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ABSTRACT

This book is an introduction to the subject of Alneamics and talks about some of its
fundamentals and applications. These are one diorals compressible flow, a brief
introduction to computational fluid dynamics, apstey step guide to using the commercial CFD
code FLUENT, introductory simple methods in builgliand testing aerodynamic models in a
wind tunnel for undergraduates, topics in estimmatb drag, and an introduction to rotary wing
aerodynamics. References are made to texts redoiréarther study.

Keywords:aerodynamics, inviscid flow, viscous flow, incomgsible flow, compressible flow.
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CHAPTER 1

INTRODUCTION TO GAS DYNAMICS

Aerodynamics as a subject relates to predictingfoinees and moments acting on an object
moving in air. The relative speed between the dlged the surrounding air creates normal and
shear stresses on the object, whose net effedharéorces and moments on the body. These
forces and moments are termed: lift, drag, sideefaand the pitching, yawing, and rolling
moments.
The subject of aerodynamics is further classifiet low speed and high speed aerodynamics.
High speed aerodynamics is also known as comptesadrodynamics or gas dynamics. This
happens when the relative speed between the bodlject is nearly 30% of the local speed of
sound or higher.
Why do we study compressible aerodynamics or gaamics? The answer lies in the following:
Knowledge of compressible aerodynamics/gas dynamitsequip the aerospace engineer to
compute:

(a) Lift,

(b) Drag,

(c) Moments; on any vehicle moving at high speed.
Recall that lift is the force which keeps the aftmat the flying altitude, drag is the force doe t
the resistance of the air moving past the airciaft)j moments or aerodynamic moments are

produced by the pressure and shear stress digribomh the aircraft body. The coefficients of
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each of the above are more commonly computed folicgions. These forces and moments or

their coefficients are used in stability, contfmiopulsion, structures, and aircraft design.

Definitions:

Compressibility: Is a measure of the change in itherd a fluid due to a specified change in

pressure.

Compressible Flow: Changes in density and tempeatin the flow field are significant (if

ignored, will result in large (>10%) errors.)

Incompressible Flow: Density and temperature aserasd to remain constant in the flow field.

(Error introduced may be <10%).

It should be pointed out that all fluids are congsible. However the relative motion between a
body and the surrounding air which produces thavdlgpast a body are incompressible or
compressible.

In general, liquids have low compressibility whijjases are highly compressible.
Compressibility is a measure of the rate of chawfggensity with respect to pressure while the

entropy remains constant.
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We study aerodynamics (high speed or low speeéjtimate

(a) Normal stresses (pressure)
(b) Shear stresses

(c) Surface temperature

which leads to the estimation of all forces and raots acting on the aircraft and hence its lift,

drag, and moments or their coefficients.

The study of high speed aerodynamics or gas dyrsamais the following applications:

(a) Design and analysis of high speed aircratft.

(b) Gas turbines.

(c) Steam turbines.

(d) Reciprocating engines

(e) Gas transmission lines

(f) Combustion chambers and many others.
Fundamental Assumptions in Inviscid Gas dynamics
Assumptions for 1D, Inviscid, Compressible flows

0] Gas/Fluid is continuous

(i) No chemical changes occur (T < 2000K)

(i)  Perfect gas with constant specific heat

(iv)  Gravitational effects are negligible

(v) Magnetic and electrical field effects are negligibl

(vi)  Flow is inviscid
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To determine normal and shear stresses we must kmeowetails of the flow field around the
body. The flow field is described by:

Velocity

Pressure, and

Temperature

When the above quantities are known at all pointthe flow field, including the body surface

we say that the flow around a body is determined.

Velocity, pressure, temperature, and all flow prtips arerelated to each otherThese
relationships are through rules/laws. These laws ar

Conservation of mass

Conservation of momentum

Conservation of energy

Equation of state

To determine the flow around a particular shapebinendary condition must be specified too.
When applied to fluid flow problems conservationnadiss is known as the continuity equation,
the momentum equation is known as the Navier-Stekgstion in viscous flows and Euler’s

equation in inviscid flows, the conservation of gyyeresults in the steady flow energy equation.
The equation of state depends on the fluid thronglch the body moves. In the case of air,

most often the assumption of a perfect gas is rmadehe standard equation of state is used.

9
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Perfect Gas

A perfect gas obeys the law:

p=pRT=—T (1.1)
Wherep is pressurep is density,T is the absolute temperatuReis the universal gas constant,
which has a value of 8314.3 J/kg mole K, and mhesrholar mass. The molar mass for air is
28.966, R is the gas constant for a particular giad,for air it is equal to 8314.3/28.966 = 287.04
The specific heats for gases are: specific heabastant volume and specific heat at constant

pressure, which are given the symbojsind c,, respectively. The ratio of specific heats is

C.
known as= 2.

Cy
The gas constant is also related to the specifitshef a gas through the well-known relationship

R=c,—¢, (1.2)

Throughout this introductory book, it will be asseanthat the gas is calorically perfect, which
implies that the temperature changes are not langethe gas temperature is below 2000K. This
assumption helps us in assigning constant valuéisetspecific heats of a perfect gas. It is also

assumed here that no chemical reactions or magmetiectrical effects are present.

Example 1.1

The pressure and temperature of a gas in a largeldr are found to be 600 kPa and 50°C

respectively. Determine the gas density if theigda) air (b) hydrogen.

10
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Solution:
It is assumed that air behaves as a perfect gho(gh it is mixture of Oxygen a perfect gas and
Nitrogen — also a perfect gas, as well as otheegyaad water vapour, dust particles etc.). From

the law for perfect gases = ;—': andm equal to 28.97 for air and 2 for hydrogen, oneawist

600 x 1000 x 28.97

= = 6.47 kg /m3
Pair 8314.4 x 323 g/m
and
600 X 1000 X 2 ,
Pryarogen = g1z x3a3 - O-A468kg/m

Suggestions for further reading

1. Shapiro, A. H. (1953)The Dynamics and Thermodynamics of Compressibid Flow,
Vols. 1 and 2. New York: Ronald Press.

2. Oosthuizen, P. H. &Carscallen, W. E. (199Compressible Fluid FlowSingapore:
McGraw-Hill.

3. Anderson, J. D. Jr. (2002ylodern Compressible Flows with Historical Perspeesi,3"

edition. New York: McGraw-Hill.

11
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CHAPTER 2

CONSERVATION LAWS

Basic Equations for Steady, Inviscid, One Dimensial Compressible Flow

The behavior of a flow field about a body is gowtriby fundamental laws of physics. These are
conservation of mass, conservation of momentumsewation of energy and the equation of
state. The flow field is computed by applying theskes together with the boundary conditions
to obtain the pressure, velocity, and temperatararm around the body.

Conservation of mass:

The statement for the conservation of mass is:

Rate of increase of mass in CV = rate of mass iegt€V — rate of mass leaving CV

Where, the first term on the LHS is zero for stetioyy.

nd
Conservation of momentum (newton’s 2 law):

The statement for conservation of momentum is:

Net force on fluid =rate of increase of + ratem@mentum — rate of momentum
In CV momentum in CV  leagiCV entering CV

Where the first term on the rhs is zero for steféaly.

Conservation of energy:

The conservation of energy may be stated as:

12
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Rate of increase in internal + rate of enthalpgte 1of enthalpy = rate of heat - rate of work done
& KE in CV& KE leaving CV &KEntering transferinto by fluid in CV
CcVv CcVv

Where the first term on the LHS is zero for stefioly

The conservation laws when applied to a contraine may be written as:

1D, steady, compressible flow equations:

Conservation of mass (Continuity equation)

PVA = pNLA,

WhereVis the velocity, and Ais the area through whichftb&l flows. The continuity equation
for a differentially small element may be obtairmdapplying simple differentiation rules to the

continuity equation given above:

do dv dA_
L+ =
p VvV A

The momentum equation under the assumptions ofl\stéaviscid flow, for 1 D application

leads to Euler’s equation:

—%=VdV
0

Integrating along the x-direction yields:

13
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V2 I dp _ =const

The Steady Flow Energy Equation obtained by apglyire second law of thermodynamics to a

fluid control volume leads to

2 2
h, +V2 —hl+V—+q w

whereh isenthalpyg is heataddedandwis theworkdone.
for zerowork andcalorically perfectgasw =0
h=c,T andweget

2 2
C,T. +V2 =c,T; +Vl +(
for adiabatio‘lowsq =0,hence

V2

c,I +—=const

2

WhereT,; is the temperature at the second point &nid the temperature at the first point in the

flow.

The Equation of State for a perfect gas is given by

pv=RT

which canbereducedo
dp_dp_dT _,,

p o T

which is valid for a differentially short controblume.

14
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The above four fundamental equations; continuitgnmantum, energy, and the equation of state
are applied to one-dimensional inviscid compressfldws together with boundary conditions
which describe The flow condition/flow environmeartd the shape of the body about which
flow is to be computed.

Example

Measurements in a variable area duct indicategimpérature and velocity at a point to be 10°C
and 100 m/s respectively. At another location ddveasn a temperature of -25°C is measured in
the flow. Estimate the velocity at this locationilghrassuming the flow to be adiabatic, inviscid

and one-dimensional.

Solution

Since the only variables involved are velocity @echperature, and the flow is assumed to be
adiabatic, a quick look at the fundamental equatioh compressible fluid flow reveals that
application of the steady flow energy equation uffisient to determine the unknown flow
variable- velocity in this case.

The steady flow adiabatic energy equation with zeodk yields:

VZZ V12
7=Cp T1+ 7_CpT2

Where ¢,=1006 J/KgK, the temperatures and velocity on thtSPf the equation are known.

Their substitution yield¥, = 283.6 m/s.

15
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Exercises

1. A gas with am molecular weight of 4 and specifiathetio of 1.67 flows through a
variable area duct. At a section of the duct thieory is 150 m/s and temperature is
15°C. At another point in the duct the velocity7s m/s. Find the temperature at this
location. Make suitable assumptions and state them.

