 (15F5)

CARD 6 (10F7)

; CARD 7 (10F7).

CARD 8. (20A4)

in inches. The values shall begin at zero
(stagnation point) and increase at any de-
sired interval until the aftmost heated
region is reached (F5.0 format).

Pressure Coefficient Table. ,
This card has 15 fields of 5 columns each to
contain pressure coefficient values for the
corresponding points on card 4 (FS.O format).
Efficiency Profile Table.

This card has 10 fields of 7 columns each
conta1n1ng the streamwise distance measure-
ments from the stagnation point to the point
under analysis, in inches. The values
increase at any desired interval until the
aftmost heated region is reached (F7.3 format).

Ef‘iciency Profile Table.
This card has 10 fields of 7 columns each

| -containing ‘the channel efficiency values for

the corresponding points on Card 6. (F7.3

format).

Test Title.

~ Test number and any pertinent information up

to 80 columns (20A4 format).

B-10




B.2 Input and Operation (Cont.)

CARD 9 (3F10)

Column 1 ALT
Column 11 W
Column 21 VKTAS

CARD 10 (4F10)

Column 1 ~TA
Column 11 DDM
Column 21 LWC

Column 31 HORIZ

CARD 11 (3F10)

Column 1 WBM
Column-11 TBIN
Column 21 NlP

Flight Parameters. This card has 3 fields of
10 columns each to contain the variables ALT,
W, VKTAS (F10.3 format).

Altitude (MSL) of aircraft in feet.

Weight of aircraft in pounds. .

True airspeed of aircraft in knots.

Icing Conditions.

This card has 4 fields of 10 columns each to
contain the variables TA, DDM, LWC, & HORIZ
(F10.3 format). ,

Ambient Temperature (in°F).

Water droplet median diameter in microns.
Liquid water content of surrounding air in
grams/cubic meter.

Horizontal cloud extent in statute miles.

Bleed Air Data.

" This card has 3 fields of 10 columns each to

contain the variables WBM, TBIN, N1P (F10.3)
format).

Bieed air mass flow rate per engine in 1b/min.

Bleed air temperature in °F.
Percent,engine.RPM.

In this mode a dummy card with “33." punched starting in column 1 shOuId
follow card 11. This will loop the routine back to read in a new set of
test data. Cards 8, 9, 10 and 11 followed by a "33." card should be re- :
peated for as many test cases desired up to 100 tests.

One blank card folIowing a dummy “33." card will allow the input of new
mode, nacelle geometry- and pressure and efficiency data cards. .Two blank
cards following a dummy "33." card will terminate the program.

8-11
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B.2 Input and Operation (Cont.)

Mode 11

This mode of operation is for icing prediction under given f]ight and

icing conditions. Intermediate
INPUT PREPARATION FOR.MODE

information or calculations ara not shown.
9 |

CARD 1 ' {20A4)

CARD 2 (1F10)

CARDS 3-7

CARD 8 .

CARD 9 (4F10)

Title. _

Prepared same as for Mode I operation.

Mode. _ _

Enter a 2. in column 1 for Mcde II operation
(F10.3 format).

‘Same input as described under Mode I

operation.

Flight Parameters. .
This card he:. 3 fields of 10 columns each to
contain the variables ALT, W, VKTAS, (F10.3
format). These variables are input the same
as for Card 9 under Mode I opération.

Icing Conditions. o
This card has 4 fields of 10 columns each to

" contain the variables TA, DDM, LWC, & HORIZ

CARD 10 (3F10)

(F10.3 format). This data is input the same

as for Card 10 under Mode I operation.

Bleed Air Data. | - |

This card has 3 fields of 10 columns each to
contain the variable; WBM, TBIN and N1P.

(F10.3 format). This data is inf  the same
as foi- Cid 11 under Mode I operation.

In this mode up to 100 sets of cards 9 and 10 may fbllow a Flight Parameter
card. A dummy "33." card following a card 9 and 10 set will allow input of

a new Flight Parameter Card 8. .

One or two .blank cards following a dummy

“33." card has the same effect on the program as during Mode I operation.