2. Air being released from an automobile tire throaglalve is found to have a temperature
of 12°C. Assuming that the air temperature insltetire is 30°C, compute the velocity
of air as it leaves the tire valve. State your agsions and justify them.

3. Using the standard equation of state, derive thaton of state for a differentially small
element.

4. Using the continuity equation, derive the followieguation:

Suggestions for further reading

1. Shapiro, A. H. (1953)The Dynamics and Thermodynamics of Compressibie Flow,
Vols. 1 and 2. New York: Ronald Press.
2. Oosthuizen, P. H. &Carscallen, W. E. (199Compressible Fluid FlowSingapore:

McGraw-Hill.
16



AERODYNAMICS AND ITS APPLICATIONS

3. Anderson, J. D. Jr. (2002ylodern Compressible Flows with Historical Perspeesi,3"

edition. New York: McGraw-Hill.

17
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CHAPTER 3
FUNDAMENTALS OF COMPRESSIBLE FLUID FLOW

ENTROPY

The entropy of a flow is related to its temperatane pressure through the specific heat and gas
constant. The concept of entropy is useful to eelfiow processes which are physically
impossible to exist.

The change in entropy between any two points irfldveis given by:

T
Sy, — §; = cpln[T—j—Rln[z—j

Recall the second law of Thermodynamics which stdteat for physically possible flow

processes, the change in entropy between two staégsbe zero or positive. If the state
conditions imply that the change in entropy is niega such a flow situation or process cannot
exist in reality s refers to entropyT is the temperature, ampds the pressure.

Using the relationship between the gas consRnand the specific heats, the following
relationships between flow variables may be obthifier isentropic flows (no change in

entropy):

18
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Using the perfect gas law in the above equatiorcavewrite for isentropic flows:
P2 _ (&)V
p1 P1

Wherep is the density.

The Machnumbeirisdefinedas; Machno.M = X

a
while thespeedf sound:a = \/E =yRT
p

Isentropidlow = Inviscidflow with noheat tranfer

BasicEquationsof Isentropid~low
FromEulersequatioranddefnof speedf sound

dp__ e 0V
P WIV

19



AERODYNAMICS AND ITS APPLICATIONS

FromtheEnergyequatiorfor adiabatidlows

dT , dV
—=—(y-DIM2—
(r-3 v

andfrom theEquationof state
do M 2 d_V

Yo \

forM = O.ld—'owill bel%ofd—v
yo \

forM = 033,%wi|| be10%ofd—v
Yo \

forM = O.4,d—’0will bel6%ofd—v
Yo \%

Hencefor M < 0.3 flows aremodelledasincompresible flows.

20
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Speedf Sound

Soundsgeneratedyy very wak pressuravavesEffectsof viscosityandheatcanbeignored.Geerationof
soundisanisentropigorocess.
Thespeedf soundaisdefinedas(following isentropicrelationslips)as:

o
0p ).

Mach WavesSmalldisturbanesin aflow resultin thegeneratiorof Mach waveswhich traselat thespeed
of sound.

MachCone:Theenvelopingconewhichcontainsll thedisturbanesgeneratedy a bodymovingat
supersonispeedss calledaMachconejts vertexangleis calledtheMachangle definedbelow.

Machangle:sing = ﬁ

21
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One- dimension&lsentropid-low
Isentropid=low : Flow isadiabati@andinviscid

Governingequations
Usingtheequatiorof statedefinition of speedf soundandenergyor themomentumequation weget:

1+ (=DM}

T,
Tty -pm2
2
_ 1 _y
1+=(y-pMm2 |
&: 2(y M
P |1 (- M
] 1
1 5 |r1
1+ = (y-1M
&: 2(1/ )M
P 1+;(y—1)M22

Stagnation Conditions

Stagnation conditions are imaginary flow condititimst would exist, if the flow at any point in a
fluid stream was brought to rest isentropicallyr Eentropic flows, stagnation conditions are
those properties of the flow field where V=0.Stagraquantities are denoted by a subscript of
0

Stagnation quantities are the largest values ofghentity in the flow field.

22
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From previousequation for isentropicflow :
|4

&:[HV_-le}H
p 2

1
100 :|:1+ V;lM 2:|y—1

L: 1+y_1M2
T 2

Since Bernoulli's equation is no longer valid, tt@mpressible flow equations can be used to
relate the stagnation and static pressures meabyréue Pitot-staic tube to determine the free
stream Mach number. As usual the nose measurestapeation pressure. The isentropic flow
equations can be used if the flow is subsonichéfflow is supersonic, a shock will develop in
front of the nose and the flow is no longer isepican the shock. The shock equations must also

be used in this case to relate the stagnationymess the free stream Mach number.

Critical Conditions

Critical conditions of a flow field are those whialould exist at a point if the flow were brought
to a speed of M=1 at that point isentropically. igahis could be an imaginary situation.

Symbols for critical quantities have an asteriskd$ a superscript. These quantities may be

23
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computed by using the following equations which@egved from the isentropic flow equations

T_: i-}-y__le
T

y+1l y+1
. 1
a_: i+y__1|\/|2 2
a y+1l y+1

easily:

R _a
p_: i+y__1M2 e
p Ly+l y+1

2 +y—1M2_y—1
y+l y+1

P
0

Setting M = 0 in the previous equations we canlgaget the equations which provide a

relationship between critical and stagnation coods:

24
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Sugagestions for further reading

1. Shapiro, A. H. (1953)The Dynamics and Thermodynamics of Compressibid Flow,
Vols. 1 and 2. New York: Ronald Press.

2. Oosthuizen, P. H. &Carscallen, W. E. (199Qompressible Fluid FlowSingapore:

McGraw-Hill.

3. Anderson, J. D. Jr. (2002ylodern Compressible Flows with Historical Perspeesi, 3"

edition. New York: McGraw-Hill.
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CHAPTER 4

NORMAL SHOCKS

A sudden change in flow properties (velocity, terapgae, pressure, density, speed of sound
etc.) which occurs over a very thin region (a vemgrt distance in the flow direction) is called a

shock wave. The flow is perpendicular to the shbefore and after a normal shock.

TYPES OF SHOCK WAVES:
1. Normal
2. Oblique
3. Bow/curved

4. Shock waves can be stationary or moving w.r.tflthe field.

STATIONARY NORMAL SHOCKS

Normal shocks usually occur in internal flows. R#rbow shocks may be considered as normal

shocks. Application of conservation of mass yields:
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PN A = pNV,A,

Conservatn of momentumyields:

1 1
Vz2 _V12 =(p1 - pz)[_ +_]

P P

Conservabtn of energyyields:

_ V12

2

\Y
+CpT1=72+C T2

p

Using the equationof state,defnsof the gasconstant,
and ratio of specific heat weobtain theRankine- Hugoniot
relationshpsfor flow propertiedeforeandafter theshock.

(52)5-
& y-1 y2

aER
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P,

The quantity —= is known asthe "strengthof theshock".

Py

The second law of thermodynamics>@srequires that p2/pl be greater than 1 acros®eks

wave, where p2 is the pressure downstream of &shiace. From the expression for change in

entropy across a shock it can be deduced thatpsteeam Mach number must be greater than or

equal to 1. Since>1, the flow downstream of the shock is subsonitrgdied by the expression

for the Mach number after the shockwave.

NORMAL SHOCK SLOWS DOWN THE FLOW!

If a flow is isentropic and a shock occurs, thenflis non-isentropic only within the thin region

of the shock. The flow upstream and the flow doween of a shock will be isentropic.
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The stagnation temperature across a shock doeshaoige, however the stagnation pressure

always decreases across a shock.

Poz _ exd-(s, ~s)/R]

01

It is much more convenient to express the shockewalations in terms of the Mach number.
The pressure ratio, the temperature ratio, dengity and downstream Mach number in terms of

the upstream Mach number are shown below:

P _2M; - (y-1)

o (y+D)

P (y+OM/

g 2+(y-DOM?

T, _[[lemZ - (-2]2+ (y-1M7]
T, (y+1)°M?

and

2 _ (V_l)M12+2
M;="—7———
2}'M1 _(y_l)

Theseequationgrepresentech a tabularformfor air (y =1.4)in theAppendix.
Here the subscripts 1 and 2 refer to flow propsiiefore and after the shock respectively.

Pitot tube in Supersonic Flow
The pressure(s) measured by a Pitot tube or aubeSplaced in a supersonic flow need a closer

look. Bernoulli’'s equation is not applicable fornepressible flows. The nose of the Pitot tube
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which is rounded creates a bow shock wave. Neantise the shock may be assumed to be
normal. Normal shock equations are then appliectlate the free stream Mach number to the
measured pressures. The static pressure may beneead the tunnel wall or a Pitot-static tube

used to measure the static pressure. The erroites gmall.

Exercises

1. Sketch a Pitot-static tube in supersonic flow. Dieavd identify the main features of the
flow around the P-s tube. Show locations of statital, and stagnation quantities. Label
each quantity.

2. A pitot-static tube is attached to an F-22 fighaecraft flying at supersonic speeds at a
height of 15 km above the earth’s surface. Theetbfice between the pitot and static
pressures is measured and found to be 400 kPayzZentle flow around the p-s tube and
estimate the Mach number and velocity of the flDetermine the stagnation, static and

dynamic pressures in the flow field.

Suggestions for further reading

1. Shapiro, A. H. (1953)The Dynamics and Thermodynamics of Compressibid Flow,

Vols. 1 and 2. New York: Ronald Press.
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2. Oosthuizen, P. H. &Carscallen, W. E. (199Compressible Fluid FlowSingapore:
McGraw-Hill.
3. Anderson, J. D. Jr. (2002ylodern Compressible Flows with Historical Perspeesi,3"

edition. New York: McGraw-Hill.
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CHAPTER 5

OBLIQUE SHOCKS

Shocks which are straight (not curved) but arenaarggle to the initial flow direction are known
as oblique shocks. In general an oblique shockgdmthe direction of the incoming flow.

Since there is no change in momentum parallel tokdigue shock, the normal shock equations
can be easily modified to analyze oblique shockesav

Consider} as the angle made by the shock wave to the floection, and as the angle through
which the flow turns away from its initial flow d@iction.

The velocity before the shockVg and after the shock..

The norma shockequation canbe usec to analyztoblique shock wavs by using the following
substitutonsin theequationgor normalshock wavs.

V, =V,sing

V, =V, sin(8 - 9)

with thesesubstitutonsthegoverningcontinutiy, momentunmandenergyequationgor obliqueshocks
reduceto

pV,sinB = pN,sin(B - J)

P =P = :02(\/1 Sinﬁ)z - pl[VZ Sin(ﬁ_ 5)]2

1[& _&} = (v, sing) - [V, sin(5- o]

y-1p, P 32
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Entropy considerations imply that a normal shocistexonly if the upstream Mach number is
>1.
Hence an oblique shock will exist only if

M,sing=1
Theminimumvalueof sin S is thereford/ M, thatis theminimumshockangleis theMachangle.

Themaximumvalueof S thenis90degreesanormalshock.

Sincetheflow behindanormalshockissubsonig.e.M, < 1.Foranobliqueshock wavehiscondition
is written as

M,sin(8-0)<1

Now M, canbesupersonit

A flow changes direction after going through anique¢ shock. The anglé)(through which the
flow turns is computed using the following expressiderived using conservation of mass

principle and the flow geometry:

_ 2cotB(M?Zsin? 1)

tano
2+ M (y+cos2p)

Hered =0 whens =90°
andg =sin*(1/M,)

theupperiimit beingthecaseof anormalshockandthelowera weakMachwave In both theseaseghe
flow doesnotchangealirectionafter theshock Themaximumvalueof d liesin betweenSeethe Appendix
for achart whit showsthereationshpsbetweerM, £ ando.

Ford <d,,, twovaluesof theturninganglearepdssibleThesolutioncorresponinhg to thelarger vatieof
LFis termedthe'strongshocksoution Theotheris termedthe'weakshocksolution.
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Prandtl-Meyer Expansion

Steady supersonic flow over expansion corners @ongorner). Following geometrical
reasoning, an oblique shock wave is not possibla ebrner where the flow turns through a
negative angle. It violates the second law of tlwelymamics (M2 > M1). Applying the
equations for conservation of mass, definition péexdd of sound, the energy equation to a
supersonic flow undergoing an infinitesimal chamgedirection @, we obtain the following

expressions for the corresponding change in veglgoressure, temperature and density:

2
o M4
P YMZ-1

2
- M 46
p IMZ-1
9s_p
R

dm {“y—le} (-do)

2 v

Supersonic flows over a compression corner (concaxger, €>0) result in:
Oblique shocks through convergence of Mach waves.dblique shock equations and charts.

Supersonic flows over an expansion corner (Coneexer, ®<0) result in:
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Weak mach waves (expansion fan), with fully isepicdlow. Use isentropic flow equations and
tables. The angles associated with the superstmic dver an expansion corner are shown
below:

Herea; is the Mach angle the first Mach wave makes wthe. initial flow direction,a; is the
Mach angle the last Mach wave makes with the fileaV direction,s is the flow turning angle,
andp is the angle made by the last Mach wave.whe initial flow direction.

The angles are related to the Mach numbers assllo

Exercises

1. An air stream flowing at a Mach number of 3.5 ipa&xded around a concave corner with
an angle of 15° leading to the generation of anamgn wave. Some distance
downstream of this the air flows around a concaweer leading to the generation of an
oblique shock wave and returning the flow to itgjioial direction. If the pressure in the
initial flow is 80 kPa, find the static and stagoatpressure downstream of the oblique
shock. Draw a diagram and show all physical praesess

2. An aircraft is flying at Mach 4, with an ambientegsure of 25 kPa and temperature of
250K. The air entering the engine is slowed to salzsvelocities by moving through
two oblique shocks each of which turn the flow tigh angle of 12° and by then passing
it through a normal shock wave. After the normaladhthe flow is decelerated to a speed

of Mach 0.15 before it enters the combustion zdmenother case of intake design for
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the same engine, the flow is decelerated througihgle normal shock instead through a
combination of oblique shocks and a normal shock.

(a) Draw a diagram for each case. Show and label irmpbfeatures.

(b) Compute the pressures (static and stagnation)esmperatures (static and stagnation)

at the entrance to the combustion zone in bothscase

Suggestions for further reading

1. Shapiro, A. H. (1953)The Dynamics and Thermodynamics of Compressibid Flow,
Vols. 1 and 2. New York: Ronald Press.

2. Oosthuizen, P. H. &Carscallen, W. E. (199Qompressible Fluid FlowSingapore:
McGraw-Hill.

3. Anderson, J. D. Jr. (2002ylodern Compressible Flows with Historical Perspeesi,3"

edition. New York: McGraw-Hill.
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CHAPTER 6

FLOW THROUGH VARIABLE AREA DUCTS

Applying the conservation equations and the equoatiostate for steady, inviscid, compressible

1Dflows, the equations which relate the changdaw fproperties to a finite change in area are

given as:
d_p =-M? d_V
o \%
dA_(,,>. .\dV . o .
e (M —1)7 ;for M <1,dA anddV haveoppositesigns;for M >1,dAanddV havesamesigns.
2
a__ vV dv_ w3
T c,T V \Y,
and

2 —
d—A: (M 1) M ;for M <1, dA anddM haveoppositesignsfor M >1theyhavethesamesigns.
A 1+(y_1jM2 M

2

For isentropic flow through nozzles
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Themasdlow rateisgivenby:

SENCAEATS Al
R

Theareasat twolocationan theflow regionarerelated tootherflow propertiesasfollows:

The critical flow properties are given as follows:

V*2 - 2 ag
y+1

/4

y+1

A= m [ij_Z(y-l)
VPP \ ¥ +1

Flow properties for isentropic flow through a nazare available in the isentropic flow tables.

These are given as a function of the local Machlyemi.
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Operating Characteristics of Nozzles

Assuming that the upstream stagnation propertieacbf the nozzle are kept constant, and the
pressure downstream of the nozzle (termed backreksis varied.

The phenomenon of ‘Choking’ is observed.

Definition of Choking: mass flow rate remains camtfor all back pressures below a certain

critical pressure.

Whenp, > p’ ,theexit planevelocity,theexit planepressurandthemasdlow rateare

givenasfollows:

pe:pb
1
y-17] 2
|l
y=1) p, Po
and
1
1 =
wfaffmzf o)
m=poA[ -2 4[|l
° (pOJ y=11 p, Po
Whenpbs p*:

A
-G
P \y+1
© Vy+1) p,
y+L

- (v-1) " .
m= /P, Q, A‘*[iﬂjz & allof theseguantitiesbeingconstants.
4
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The flow in a convergent divergent nozzle showaraye of very interesting behavior. Assuming
the flow properties at the inlet of the nozzleémain constant, and the back pressure to vary,
the flow can be fully subsonic, subsonic-supersomith shocks and subsonic-supersonic
isentropic (design condition).

For p, < P, -theflow remaindully subsonighroughot thenozzle behaves$ike a venturi,Bernoulli's
equationis not valid!

For p, > p,., ,theflow issubsonidn theconvergingsectionsonicat thethroatandsupersoniaswell
assubsonidn partsof thenozzledownstreanof thethroat.

At thedesigncondition/designbackpressurethenozzlecontainsnoshocksnside flow issubsonic

in theconvergingsectionandsupersoni theentiredivergingsectionNo shock wavsinsideor outside
thenozzle.

‘Over expanded nozzle’: This condition exists whiea back pressure higher is above the design

back pressure but lower than the back pressuréiahva normal shock appears at the exit plane.
There are no normal shocks inside the nozzle. Quttfie nozzle, oblique shock waves exist

which interact with each other.

‘Under expanded nozzle’: This condition exists whbe back pressure is reduced below the

design back pressure. Expansion waves (Prandtl-Miye) exist in the flow outside the nozzle

exit plane.
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Exercises
1. Air is expanded through a convergent-divergent lofwom a large reservoir in
which the pressure and temperature are 300 kP8H0K respectively. A normal
shock wave occurs at a point in the nozzle wheeeMhch number is 2.5. The air is

then brought to rest in a second large reservoir.
2. Find the pressure and temperature in this seca@iveir.
3. Clearly state and justify the assumptions you mag€de in arriving at the solution.

4. Draw the nozzle and the reservoirs, show the shadkabel all flow quantities in the

flow field.

Suggestions for further reading

1. Shapiro, A. H. (1953)The Dynamics and Thermodynamics of Compressibid Flow,
Vols. 1 and 2. New York: Ronald Press.

2. Oosthuizen, P. H. &Carscallen, W. E. (199Qompressible Fluid FlowSingapore:

McGraw-Hill.
3. Anderson, J. D. Jr. (2002ylodern Compressible Flows with Historical Perspeesi,3"

edition. New York: McGraw-Hill.
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CHAPTER 7

INTRODUCTION TO AERODYNAMIC DRAG

The aerodynamic forces are lift and drag. Lift e tforce which acts perpendicular to the
incoming flow and drag is defined as aerodynamicdowhich resists the movement of the
object through air. The aerodynamicsforces areltexs from the combination of the shear and

pressure forces.

Figure 7.1 Aerodynamics Forces

Types of Drag

The drag force is divided into parasite drag, iretldrag and wave drag. The parasite drag is
also called zero lift drag which consists of formagl skin friction drag, interference drag and
shock induced separation drag. The induced drag kalewn as drag due to the lift and it

includes trim drag and wave drag.

Form Drag
Form drag is defined as the drag due to the boyridger normal pressure variation. This drag

is due to the shape of the body and occurs whepaated wake is formed behind the body.
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Skin Frication Drag

Skin frication drag is drag due to the viscositfeefs of the air. It results from the friction
between solid surface and air. It is associateti gibwing of boundary layer region near the
solid surface. The boundary layer region is defiagda low kinetic energy region where the

local velocity of the flow is less than free streaghocity.