N N
N
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B.3 Program Listing

s e s oWV EOPEPEDPORTS T

LR BCAC R AR A BB B B I AR A I B

*
« =
s Q.
e L
LI 3
[ —
» -
i
(7Y -—
[
[ P4 -
LI -
s X o
[37:1% S < vy |8
N To I 3 [ 6] o
[e JJ7s 110 - e 4 -
~o~iL Q. (& (=
Nedadl X —~ =z o
N ~ o -t (84
N x - - - -~
NNaly) X o~ - o > .
o 2 - - Qe [ ] )
olgjpe 2 4 L 24 --
VL X =] < 4
et~ X co v s e [ 3] =4 -
et 3 - - o B L) < e
el by - "e o vw - (7]
sffm  E Fife W [ Jys W - S~
rz X av -~ 22 o = w
ong -~ Sty = ~~ > "~ [
- - =0 N} e o < .
sdix, X - - « un z [ o~ =
O - - - X e [ o] (=3 [ >
. 3 J [ 3] 3nd w2 [ - X
b 2 = < .- = - N ° - C [ 9
CEHD fanYow L e n >N n c ~ o O
[FPREVE - . e X Z2 - f=* (o] I -~
Vs W b, ouTo BCNEY n S = [ ) DN &
—Z e WD bis W L ] C < o2 c- [ [+ 4 = [w}
- OO = . 2O 3 &= ld -~ -0 =
FT = d e~ a2 o =l ol x O v [} i
i X - ONON LU o« 221 X << o >0 jon] x (o] x [~ 4
@xzZo oJ [ W [l D (U] - we Iy - B~ - oD o O
Dl T s 0 0D~— - ) e S | @234, KN B~ S B >, ~ auv > »
e N e O0NCHU Z A B WL o —~f= O~ [ gl 2] 2 2 - = L 4
XLTal x soee~eM™Ndid O Z = D (=17, B ] O Q ) L~ Q. .
auo .« Bz U Ll B =R = LY o oy T e [ 2K 2 [8) DX Cex s O o
~ LI L} t HMOXQD » © = g ~ | BN [=1_To I | D~
s s s X CLEVZ2Z [] [ ] o~ C e .. ~ o~ [] W menemes M [+ . BN
« s 0 . Va,mL) ~~ ) P e OO0 & -en Al O O ] it OO0 we~ [} Do -
e o0 T Akt E0ONM ] ~ ) CmCC OC—~ WO O©a0 [ag1¢H o ] EOXOOO-O o § «Q0
e s e (1] [] O )} ONermertide(NIf ZO =~ oo m2Zm [] HHNTODON =~ ) o
LI M 22228 [ ] O Lo § MMM, ey o ™ coe - ) et &M @ -y o
e v e XD OO ) X -t 0o a3 « a8 & wd “al NIVILIE Tl § NN XTI v~ 0§ LE 30,
LI SO e e 2 2 ] ™~ WDeN ] o x oXx Gl T XL DI D [ ] Sete~ (NI pib={ (X I NI R
e s METLYAHANVKITD W DOt oMy i I et i ) el QO QA Z N Z2=Q—Z § NN | NOLE
L] 2222~ — & v YA YOZ ) v e T N M SIC N § 2N~ TN aD
P e e JAdumAZE J NMPUNOAGE™M s § ONAOXAAONCOCXQHOAD > EME | U tmZ-eRNIR ) NaeaQ
s e A2 F ol 1 HHOLUMHASNNG §| < A —dd N LI AP =HZ . | Sttt <~ § RN
s e ajairrdb A ] XEAZINN N~ @ ORI OELNODLLELEQOXLED | = I=EXxXJE 8§ SO
fs s QAODOOCECTS 1 22000 C0O  § ACaemEa QX=X UX O HED " UECUXZEOMN “ viZE0
o o o - ] ] .
> s o [ [ ] w o n [} ]
e o e [} ] -y (9 ] o~ [ ] ]
e v ' ' - ’ (I
" o P ] ] ] U]
[ S1 8 81 8] | SL VLS v [S181 9 [S1813) (8

CALCULATION OF BASIC PARAMETEKS
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T AIAAAIN000

A=SGRT(1,4%G*H*TA)
Ir(Xx¥ [LF, 0.0% Gu TC 490
VKTLS=XaspA/1,6RTH
40 Vij=VKTAS*®],0R78
rpz,2365+7 ,6%TR/10, %08
L=7,475%1Ass) 5/ (TA+216,)/10,%87
K1=s(4,722+.u6984%12)/10, %87
PRzCPSMU/K]
PA=2116A,21/7XP(ALT/7(27710,~ NGRTT4%ALT))
RnC=FA/TA/F
REFTr=RrC ¥V i/ Mil
i REL P SREFTGS 2, ¥RLE
XM=VO/A
¢
(C:-------------.---'-CA[‘C“LLTI”N nr- bLEED-ATR DA'IA
Ne=s PHU/?.*VU‘VO/G
CL=a/DP/Sw
c m-(CDU+DCP'CL'CL)‘nPtSn/1,
C---------------c-.-‘[r‘stQ[ CAL[ Fitk ENGINL pkaUPMAb('
C PrRNOGHA¥ T( URTAIN BLEED AIR FLCw
C KATE A%ND TFMPERATURE OR REA THIS
(C.' NATE FRCW INPUT
RELD(IR,310) NHM,IHF,NIP
TBI~=1BF+45Y,0F8
- ASaBmM/60,/PI/DIA
C-------------------CALLULATIUN OF IMPINGEMENT DATI
IF(LwC .67, 0,0) GO TO 60
Mule=0
G0 10 90
60 CUNTINUR
PEC:PEFTO N
IF(®ED .GT. 200.,) GN TO 70
68 LOLSZ, 98=,13482LNGIRED)
GU I 711 .
70 LOtS=,74~,08BTSALUG(RED)
71 ¥2=.1088V0O/MU/C3DLADT#G
KO=R?2%LOULS
1IF(x0 ,GT. .01) GU TN KO
IF(K0 LT, .004) GO TO 17
75 Mz, 0BY3IS(ALNG(KN)*+5.522)
GO [0 85
717 Em=0,
GO TN WS :
80 1F (KO ,GT, .4) GU 83 T
EMs 08¢,318(2,+, 4142‘ALOG(KO))"1 55 )
¢o 1o ad”
83 WRITE(Iw,900) KN
Gu 10 214
85 wMeVOELWwCEXTUCSCSEMS, 623/10.0'4 ' SN
MuAVzwM/SH . '
MwlEZ2,%FWwAYV : :
90 CONi INUE ‘ ,
seccvvccevscssncccaPlnT=RY=POINT ANALYSIS 0¥ HEAT/H
THRANSFEN RELATYONSHIPS STARTIN AT STAGNATIUN
PUINT AND ENDING AT AFTMOST PUINT NF df aTED
REGION v : :
HEALED KEGIUN
"-....'------’.'.‘IN!Tt‘LISE CONDITIONS A”D ST‘RI
8= P<DAT(1 1)/12.
NNZ2}
T8=2T
THFINITBIN-4§9 600
. DRBs0,0

////B-l‘;




B.3 Program Listing(Cont.)

TOTIM=0,0
SO 253 I=1,N
1F(s .LE, $L) GO TO 100
S=8L-
c 100 sp=s/st. .
,g----- ------- ~-~cee=CALCULATIUN OF LOCAL HEAT TRANSFFK CObrICIEMC
c' IF(I .GT, 1) GO Tu 118 .
g---------------f--—-CALCULATIUN AT THE STAGNATICON POINT
PCTPSUAT(L,2)
PL=FA+DP
THETAz %/RLF¢57 30
RES=0,0
GO 10 120

*15 CUONTTIuHUE

C'-°"----°--'-°¥-°-CALULATI”N AWAY FROM THE STAGNATIUN PO1aT

C
PC= TPP(b PSUAT , NPy, IH)
CTHF[B=zS/PLESST. 30
VEVOSSOKT (1,.=bC)
PL=PA+PCOLP
RES=REFTOsSsV/VU
120 CONTTNUE
IF (THETA ,6LT. 25.) GO TP 125