Interference Drag

The interference drag is drag due to flow interiers between aircraft components such as
wing/fuselage and tail/fuselage. The interfereresalts in modification of pressure distribution

on those surfaces and leads to higher parasite drag

Shock Induced Separation Drag

It is defined as drag due to the flow separationthgyformation of the shock wave, which leads

to drag increase and reduction of the lift.

Induced Drag

It is defined as drag due to the formation of fpevortices. Induced drag is generated as a result

of lift. This drag force occurs in airplanes duenings or a lifting surface.

Trim Drag
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It is the extra drag generated during the trimnopgration of an aircraft. This is due to change

in the values of the lift and drag resulting frame deflection of the trim tab.

Wave Drag Due to the Lift

Wave drag due to lift is for supersonic flight whiadluced drag is in subsonic flight. It highly

depends on the angle of attack and sweep angheafing.
Equation of Drag

Drag is defined by the following relation:

D ==pV2CpS (7.1)
Wherep is the air density, V is the relative free stregmeed, G is the drag coefficient, and S is
the surface area. The subsonic drag coefficienbeanritten as

Cp = Cpo + Cpi+Cow (7.2)

Where Cpo = Cpp + Cp (7.3)
And Goo, Coi, Cow,Cop and G are presenting respectively parasite, induced, wawanmal

pressure and frication drag coefficients.

Relation between Drag and Body Shape
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The contribution of each drag type on the totabdsahighly dependent on the geometry of the
body. The drag for aerodynamically shaped (stresd)i body is dominated by skin friction
drag; and normal pressure drag is dominant forf blodlies. The Induced drag is considered only
for three dimensional bodies. The contributionha profile drag and skin friction drag on the
parasite drag is dependent on the shape of the Bbayairfoil shape has approximately 10%
profile drag and 90% friction drag, while the cilauor spherical shape has around 90% profile
drag and 10% friction drag. Figure 7.2 shows tliectiof streamlining on drag reduction. If
same frontal area and velocity are used, a straathbody will always give lower drag than a
bluff body. Table 7.1 shows the drag coefficientwad dimensional bodies based on frontal area.
It also shows the importance of the flow type omdinag coefficient for cylinder body. The
importance of the body dimension on drag for tideeensional bodies is shown in table 7.2

Zs

)
V— O ¢ 220 e e =
\D(“ 20 vV JC,, 1.1
) D

No

(a) (b)

)
Vet Cp=0.15 Ve
@& <

(c) (d)

W\\\\\\\

|

Figure 7.2: Effect of the streamlining on the dragcoefficients
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Table 7.1: Drag coefficient of 2D body at B210* (1)
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Shape CD based on frontal area
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Shape CD based on frontal area
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Table 7.2 Drag of three dimensional Bodies at&10%(1)

Shape CD based on frontal area
<
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Shape Ratio Cp based on frontal area
o e
3 I h b/h 1 1.18
25 b 5 1.2
< —
E a 10 1.3
o~ 20 1.5
h oo 2.0
1/d 0.5 1.15
5 1 0.90
s 2 2 0.85
e E —>
5 5 4 0.87
~ 8 0.99
1\ Laminar Turbulent
) d L/d 0.75 0.5 0.2
S 1 0.47 0.2
= > \l/ 2 0.27 0.13
= P - 4 0.25 0.1
< L 2 8 0.2 0.08

Flow separation

In aerodynamics flow separation is defined as aditmm where the incoming air past a
stationary body separates from the body’'s surfgeagrates a region of circulation (vortices)
and forms wake region. Flow separation createsspresdrag. The separation is due to the

growing of the viscous boundary layer at the swfatthe body which is accompanied with an
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increase in pressure and reduction of the velagitite direction of the flow. The velocity of the
flow ranges from zero at the surface of the body $§Np condition) to 99% of free stream at the

edge of the boundary layer.

Separation over airfoil highly depends on freeastreReynolds number, airfoil shape and angle
of attack. Figure 7.3 shows flow separation over top surface of NACA 0012 airfoil at
Re=1.6x16. At angle attack of 13° the flow is still attachidthe airfoil and clear separation
appears at trailing edge of the airfoil. At angfeatiack of 18° massive flow separation occurs

over the top surface which leads to higher presstag.

a- o=13° b-o= 18°

Figure 7.3 Stream Lines Over NACA 0012 Airfoil at R=1.6X% 10°

For circular cylindrical body, the separation degeon the &y of the body. As shown in figure
7.4(a) separation of the laminar flow is takinggelat points on the front half of the cylinder,
creating large wake and higher drag. Figure 7.diflo)vs that the separation under turbulent flow

is taking place at rear half of the cylinder wh#re reduction of the wake width is seen. This
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reduction of the wake width is associated with aimlower drag. Pressure drag estimates for
about 90% of the total drag, the remaining 10%us tb skin-friction drag. Most skin-friction

drag is produced on the front half of the cylindedy.

(a) Laminar separation (b) Turbulent separation

Figure 7.4 Separation over circular cylinder

References
1- Frank M. White, (2003), Fluid Mechanics, McGraw Hil
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CHAPTER 8

TRANSONIC FLOW AND CRITICAL MACH NUMBER

Introduction

The critical Mach number (M is defined as the free stream Mach at which tbe bver an
airfoil reaches the sonic speed. Flying at Machhérgthan critical Mach number leads to
formation of region of supersonic flow. As shownrfigure 8.1, the first sonic Mach appears on
the airfoil at minimum pressure point (suction gpiThen the region of supersonic flow grows
outwards and moves downstream as Mach number isaged. Flying at free stream Mach
number slightly higher than critical Mach numbeeates a shock wave which causes higher
drag, sudden loss of lift and rapid changes inldlcation of center of pressure. The increase in
the drag is directly related to the strength of #heck waves. Predicting the critical Mach

number of an airfoil is one of the most importardlpems in compressible flow.
M=1 (suction point)

MC z:)__-‘

Figure 8.1 Critical Mach number

The value of M for any given airfoil depends on the airfoil shapel the angle of attack.

53



AERODYNAMICS AND ITS APPLICATIONS

Equation of Motion

The equation of motion for 2 - D inviscid comprédsiflow is given as

2 2
L-m2)0 2,99 (8.1)
ox= oy

Equation 8.1 was solved mathematically by Pranddli€rt. The resultant relation is

Cp' m
Cheomp = T—= (8.2)

J1-M?

Where Cgomp and Cpicomp are the compressible and incompressible coeftigjgaspectively.

The factor /1- M2 inequation 8.2 is edIGlauert’s factor

For critical Mach number, equation 8.2 can be régmias

Cc
pmn (8.3)

Cp. = m

The value of Mfor an airfoil can be found from the value of thenimum pressure point, ,in.
If the low-speed data on the airfoil is availalthes incompressible Gralues can be converted to

values at a given subsonic Mach number using oglai2.
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In similar manner the lift coefficient of the incpnessible subsonic flow can be related to the lift

coefficient of the compressible flow as

C,
— incomp (8 i 4)

CLcomp - m

Where, Cl.represents the incompressible lift coefficient.

For compressible flow over swept wing equationcad be rewritten as

L

C,
— incomp (8 .5)

Ccom_
oM =M 2 cog A

WhereA is the sweep angle of the wing
Isentropic Relationships

The isentropic relations are introduced as

p” 2
c =|FP- (8.6)
o

Where P* is the sonic pressure and (p*/p) is gi&en

O 0 2%—1
g:(a_J ©.7)

P \&

Where a* and a represent the speed of sound aabdldoand speed, respectively and defined as.
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0)? _
(a_J —mz Y7L 2 8.9)
a, y+1 y+1

Equation 8.6 to equation 8.8 leads to the followiglgtion

4

— =
Cp = (Z—EMZ - jy 1|2 (8.9)

y+1 " y+l M2,

Predication of Critical Mach
Equation 8.3 combined with equation 8.9 leads ¢ofttiowing relation

N
Chun [y_lM02+ 2 jy_l -1 22 (8.10)
\/1_MC y+1 y+1 WC

Equation 8.10 can be used to predict the criticatMnumber for any given airfoil if the

incompressible flow minimum pressure point is kndanthat particular airfoil.

Predication of the compressible flow pressure distibution

The low speed pressure coefficient data over avgngairfoil can be used in equation 8.2 to

predict the compressible pressure distributiorthat particular airfoil.
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Application
Example 1

Estimate the critical Mach number for NACA 001 Za@ilrat 10° angle of attack. The pressure
coefficient distribution over this airfoil, measdra wind tunnel at low speed is given in figure

8.2. Compute and draw the pressure distributiomecat Mach number of 0.75.

25

15F

Cp

o5

05F

Xic

Figure 8.2: Pressure distribution over NACAO0012 aifoil at angle of attack of 10

Answer
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Part 1:

Equation 8.10 is used to estimate the critical Miactihe given airfoil. From figure 8.2 the

minimum pressure point is -1. Eq. 8.10 can wridisn

14
-10 _ (1.4—1“/|02+ 2 jm-l_l 2 :
JI-M¢  |[(14+1 14+1 14M 8.11)

Equation 8.11 is solved numerically using guessieghod. The M in the right hand side of the
equation is guessed and then used to compuyta bhe other side of the equation. The
difference (error) between the guessing and condpMtas checked. If the difference is less
than target error, the guessing i8lthe solution; otherwise new guessing sthould be selected.

The steps are repeated till the solution is found.