C : :
C---------‘-n-‘-------CYLINUER .(FGIO”

C
MW=, 5T7T*K1SPRESE 4ORLLP" S/PLE®(] ,~(THETA/90U,)%813)
GG TO 185
125 CONTINUER
1F(KFS ,GT. 2.E%) Gu TO 138

c------------o------bi”l‘““ FLO‘ RFGION

C
332‘K1'Ph“(l /3, )‘PLS".ﬁ/S
GO TO 185
135 CONTINUE :
. IF(RES ,GT, 1.2t6) GN TO 180

g..----.--.-----;-‘---TR.NSITlON FLD‘ RF.CION

s11=s
REST11%KES
S1xS11-DS
GO TO (142,175), NN
142 CONTINUE -
C.----o-----..------C.LCUL.TION 0ofF ¢C V AND H AT THF BECINNYNG al
g _ THE TRANSITION REGI
PCSTRP(S),PSDAT,NPS) ,
v:vonsontsx -pc) :
"RESTi1SREFTOSS{8V/VO .
»xrtnasgnasrx-z 0ES) ,LF. 100 i GO g
§{¥:2i +(S1-8:1)/(Re8T1=RESTI1)oC 2 ot ~REST11)
REST11=REST]
813811 '
GO TO 142 A .
150 CONTINUE
HLAMB,3328K18PRO®( Y, /3 )SRESTi®s, szst

--...---.---o.--.-C.L('ULATION or PC' v l“o H AT THE END uF THF
‘ TRANSITION REGION

- 00O

O~a
nnn

;1 PSDAT,NPS)
(1.=-PC)

<V
F Xg 1N
;SN
SO e
2*aTH
AT
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B.3 Program Listing{Cont.)

i

- 1/0

333

BN NN T I % TON)

e, VO~NT AN

DNV AN T <OOWNMD
TR RONNTMT HOC T
WD ACHZUHN

1]

L lond L NAV A | B i o o o

<N ie -

179 COUNTINUE

175 CONTINUE

c .
CocmcncrnncaccawnacaNTERPOLAITON FOR H BETWEEN Tht VALUED> AT TaE
C REGINNTING (OF THE TRANSTITIOM REGLION ANY AT TH*
g taD OF THE TRANSITION ReGION '

HZHLUAM4 (HIURRaHLAM) /] b ES(HES=2,ES)
GU TN 188 . v
180 TOMTINHIE

-"------.--------'-1 L'Dadb}_"‘r FLO‘ '(EGION
HE,029ASK1XPRO¥ (1, /3, )*RFS*4 H/S
cecceemmcacacncans CALCHLATF LOCAL IMPINGEMFNT(+hUNBACK) RAT:

185 IFrsSP ,GT, ,3333) Gij 1N 18R .
MW IMPzMaAlLE®(],=,335598(39,85pP)e*),7%)
GO TG 189

188 MWIMP=MaLL®]1,1778(),=SP)?%1 6

189 MazMulMP4DRY , :
TOTIPZTOTINeMw]ImD

Covovvncovnroesnvanvcan CALCHLATF Tz ’TS
PL=PA+PCEP

T2=VOEVO/ (2, %CPeGs )8 (PR*S _S4CPSMN/H)
TS=(1.-PRE% _S)SRSTA/CP/I* (], -PL/PA)

NN

elnle)