C*x** *kkkkk * *kkkkk *hkkkkkkkkk

¢ Program in fortune to solve critical Machrer Problem

¢ (Gama=1.4, Cpmin=-1, error=0.001)

Cc*r** *khkkk * *kkkkk *hkkkkhkkkk

open(l,file="data.in")
open(2,file="result.out)
read(1,*)
read(1,*)gama,cp,amO0,error0
write(2,100)
error1=10000
aa=gama+1l
bb=gama-1
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cc=gama/(bb)

am=am0

crexekRight hand side of equation 2,1 1***k¥kkrx
5 rhs=cp/sqrt(1-am**2)

Crexirxrx| oft hand side of equation 2,11 ***xxrkk
alhs=(((((bb/aa)*am**2)+(2/aa))**cc)-1)*(2/(gama*fa+*2)))
crrxxDifference (Error)*** ¥ +x
error=abs(rhs-alhs)

if(error.It.errorO)then
write(2,110)am,alhs,rhs,error

write(2,*)'Mcr=",am

stop

else

write(2,110)am,alhs,rhs,error

endif

if(error.It.errorl)then

am=am-0.001

else

am=am+.001

endif

errorl=error

goto5

100 format(7x, '‘Mcr', 8x, 'LHS', 8X, 'RHS',7xrer)
110 format(1x,4(1x,f10.5))

200 stop

End
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Program output

Mc LHS RHS

0.62700 -1.13188
0.62600 -1.13754
0.62500 -1.14323
0.62400 -1.14894
0.62300 -1.15468
0.62200 -1.16044
0.62100 -1.16623
0.62000 -1.17205
0.61900 -1.17789
0.61800 -1.18377
0.61700 -1.18967
0.61600 -1.19559
0.61500 -1.20155
0.61400 -1.20753
0.61300 -1.21354
0.61200 -1.21958
0.61100 -1.22565
0.61000 -1.23175
0.60900 -1.23787
0.60800 -1.24403
0.60700 -1.25021
0.60600 -1.25642

The answer is M- 0.606

Part 2:

-1.28367
-1.28234
-1.28103
-1.27972
-1.27841
-1.27711
-1.27582
-1.27453
-1.27325
-1.27198
-1.27071
-1.26945
-1.26819
-1.26694
-1.26569
-1.26445
-1.26322
-1.26199
-1.26077
-1.25955
-1.25834

-1.25713

error
0.15179
0.14480
0.13780
0.13078
0.12374
0.11667
0.10959
0.10249
0.09536
0.08821
0.08104
0.07385
0.06664
0.05941
0.05215
0.04487
0.03757
0.03024
0.02289
0.01552
0.00813

0.00071
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For pressure distribution at M=0.75, equation tieWwing Eq. 8.4 can be used as

Pincomp — Pincomp

J1I-M2  1- 075

Cpcomp =
(8.12)

Where Cpcomgcan be obtained from figure 8.2 at various x/c.r&pis of the results
At x/c=0.25, upper surface ffepmp =0.2 leads to feomg= -0.457
For lower surfaceifegn=0.8 leads to feomy= 1.83

By selecting a few points along x/c for upper amadr surfaces, equation 8.12 can be used to

obtain compressible pressure distribution at Maailver of 0.75.

61



AERODYNAMICS AND ITS APPLICATIONS

CHAPTER 9
ESTIMATION OF SUPERSONIC AERODYNAMICS FORCES USING

LINEARIZED THEORY

Introduction

Supersonic flow over body is associated with thengdion of the shock waves. The properties
of the flow across a shock wave show an extremabydrrise in pressure, temperature and
density. Supersonic flow over sharp leading eddgeiaproduces two Mach waves and Prandtl-

Meyer expansion around turning corner. Formatiomshadck waves cause load changes on the
surface of the airfoil. Modification of the aero@mic loads will change the lift, leads to a

moving after of the center of pressure (pitchingudanoment) and rapid increase in drag force.
Supersonic linearized theory as proposed by Ackeaet be used to predict the supersonic

aerodynamic forces coefficients.

Equation of Motion

The equation motion for supersonic inviscid floderived from equation 8.1 and written as

(z-1)22-99_q ©.1)

x> dy

S

(=%
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This modification to equation 8.1 is necessaryaicahaving negative square root for Glauert’s
factor. The mathematical solution of equation & pposed by Ackeret results in the following

relation 2

MZ-1

00

(9.2)

Wheree is the local inclination of the surface to theediton of motion and it has positive value
when the flow is being turned away from the freeat direction, and negative when it is being

turned back.

Application

Equation 9.2 can be used to estimate the lift, whrag, and moment coefficients of the

supersonic flow over sharp edged airfoil, flat plahd double wedge at angle of attack.

1- Double Wedge airfoil
In double wedge airfoil, the value ofs highly dependent on angle of attack and thiskn&or

symmetrical airfoil the contribution of the thiclsgis zero.

Example

For symmetrical double wedge airfoil as shown below

o1 2 15
AN
8 {—| """

3|4y
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2c/3 c/3
Compute
i- Lift coefficient
ii- Drag (wave) coefficient
ii- Moment coefficient (about leading edge)

iv- Center of pressure coefficient

Answer

£1=-8"+5°=-3"=-0.05236 radian
£2=-3°-5"-7.5°=-15.5"=-0.2705 radian
£3=5"+8°=13"=0.2269 radian

€3=13°-5°-7.5°=0.5"=0.00873 radian

C = 0.2269-(-0.0523 0.00873-(-0.270
—2—(2(02265-(-005220) (-02709)|
2 0.5584 4o
C = 0.279 2792 |=——"" =01776=——
VM 1( ( 2)+ ( 2)j 33 -1 M2 -1
ii-
_ 2 1l 2 2} X
Co = /Mz_l.[o(gL t& )j[Cj

_\/M2271“z/3(( 0.052367 + (0.22692) d(Z )+j *((~02709% + (0.008732)d (= )J

C, = L( 2 (0.05429+= (o 07325J ——=(0.03615+0.02442 = 0.0385

NYR=LE o
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C, &, )xdx

_ 2 °(

C 0.2269- (-0.05239 )xdx+ j;/s(o.oosn— (—0.2703)xdxj

et ¢

_2 1 X2 2c/3 %c (
C, =———10.2792 +0.2792 027923<—+027923<(7 )j
" Mz—lcz[ %o wrs) YM?-1 x9
C,, =-0.0888
iv-
K :_C_M: 00888_ 050

®7 C_ 01776

2- General sharp edged airfoil
For general airfoil case the contribution of thiekhess, camber and angle of attack are

considered in calculating the valuesof

Example

Aerofoil section made up of two unequal circulazsaprofile. Measuring x from the leading

edge, the local deflection from the free strearaalion for upper and lower surface are given as:
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& = O.él](l—%)—crandeL = 03](1—%)“7

The free stream Mach number is 1.65 and incidengkeaf the free stream’ .

4a
2

a- Prove that, =

b- Find
i.  Lift coefficient
ii. Drag (wave) coefficient
iii.  Moment coefficient (about leading edge)

iv.  Center of pressure coefficient

Answer

Section a and b-i Lift Coefficient

= =2 e oaf1-X)-nax—[ [ 031 1=
CL_TJTLL (0.41(1 Cj—a)dx (jo (031(1 Cj+a)dxﬂ

= C,\;—\/f—_ljo [‘ 200+ 0-1C(1—§Ddx} = Ch;—\/fi_l[— 200 + o.1c{c—;_3}
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-2 c 8182)T o1
C =— % | -2co+ 0.10(—H = = 0349
" edM? —1[ 2 165

ii- Drag Coefficient

o ~grel{ oo 2<) {ofo-2)o o

Now let's take

o] o2 oo

=(o.41)2jo°( —%+X_jdx+ja

c?

3
:(0.4])2( 22%+3i—j+a c= 042%c(- 1+—)+ac

Similarly we can obtain
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[{(oofa-2)so |4 2 )

Now rewrite drag coefficient as

c - 2 C(0.412 +03F 2a2J
" elM?-1 3
gx 17\’
0.0881+2x| =
C, = - 0254 _ 104
M2 -1 V165° -1

iii- Moment coefficient:

C, =02;/|—\/227_1J‘0C(€L g, )xdx= mj (om@—-} —(0.41(1—§j—ajjxdx

-2 c X -2 x> x ax? )
C, =———||-0101-=-|+20 [XdX=——r——=|-010 — —— |+ 2
" CZ\/MZ—lL( ({ Cj J czx/Mz—l( ({2 3‘3] 2 j

CM — -2 Cz(_ 0'1{£_:_Lj+aj:_—2(_ 0.10x£+dj
/M2 -1 2 3 JM?2 -1 6

8x T

-C,, =———(- 0017+a)= 0017+_0j 0187

M?-1 \165% - 1[
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v- Location of Center pressurk., _~Cy _0187_
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CHAPTER 10

FRICTION FORCE AND BOUNDARY LAYER DEVELOPMENT

Introduction

The flow is called viscous flow if the effects dfet viscosity, thermal conduction, and mass
diffusion are changing the properties (velocityegsure and temperature) of the flow. The wall
friction force (skin friction) is resulted from theffects of the viscosity on the surface. The
magnitude of the skin frictional force is highlymsds on the viscosity of the fluid, and velocity
gradient in direction normal to the surface. Duevisrosity effects, region with flow velocity

below free stream velocity is formed near the bsdface. This region is called boundary layer
(B-L). Prandtl divided the flow around body intodwegions, inner and outer region. Inner
region is very thin where the viscosity effects emacentrated and outer region is where the flow

can be assumed inviscid.

Boundary layer

The boundary layer on the surface of flat platesgrérom zero thickness, (Figure 10.1) at the
leading edge to thé at trailing edge of the plate. The boundary lageassociated with large
shearing force due to large velocity gradient ia threction normal to surface. This shearing
force is greatest on the body surface and retd@ldatyers of the fluid immediately adjacent to

the surface.
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/""/ y 51 e u

Figure 10.1: Boundary Layer Development

Velocity Profile

The fluid particle travel velocity for each layanes with the distance normal to the surface. On
the surface, the particle velocity is zero at tsading edge of the plat amehches maximurat
trailing edge of the flat plate. The shape of tleéouity profile along the length depends on the

type of the boundary layer (laminar or turbulent).