c
g-----o-------..-----ckLCULATP. TS.T‘ .T;.T‘
g CASE 1, NU EVAPURATION
. K:o' ' ‘
CPRZ,236%¢7,69T6/10,%%6 o
EbF:fRPés EFDAT,MNES
2001:;7;¥?: POSEFFSERTMESHE (TAR(1 . 4 HW/H)+T2=TS) )/ (WBSCPOSLFFoHISHE(] .+
] . , .
TIZ(TS=TA)®(1,eMW/H ‘
QIN TWRSCPRSFFF$(1R=TS)
. QCUTSH®SHE#(T]=T2¢4TS) )
S 208 IF(TS .LE. 491,6Rd) GO TO 240
ConomacvcocscncosancesCASE 2. WITH EV‘PQR‘TI{)N
c ‘ FIND FQUILIBIPIUM VALUE uF TS
C - SUCH THAT QINSQOU v
¢ . BY ITFRATING BETWEEN 492 AND Th
210 TS=49] ,0HR . ‘
pTs=n1dIn :
212 Tis Ts-TA)pgi *MM/H) -
Lx134¥, 21,9621
£s=pp(13)
T320,0228L8ES/Ch/PI 6144,
EASPP(TA)
T480,6248LOEA/LP/PASL 44,
QINSUASCPBOLFF*(TH~TS)

B-+16




B.3 Program Listing (Cont.)

QUI'TSHESRE(T1«T24T3=T4+T5)
IF(QIN LR, QGUUT) GO TO 219
IF QYN GT. OUUT, INCHFEMFNT TS BY DIS

TS=TS+DNTS
T#¢1s LT, T®) GO TO 21¢
r57§8(£3§700} ALT,VKTAS, TAF N1P, NB“ TBFIN,CD™, LHC
219 TF(1s .GT. 491,688) GO TO 225
C IfF QINLLT,.QUUT BUT TS8,1 1,491,084,
C FCU_LIRIRIUM 15 = 491,608
FIND EVAPURATICN KATE FUR To = 491,5kK8

220 1S8= 491 68y ’
QINSVRECPRILFF3(Tp=1S)
GONI=GTH
Tl=2(TS=TRA)*(1,+MW/H)
T3I=Z2QOUT/(HESK)=(T1=T?2=T4+15)
G o 230

225 IF(GOUT/QIN .LE,., 1,001) GU TN 230

C It QINLT.ONUT RUT 18.6G1.492,
C DECREMENT TS BY SHMALLER AND SHMALI¢®
c AMOUNTS TU USTAIN CUNVFRGEMCE

TS=TS«DTS '

CISs=D18/73,

TTS=2TS+DTS .

GO TO 232 '
& ' £§72’3025°SH%'558255““~S?“F Ak

. X NGEME [
230 K= (T3=T4)SK/(L¥NN) !

IF(K Lk, 1,) 4N TO 240 R
C , 1F EVAPC TICM RATE FACrLFUS INPINGEMF
o 'K-l RATE, FIM; NFH TS FOR FULL EVAPORATIOW

;g=?: igg"zgrra1n Sha(TAS(1. 2 '

= H +HESHE(TAR(T +MW/H) el -L#nn/n-ls /(wRECPRY +HE

R Fdt i ) 15)) C EFF

NINIWBSCPE* L fr *(Tp=TS)

TI2(TS=TA)S (1 ,+4MW/H)

QUUT=HSSHE¥(T1=Tie+T I~ Téorﬁ)

g---o--.-.--------o CALCULATE hLF‘Mﬁ NTAL RUNBACK RATE
c 240 DRE=(1,~K)suw

Ceoowem=ssocececces CALCULATE DROP IN TB AND GO TO NEXT PUT4T(SEGWENT)
DO=OOUT*DS '

H I
oC
-—e
-t

an S
0 TU 2%2
Nl

250
£ IH 1000 sru PC,EFF,TSF ,OMWIH,K,DRR
2%2 u»wxﬁu ! T&F,0 IH, ,DRAN, HPH'

25+
253 CUNTINUE

seeescrcasssvesass CALCULATE TOTAL !HPINGFKFNT, EVLPORATIHN
' AND RUNBACK PATES

DS
00 *DS

PH
0.0) GO TO 262

1
S
P
R
M
F
0
R

‘

W t S lakwivl 40 17

AOON

. =38 BO
s DWO
Gm

260 Cxoyg o
c 262 PEHCREVAPH/iNPPN‘tOO.
'g.---.ooocooocnnclocv CALCUL‘T" PU"P‘C'CROSS.SLCTXDNAL ‘R'A
8-17




B-18.

TAS/Y 151
*1INME/62,4%144,
PpU1l

B.3 Program Listing (Cont.)