CETEERRTETNET

-
j | —
-
Pfiie

a- Laminar BL b- Transition c- Turbulent BL

Figure 10.2: BL velocity profile
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Laminar Boundary layer

As shown in figure 10.2(a), the velocity profile laminar boundary layer changes uniformly in
the direction normal to the wall. Laminar BL isrther and the motion of the particles of fluid is
very orderly with all particles moving in straidintes parallel to the wall with little interchange

of fluid mass between layers.
Turbulent Boundary layer

Turbulent BL, shown in figure 10.2(c) is associatgth velocity fluctuations in direction of the

flow and in the direction perpendicular to it. T@és large interchange of the fluid mass between
the adjacent layers which results in large sheasingsses between the layers, so that energy
from the mainstream easily transfers to fluid Iaylecated closer to the surface. This causes the

velocity of the layers close to surface not to bh#&cimless than free stream velocity. Since the
velocity gradient%”) for turbulent BL is higher than laminar boundaaydr, the surface friction

stress under a turbulent boundary layer is 10 tioresiore great than laminar boundary layer

friction.
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Figure 10.3: Laminar and Turbulent B-L

Favorable Pressure Gradient

The external pressure gradient is named favorabésspre gradient if the static pressure
decreasesdfP/dx<0) along the surface and velocity along the edgéhefB-L increases. In this

case, the streamwise pressure forces help to reédeadfects of the shearing forces at the wall.

Unfavorable Pressure gradient (Adverse pressure gdient)

Unfavorable pressure occurs when the static pressareases @f/dx<0) along the surface and
velocity along the edge of the B-L decreases.his ¢ase, the effect of the viscosity on the wall
is reinforced by the streamwise pressure force.aFl@arge pressure increase, the fluid particle
may slow to zero velocity or even become rever3éa. reversed flow is said to be separated
from the surface. This is one of the most signiftcaroblems in aerodynamics. The flow
separation modifies the pressure distribution alivegsurface which leads to lift reduction and

high drag.

Laminar Turbulent Boundary Layer Transition

At higher Reynolds boundary layer transits fromilaam to turbulent. This process is called
transition. The transition is highly dependent lo@ Reynolds number and angle of attack. The
effects of Reynolds number on the transition distaglepends on many parameters such as
pressure gradient, surface roughness, compressidilects, surface temperature and turbulence

level in free stream. Normally the transition tajésce downstream not far from the point of
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minimum pressure. If the transition Re is reaclied transition process to full turbulent flow
will pass through the following regions: stable iaar, unstable flow (T-S waves), 3-D unstable

waves, vortex breakdown, fluctuating, turbulenttsptully turbulent flow.

Boundary Layer Properties

Displacement thickness'§

The displacement thickness is defined as the distdoy which the wall would have to be
displaced outward into the free stream in ordertaathange the mass of the flow field and is

given in equation 10.1

2 by Uijov = [-t)y

Momentum Thicknes8)(

It has the same definition as displacement thickmesept the momentum thickness is based on

the total momentum of the fluid, rather than thaltsmass and it is given by equation 10.2

O _pu(, U)o oo
ra ou_l(l UJ"V‘L“@ a)dy (10.2)

Kinetic energy thickness ()

The kinetic energy thicknes8 () has same definition as momentum thickness arplagisment,
except that it is based on kinetic energy of thedfinstead of momentum or mass and it is

defined by equation 10.3
74
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(10.3)

Note that the ratios of the displacement, momendumch kinetic thicknesses to boundary layer

thickness given in equation 10.1 to 10.3 can béyeaistained if the velocity profile is known.
Surface Friction Drag

Skin friction force (F) may be expressed in terha non-dimensional coefficient,s@s

1
F=C.=pU?2S
(10.4) PP

Where S is the area of the surface

Total skin friction drag coefficient () is defined by

1 2
D, =C, =p.U2S
F (10?5)2p

Where [} is total skin friction force on both surfaces tdtp or airfoil. For a flat plate or

symmetrical aerofoil, at zero incidence (top anttdro surfaces behave identically);#£2F.

cacey T

~puzs
2 poo [ee]
Forincompressible flow, p1=p.,=p, pi=p.=p and Yy=U,=U
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The Momentum Integral Equation

The accurate evaluation of the quantities suah &5 6**, and 6 requires the numerical solution
of the momentum integral equation. The boundargiayomentum integral equation was

derived by Von Karman as:

d(., du T
Zu2)+oU, — e UV, =
dX( 1 ) 1 dX 1%s p (107)

Where \{ is suction or blowing on the wall and $ flow velocity at outer edge of the boundary

layer. The shear stress in equation 10.7 can beedeés

ou 1
Iy = :U(_j =C, Elolulz (10.8)

Equation 10.7 is also called Von Karman’s momenitntegral equation. If the velocity profile is
known, the the momentum integral equation (Eq.)1€a# be solved to provide the variations of

8,8, 6 and G along the surface.
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CHAPTER 11

FLAT PLATEBOUNDARY LAYER SKIN FRICTION DRAG

Introduction

The Momentum Integral Equation introduced in Chafiecan be used to obtain the solution of
skin friction drag if the velocity profile is knowiExpression for laminar boundary velocity
profile is easy to obtain. Polynomial or sinusoistgbution can be used for the laminar
boundary layer velocity profile. Number of the bdany conditions at the wall and outer edge of
the laminar boundary layer should be specifiecafoy proposed expression. The accuracy and
the number of the boundary conditions depend oml¢igeee of the expression. If the velocity
profile is obtained, the values for ratios of thgpthcement thickness and momentum thickness
to boundary layer thickness as described in chdfftean be easy obtained. These ratios will be
used with the momentum integral to obtain an exgioesfor boundary layer, displacement and

momentum thicknesses. Expression for the skinidnatirag can be also obtained.

Laminar Boundary Layer

Velocity Profile

From the literature the following expressions wesed for the laminar boundary layer velocity

profile

(11.1)

=]
Il
©,
=
N
<
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__3_ 1,
u=-y-= 11.2
SV 5 (11.2)

u=2y-y* (11.3)

Equation 11.1 present'brder sinusoid expression and equations 11.2 arlake presenting
3 and 2° degree polynomial. The accuracy of each expressiarbe predicted by comparing

their velocity profile distribution with Blasius leeity profile distribution.

Laminar Boundary Layer Relations

Expression presented by Equation 11.2 is usedttorothe following laminar boundary layer

relations

_o”_3
75T
(11.4)
6 _ 39
| =—=—
5= a0 (11.5)
3y
C, = 11.
T (11.6)

Momentum Integral Equation introduced in chapteca® be reduced to the following form

., de o do
or =P Co=25 (11.7)

Using equation 11.7 with equations 11.4 to 11.6 keathe following relations

_ 464x (11.8)
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&7= 03755 = /X
R.) (11.9)
0.646x (11.10)

6= 0.13%:W

Skin friction and drag coefficient can be also aled as

1293 2586

Cr =1=2v> = Cp =2C, ="
R.) R.) (11.11)

Turbulent Boundary Layer

Velocity Profile

The mean velocity distribution in turbulent flowche expressed by combining the analytical
solution with experimental results. Prandtl sugegshe use of Blasius’s experimental results for
circular pipe friction loss with skin friction empsal relationship to derive the turbulent
Boundary layer velocity profile. This combinatitmads to the following turbulent boundary

layer velocity profile
1/7
== (X) (11.12)
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u =y’ (11.13)
Relation 11.12 or 11.13 is known as Prandtl‘'s st#veoot law.

Turbulent Boundary Layer Relations

Expression presented by Equation 11.12 or 11.118ad to obtain the following turbulent

boundary layer relations

l_ﬁ_l
===
o 8 (11.14)
| = g = l
o 72 (11.15)
U 1/4
C, =0.0468 —
f E{Uld) (11.16)
Equations 11.14 to 11.16 are used with 11.7 leamtirige following relations
0383 (11.17)
0= (Rex )1/5
0"= 01259 = 0'04712(
R.) (11.18)
6=00973 = 9(5)71/—%(
(11.19)

Skin friction and drag coefficient can be also aixd as
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Cr =7—ws > Co =2C; 15
R.) R.) (11.20)

Equation 11.20 is valid for flow with Re10”- For higher Reynolds number £RL0") semi-

empirical expression presented by equation 11.8beaused for the skin friction coefficient.

0.455

Co=—o
" (log,,R.)**

(11.21)
Mixed Boundary layer flow

Transition condition

If the Reynolds number @Ris less than 3xfahe boundary layer can be consider entirely
laminar. The transition Reynolds number dependsemstream and surface conditions. For
large range of Rthe boundary layer is partly laminar and partiptient. The one condition
which must be satisfied at transition region i thea momentum thickness through the transition

region should always remain constant.

BLt = 9Tt (1122)
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Whereb andr; are representing the momentum thickness for lamand turbulent boundary

layers at the transition region as shown in figlitel. Using equation 10.2 with Equation 11.22

leads to:

8., [, (1 — Wdy = &, [, (1 — @)dy (11.23)

Using the values of | which is previously evaluatee@quations 11.5 and 11.15 leads to

O, _ 0139 _, . (11.24)
5, 00973

Equation 11.24 indicates that on a flat plate tHeiBcreases in thickness by about 43% at

transition.

Transition Distance

As shown in figure 11.1, at the beginning the bargdayer starts to develop as a laminar

boundary layer andthickens as it moves towardbrgaedge. If the plate length is long, the

boundary layer will pass through short transitiegion. Immediately after transition region the

turbulent boundary layer starts to form. The traosilocation depends on the transition

Reynolds number which is defined as

_U,L, 1(25
R, = 4 (25)
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Using equation 11.22 the transition distancg)(€an be expressed as

11.26
R LTt - 355UiRe‘5/8 ( )

1

Transitioy

ar

Turbulent B-L

Laminar B-L

Y

Lt

v

Lt

h

F Y

Figure 11.1: Mixed B-L flow on a flat plate

The total skin friction force for the whole plateosvn in figure 11.1 can be found by calculating

the skin friction force under turbulent layer agtiover a length of £+ Where Ly is defined as
LT - L - Lt + LTt

The skin friction force of the turbulent boundaande calculated using the following

expression
_0.0744

r R~ +3mR )"
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(11.27)

Before solving any boundary layer problems the fteeam Reynolds numberdRnust be
compared with the transition ReynoldsdREquation 11.27 is not applicable for values gf R
less than R. For R< Rg, the boundary layer is considered as laminar Bid. equation 11.11
can be used for the skin friction. For accuratewation, equation 11.27 for the laminar
boundary layer skin friction can be applied for goetion (L-Lr ) and equation 11.27 can be
applied for the turbulent boundary portionyL The total skin friction is the summation of the

skin friction coefficient for both portions.
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CHAPTER 12

SOLVED PROBLEMS IN BOUNDARY LAYER THEORY

Problem 1

One method of estimating the drag on a flat plate some laminar and some turbulent flow is
to assume that the flow is laminar up to the ttamsilocation, and then to assume that from
there, the flow is turbulent. The turbulent layered not start out with zero thickness at the
transition location, but rather acts as thoughaitted upstream of the transition and developed to
have the same momentum thickness as the laminar ktythe transition point. Using the
formulas for flat plate skin friction, estimate tdeag coefficient of a flat plate at a Reynolds

number of 2,000,000 with transition at 25%, 45% 98% of the chord. Discuss the results.

[Hint: Use transition Reynolds number for laminaubdary layer region].

Answer
1p.
Re:2x106:£_,g:& (1p
v C
RQ=U_MB=E (12.2)
U U o X

From Eq. 12.1 and 12.2
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R _R _ X
?—7*&\-;&

a- x=0.25c

From Eq. (12.3)

R =X R =025

; ; (2x10°) = 5x10°

If B-L assumed to be laminar until the end of titos

_ 2586 _ 2586

N = 0.00366

c, =297z g +355R )"
R,
L= 007445 10° - 5x10° + 355 (5x10°)%)"* = 0.00347
2x10°

Cp, =2x0.00347=0.00694

Total Drag:
Cp, =Cp, +C;, =0.00366+ 0.00694= 0.0106
b- x=0.45c

From Eq. (12.3)

R =R = 045

; : (2x10°) = 9x10°
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If B-L assumed to be laminar until the end of traos

_ 2586 2586

N W = 0.00273

0.0744

Tl s )

C, =

00744
Foox10®

(2x10° -9x10° + 355x (9x10%) %) = 0.00287

Cp, =2x0.00347=0.00574

Total Drag:

C, =Cp, +Cp, =0.00273+ 0.00574= 0.00847
d-x=0.9c

From Eq. (12.3)

chc (2x10°) = 1.8x10°

- ﬁ
R c
If B-L assumed to be laminar until the end of tiaos

2586 _ 2586

C, = = =0.00193
D, R;/Z (l.8><106 )1/2
C. = 0. 0744(Re R, +355R, 5/8)4/5
R
: 20134(2&06 18x10° + 355x (18x10°%)**)""* = 0.00132
X
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Cp, =2x0.00132= 0.00265

Total Drag:

Cp =Cp, +Cp, =0.00193+0.00265= 0.00458

The results showed very clear that in order to cedbe drag the transition should be avoided at

early stage and BL should be maintain laminardogldistance.

Problem 2

A laminar boundary layer velocity profile is appimmated by the two straight line segments
indicated in Figure problem 2. Derive an expression the velocity profile and use the

momentum integral equation to determine the bouynidaer thicknessy=3(x).

Answer

Velocity profile

H

1- BC:0sy<=

N

U, =a+by

y=0,=0-a=0

y:uzmzzmqb:g
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0/2 ‘/

Figure Problem 2

Boundary Layer Thickness

% = [u@-u)dy=["u,0-0)dy +[ 0,(1-u,)dy

0
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1/2 1/2

72

1/2_ 1/24 1/24 1/216 4|y 16 73
0, =2y
[at-a)y =] gy o= S - (T = 30 -5
-1 2 _opo3
6 27
1.2 1 oly? 1 aly?[ alyf
1 1 1
.[1/ d)_/ ."/2(3 3 j(l (3 3dey 3|y|1/2 +§7 _§|y|1/2 "9l2| 9[3
1/2 1/2 1/2
=0.06481
g = 0093+ 0.06481= 0.1578(p2.1)
C
Given 39 >0 7T 0 (p2.2)
dx 2 24
We know from Eq. 2.1 that
0=015785 = 39 - 0157899 (p2.3)
dx dx

From equations p2.2 and p2.3, we can write thevotig relation

0157890 =7 Y _ m5=_ Y gy= o954 dx
dx 2d 2x0.157¢U U
2
= 15 = 9954Y x = 99542 x? :(é) _ 2x 9954
2 U Ux X Rex
5 _ 4462
X (p2.4)
X R

Problem 3
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Develop an expression for the transition distamgg 6f a flat plate of chord ¢ and infinite span
at zero incidence in a uniform stream of air, whemsition occurs at a distantgrom the
leading edge (Figure Problem 3). Assume the folhgwielationships for laminar and turbulent

boundary layer velocity profile, respectively

2
A e

b- For the flat plate shown in figure problem 3, eleyp an expression for the dependence of

turbulent boundary layer skin friction coefficies the Reynolds number.

o7

Lt

[y

Lt

F Y

h

Figure Problem 3 Mixed B-L flow on a flat plate

Answer

At transition 0,=0

91



AERODYNAMICS AND ITS APPLICATIONS

a_
For laminar BL, The velocity profile as

u_ YIIY G oog_y2
Sl 2L L g=2v-
o223l omares

C
C, =49 Since|:§ﬁcf _pg 940 do_%r (p3.1)
dx o) dx dx 2l
1 .., ou 2u (du
= C,=r,=y4—| -C, = — 3.2
v, or, =[] o, - 2(2) 2
U=U£—>u=UU,
y (p3.3)
v== L v=Vo
y 5 y=y

U is given as constant, then using equation p3dBaguation p3.2 leads to

21 (du

c. = cH [ou 3.4

el o
ou - =
— =2-2yforwall y =0, then
oy
9au_, (P3.5)
oy

Equation p3.5 with p3.4 leads to

c =K 9=

‘=00 o (p3.6)
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! =§=i(ﬁ—ﬁ2)ov (P3.7)
udy = (237—372)d7=>72\1—7—3 =2 (p3.8)
°© 3 3
1 : (go? - go5 o otk 41, 1_20-15+3_8
o= ly-yPa=[ T I

:J::(U—Uz)dyzg—gzg (p3.10)

| =
15 15

L4
o
Sub Equation p3.6 and p3.10 into p3.1 leads to

&: 4u  _ 15y Jd5—15’ud
o

21 2, pus
2,0U5(15)

Q_|D.
X |4

2
R TN T V30X _ BAT7X (03.11)

2 0 T TR R

15\/@

6 07303 (03.12)

xR

Given for turbulent with velocity profile ofi = y*'’

Slnceg =—

2 6_2 B5ATT
o 15 x
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0.0372x

6, = 0,097 = == (p3.13)

X

At transition0.=01¢, then

0.037
0.730532_( _ 065 - T,

- v)" V2 _ @ =
BH_W E{U—lj TR (314

iy : v
Transition distance: L, = 0 R,
1

Substitute Transition into eq. p3.14 leads to

6. =07303%(R, J? = 6, = ol p3(15)
- 0. - 6, -
. U, (R, )Tt

Solve Eg. p3.15 for transition distance leads to

1/2 1/5 0 730 4/5
0'7303“£ng] = 0037L, (UUL J Sy =O-0_37;(U£J R,Y2
1 1=Tt . 1

Substitute Transition into eq. p3.14 leads to

L= 4132Ui R, (p3.15)

1

b- TheTotal skin frication force for thewhole plate may be found simply by

calculating the skin frication force underturbulent layer acting over a length from
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the point at a distancerlahead of transition, to the trailing edgetal effective

length of turbulent layer is L-Li+L 1

From the definition dfiction force,

L-Le+Ly,

F= '[OL_L‘+LT‘ rde:%pr.[

0

C,dx

Given Eq. sheet for turbulent B-L

1/5
C, = 2029 o.osg{UiJ X8
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CHAPTER 13

INTRODUCTION TO HELICOPTERS

The Helicopter and Its Basic Components
A helicopter is a heavier than air flying machine. Tifteng force is produced by a main rotor.
By the rotation of the main rotor a thrust force is devetbperpendicular to the plane of rotor
rotation. If the main rotor rotates in the horizontal plathen its thrust force T is directed
vertically upwards (figure 13.1), that is, vertical flightpessible. The basic components of a
helicopter are:

» Main rotor which is operated by engine.

» Fuselagefor accommodation of crew, passengers, equif@né cargo.

* Landing gear used for movement on the ground.

» Tail rotor provides directional control of the helicopter.

* Propulsion system provides power to the lifting and tail roemd auxiliary

systems.

* Transmission transfers the torque from the power planetontin and tail rotors.

The flight characteristics depend on the thrust forcéovexd the weight vector as follows:
» If thrust is vertical and in balance with the weight, the loglier is motionless
(hovering).

» If the thrust is vertical and greater than weight, tBkcbpter is making vertical
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climb.

e If the thrust is inclined forward or backward, the heliteogan move forward or
backward. The reason for this is that the thrust vebs® two components;
vertical component will be the lift force and the horizontahponent will be the
propulsive force.

e If the thrust is inclined rightward or leftward, the helicoptan move rightward
or leftward. The reason for this is that the thrust vebts two components;
vertical component will be the lift force and the horizontahponent will be the

sidewise force.

a) 7 ) TL Tt ) "TV!‘
' - PL&/

Figure 13.1: Principle of flight controls of a heicopter. (a) vertical flight; (b) horizontal flight forwards; (c)

horizontal flight backwards (Bazof, 1969).