T2/VK]
3600,.%Do

Cememecccccnccnanee OyT

C

TIMEZRNR
FKHS=NRB*

265

C
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B.4 Function PP Listing

.5 THE PARTIAL PRESSUKE
‘MYNDS PER SQUARe INCH.

-
»
»
@ oy -
e N
2 Sy o} fo ] *
g ] B - < KY
o= - ™~ +
o ”
— 2 O »
- g ol | »
L bl
[ - (=] N
Al L] (&) »
Q- [a)
E- 4 ”~ ~ +
2a - 4 - 4 o~
23 © b~} [ 3
[l 2l N o] € »
”~ ewed [] . b
- U -— onen - . ~N
~— Z AN O ~ Y L I =
a " f~rt - TSI ol )) CILO O
A WD N OOOw ON <P et LR T AT T T o
] O T NC © N LD © NMO e O
z HAEMWBIY DWEWNWON CulN=r~NNUNN=
c o CLoAn MITOMOXE MITNNO— O~
- [ ] O el eNM & XL~ AL NOIZILQA L
=~ < oC DT O ¢ T It oD o (X
o ] e Rt ¢ st U ot b pmre Dy 8P 0 QU
=2 1 Hewem t $OC Zowm i ICC amir~ICZN RS
oo I AN NSO U T THNNHHOALAME
la. " NGO UCNOVARICCUAGVLOAULOA U0
[} [~ [~ -0
(] S Q (=]
L 3 e o™~ ™M
» .
vwLvw
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B.5 Sample Input Data

MODEL 35 FNGINE TINLET LIP ANT1-ICE ANALYSIS = 12 U'CLGCK FOSTITON

LO80

<0425

NOax ©

Z
3

5
0
0
n
]
0
4]
0
0
4]
o]
0,

o s =
ievy ouw
o~ ¥ g ke P Y]
- C e YD

KALCIED
4

OM~T" X »
C o0 co
- L g I
] Y NO
~ <
nece
e o 0 >
- C X
) o I
a ™ c o
JICT ™~ kB Re] Y
c o O O o
oo NODEMOF
¢ Some= M

CNRRECIFL
CORRECTFD
226,0

231,17

CNKRECTFD
0.

234,22
0

35,9
35.4
32.7
24.8

6
n
A

.
~O

.
nNC

CNRRECTED
CORAECIEL
CANRECTFD
23?.‘5
CORRECTED

0

CORRECTFL

3

¢
23
.
226,1
0.

2
0
2
0

SOKRECTEL
0

11A = DRY CORRECTED

13000,
13A = DRY CURRECTED
142,86

12A = DhY

2A = DKY
13000,
13000,

0
3A - DRY

ap - GRY
13000,
399,13

.0
54 - LPY

359.6
13000,
6A = URY.
13000,

0
451,3

78 = Dwy
13000,

0

353.2
RA <« DRY
13000,

0

35%.2
QA = DRY
13000,

0
39%.3
13000,

0, .
40%.4

RUN 10A = DRY

RUN
RUN
RUN
RUN

T /UM
ST RUN
.

. o s oc «X @ o~ PO S . LI -] s O e Y Mo ™ .
~0 > NI (DN POt OO M HOTO HND™ OO HOOw EMO WMeO MOy R0
v o CUO o 0 o3 o 0 SUIA o ¢ stul~ o o sJ0N 8 0 SN & & LANTP 5 SO . WO » NN o SEONON o H=CDIN » saD

¢ Owe (8] 0 ~4MHa) =N F M D) O N Lt NN )Nl et O M Sl « N GTes sl i)t oMl rd o @M - N et ™M ™~
- T3113T311373113T3113T3‘1373113T3113T3013T3013T315 ooty MR e ot

. B8-20




B.5 Sample Input Data (Cont.)

o
al
-
o
[£3)]
[p 4
X v
o e
oy
-«
Doy
Xx
Q
L
.
O O
O *
- [o g}
™M s
-—_—m
&z
a
[
U e
IO~

ECTeD

= DRY CORPR
142,17

CTED

DRY CURKF
142,2

16A -
13000,

ECTED

= DRY CURR
142,7

17A
000,

[ag]

5

= DRY COURKF
C142,4

CTED

15
000,
2.6

ORRECTED

DRY C
196,2

CTED

= DRY CURRF
' 197,06

20A
13000,
0
358.2

UN

© st

DRY CURRECTED
196.3

o o e
ta) eyl o
-~ - N
(O] (9} O
o w ot
@ [ < e
xo O ea o o
O e O e Ow
Lo L0 B ST

o =] -~
St o © Draem o -
x i 4 x
=) (=] =
] ' ’

° ° .
MO M LO o <O ™~
NO & mCc « 9o ¢
NO = NO o~ NO -

™M O ~M on ™ an
—Ow -CeP Lalel J
= = z
= = =
x [ 4 - 4
=~ O - o B
Vw0 ) e0om v unp
21O «® BN «o a)wt ap~-
HADO & O » RO »
NN v m
N N e (o N |
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B.5 Sample Input Data (Cont.)

L050

£
2 N
Z N
- C . <
[ ] . n
[ o] e
n LI
c T <
Qe
% . <
O MmN o
QD oS onm
s N o 0 2 0 ©
(&) D o
- [
(o]} o~
o @
o~ « e ™~
- eI Ccm
5. * o 3
¥ o
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) O e
Y T~
v . -y
Du ~ N
- nr- o »
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2 . m
< -~
™M -
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- s cy . = i
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(Cont.

B.5 Sample Input D

ECTED

2
7

Al ol

= wEY CORR
4

“CTFD
5.5

WFT CORKRE
142.6
93

9LCTED
4

WET CDRR

CIfFD
.5
0

WET CORRE
© 198
1"2

A=
00,
0

7.5

RECTED

= WET COR
4

‘1.5

RRECTED

“ETrSE
1,427
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SIT10w

1

1?2 0'CLOCK

——

B.6 Sample Output Data

MDDEL 35 ENGINE INLET LIP ANTI-ICE ANALYSIS «

CORKECTED -

"TEST RUN 10A - DkY

Ly ) Qi |
SV Dl €
NIE=CH
winOa® X
SZZ=ITa

R nld D28

DRAG POLAR, .+ +CD=0.0225+0,0500*CL*CL

WEIGHT -

LB

13000,00

"ALT VEL

SECT

IF
PPE) (SGIN)

UMPK pUNMMK

A
P

QX

(FT) (KIAS)

i

~Nh

PC=°‘.1 «30

SIN=

DRbHE

EFF=0,609

K=0.000

0.0

[=F 4
[T

- X

NS

PCz=0.94

L]
~Xx

.31
DRAB

FEFFz0

K=0,000

0,0

n
ox
Ok

ne’

~NQ

SIN=

L.00 0,000

0,

0. 14.95 402, 0, 0.006 0.00 0.00 0.00

1.

3154, 225,

|




PP

~3 U«

LENGTH

S=TO~LFI.C

FDGE RADY
JRF
ATE

_MODFL 35 FNGINE INLF1 LIP ANTI-ICF ANALYSIS = 12 0'CfLOCK POSITION
CORKECTED
3
0
1
6
6
3

———

Sample Output Data (Cont.)

TEST RUN 69A = WET

8.6

DRAG PNLAR,.,..CD=0.0225+0,0500%CL*CL

WEIGHT

-13000.00 Lo

PeRC RUNRK RUNBK
FVAr RATF

EVAp

IMPING

AMB PFRC B

TEMP

ALT VEL
(FT) (KTAS)

SECT
(SGIN)

RATE

RATE

(PPH)

(PPH) (PPH)

N1

(F)

DU el

nRBH?
9
B

FFF=0,627
0

K=0 - _424

1.00

o~

.’

™~
L)

EFF=0.609

DRHH=

0.209

1.30
K=

~

<
N

-«
(&4

nI

0,760 20,60 14.49

15.16 40p1,

4,863 0,122

67,

9,66

21,

0.

4.

3280. 232,
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