Classification of Helicopters
The basic classification of helicopters depends on thaeu of main rotors and their positions

as follows: single rotor, dual rotor and multirotor helicopters
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For single rotor helicopters, the main rotor is attacleedheé main fuselage and a tail rotor
mounted on the tail structure. The advantage of singler fwelicopters is the simplicity of

construction and the control system. This class of haére includes both light helicopters
(weight about 500 kgf), and heavy helicopters (weigbatgr than 40 tons). Deficiencies of the

single rotor helicopter are (Bazof, 1969):
» Large fuselage length

* A significant loss of power due to the tail rotor drive tr&in10% of the full power

of the engine);
* A limited range of permissible centering

* A higher level of vibration (the long transmission shaftdeeding into the tail

structure, are additional sources of spring oscillations).

Dual rotor helicopters appear in several arrangementsr®Ratcanged in tandem; this is the
most common arrangement (Figurel3.2a), Rotors in avease arrangement (Figurel3.2b); A
cross connected rotor scheme (Figurel3.2c); A coaxiat arrangement (Figurel3.2d). Merits

of helicopters with a tandem rotor arrangement are:

Wider range of permissible centering;

Large fuselage volume; which allows it to contain large-siaads;

Increased longitudinal stability;

Large weight coefficient.
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Figure13.2: Dual rotor helicopters. (a) tandem rtors; (b) transverse rotors; (c) cross connected tors; (d)

coaxial rotors (Bazof, 1969).

Helicopters with a tandem arrangement of rotors can bageor two engines, which are located

in the forward or aft parts of the fuselage. These halére have the following deficiencies:

* A complicated system of transmission and control;

* Adverse mutual interaction between the main rotors whiclses in addition, a

loss of power;

e Complicated landing techniques are required in the autmoteegime of main

rotors.
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» Transverse arrangement of rotors has the following adgest

» Convenient utilization of all parts of the fuselage for ceevd passengers, since
the engines are located outside the fuselage;

» Absence of harmful interaction of one rotor with the other;

» Higher lateral stability and controllability of the helicopter;

» The presence of an auxiliary wing, where the engindsaain rotors are located,

allows the helicopter to develop a high speed.

Deficiencies of these helicopters are as follows:
* A complicated system of control and transmission;

* Anincrease in size and structure weight due to theepoesof the auxiliary wing.

Dual rotor helicopters with cross connected rotors haveomsiderable advantage over
helicopters with transverse rotors; they do not have amayxving, which reduces the size and
structure weight. But, at the same time, with these advesitdigere is a deficiency, a
complicated transmission and control system.
The basic advantage of dual rotor helicopters with coaxitrs is their small size. Their
disadvantages:

» Complicated structure;

» Deficient directional stability;

» Danger of collision of the rotor blades;

* Considerable vibration.
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Multi-rotor helicopters are not widely used in view ofithmmplex construction.

In all dual-rotor helicopters, the main rotors rotatepposite directions.In this way the mutual

reactive moments are balanced, and the necessity ofghaviail rotor is eliminated. Thus the

power loss from the engine is reduced.
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CHAPTER 14

VERTICAL FLIGHT: MOMENTUM THEORY

Hover

In hovering, a vertical thrust is produced by puskrglumn of air downwards through the

rotor plane. Conservation laws of mass, momentum andyeren be used to calculate thrust
produced. This approach is commonly referred to @snbmentum theory for helicopters. This

is similar to Glauert theory for aircraft propellers. When loglier rotor is working, it is sucking

air from above. This leads to pressure drop aboveotbe Across the rotor there will be a
sudden increase in pressure ( hence the name actiskfoamid then a fall to reach atmospheric
value again below the rotor (see Figure 14.1). Higivalthe rotor, the velocity is zero at at
‘'upstream infinity' , then it increases to a valaat the disc and continues to increase, reaching a
valueV,, at 'downstream infinity'. From the continuity equationtfag streamtube shown in

Figure 14.1, the velocity is continuous through the.disc
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P, v=0
-ve
Oisc D v,
'€e—AD
+ve
: V"
Flow field Pressure Velocity

Figure 14.1: Actuator disc concept (Seddon, 1990).

Applying energy conservation for incompressible flow abthe actuator disk, we get:

1 \
pi + 5PVi= Po (4.1

Applying energy conservation for incompressible flow betbe actuator disk, we get:

1 1 14.2,
p; + Ap + EpV,z = Po + Epongo (14.2

This leads to the pressure jump across the actuatotodisk

1 \
8 = 2pub2 (14.3

Using momentum equation, thruston the disc is equal to the overall rate of increasexial a

momentum of the air, that is (droppingrom density):

T = pAViV, (14.4
Also, the pressure difference across the actuator diske calculated as

T \
I (14.5,

This leads to,
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Voo = 2V; (14.6;
T = 2 pAV? (14.7
From which, the induced velocity is calculated as

T
V= |— = | (14.8
2p A 2p

Where,w is the 'disc loadingVi is the 'induced velocity' or alternatively the 'downwash’,
using an analogy with aircraft wing flow which becomesre obvious when the helicopter is in

forward flight.

For piston-engine helicopter, the disk loading is low (adolL® kg/nf). This is because the
piston engines are heavy and a large rotor diameterbrausted to achieve the required vertical
lift. For gas turbine engines, which have higher petweveight ratios, smaller rotors can be

used leading to high disc loadings (30-40 Kg/m

Vertical Climb
Figure 13.2 shows a rotor in vertical climb with upwartbery V.. Applying energy equation

above the rotor, we get:

1 1 14.9
Do + EpV% = Pi +5p Vet V%) (14.9)

Below the rotor, we have

1 1 ,
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Figure 13.2: Rotor in Vertical climb (Seddon, 199

The thrust force is calculated using momentum equatidollasvs:

T = pA(V. + V)V, (14.11
V, = 2V, (14.12
T=2pA(V. +V;)V; (14.13

Vertical descent

For vertical desceny/.is negative (upward air stream), while the induced veldgitg positive
(downward flow across the rotor). A vortical flow struetus formed due to the interaction
between the upward flow around the rotor and the eawth flow through it (see Figure 14.3).
This result in unsteady flow behavior associated with raotbrations. The vortex rings
periodically build up and then break spilling flow chaotigallhis results in lift fluctuations and
helicopter dynamic instability. The flight condition beamsrdangerous at high descent rates (at
three quarters of the hover induced velocity). The a@malgf such flow needs consideration of

energy dissipation in the unsteady flow.
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‘-,]ﬁ Haphazard
e ‘bursting

Figure 14.3: Vortex-ring state in vertical descen{Seddon, 1990).
When the descent rate approaches the level of theeddeelocity, there is little or no net flow
through the disc (see Figure 14.4). This case is siraldlow around bluff body (Turbulent-
wake statp For large descent rate¥.(s greater thar2V,), the flow is everywhere upwards
relative to the rotor, producingvandmill-brake statein which power is transferred from the air
to the rotor (see Figure 14.5).

'Flat-plate’
turbulence

C S

Figure 14.4: Turbulent-wake state in vertical desent.
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\ /

/
*\ Air af low speed 7/
\\relo'nve to disc //

Iv
Figure 14.5:Windmill-brake state in vertical desceh
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CHAPTER 15

VERTICAL FLIGHT: BLADE ELEMENT THEORY

Introduction

Blade element theory means the use of airfoil theory tierohne the aerodynamic forces acting
on the rotating blades. Figure shows the rotor disc defnem above. The Blade rotation is
anticlockwise with angular veloc®. An elementary blade section is taken at ragjas chord
length ¢ and spanwise width dy. The velocity triangle fances on the blade section are shown

in Figure 15.2. The resultant velocity is given by

U=[(Vi +V)*+ (Qy)*]"? (15.1)
¢=tan"'[(V; + V.)/ ()] (15.2)
€«=6-¢ (15.3)

Whereqa is the angle of attacldis the pitch angle, anglis the flow angle.

LR

/“/'
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Figure 15.1: Rotor disc.

~ o Blade section

Figure 15.2: Blade section in vertical flight (Sédon, 1990).

The lift L, drag D, thrusT and torque& can be calculated as follows:

First, we consider elemental forces and moments actiag esemently of the blade, which can

be obtained by:

1
dL = 2P U?cdy C, (15:4)

1
dD = 2P U?cdy Cp (15.5)
dT = dLcos ¢ — dD sin ¢ (15.6)
dQ = (dLsin¢ + dDcos )y (15.7)

The elemental thrust coefficier@; is calculated as:
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%p U?cdyC;, 1 ¢ , (15.9
dcCr = == C,red
TS pnR2QR)? 2mR Y
1Nc (15.9
- __ 2
dCT = ZﬂRCLr dr
Blade solidityo is defined by
blade area N c (15.10

disc area R

To get the thrust coefficient, we integrate along blade as

1 ! (15.11
Cr =—crf C,r’dr
2 0
Similarly, the torque coefficient can be obtained by
1 3 (15.12
dCQ:EG(‘PCL + CD)r dr
1 ! 5 3 (15.13
Co =Edf (AC T* + Cpr? )dr
0
The powelP and power coefficienCp are calculated as
P=QQ (15.14
P (15.15

Cp=—————
P~ pA(QR)3
To use previous equations, it is necessary to know tresse variation of the angle of attack,
andC andCp as a functions of angle of attack
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Blade mean lift coefficient

The blade mean lift coefficiens defined such that when applied along the blade spanldw

give the same total thrust as the actual lift distribution. Usiagn lift coefficient, , we have,

1 1 _ (15.16
Cr =Edf0 Ciredr = EO'CL
Using the definition of the thrust coefficient and the soliditg,can write,
Cr T (15.17

¢ pA(QR)?
whereA, is the total balde are&:/dis the non-dimensional blade loading corresponding to the

non-dimensional disc loadinGr.Blades usually operate in tli& range 0.3 to 0.6, so typical

values ofC+/gare between 0.05 and 0.1. Typical value€pére an order of 10 smaller.

Power

The differential power coefficient is given by,

1 1 1
dcp =350 C,pridr + 4 Cpridr = AdCy +50 Cpridr (15.18

Assuming uniform inflow and a constant profile drag Gioent, we have the

approximation

111



AERODYNAMICS AND ITS APPLICATIONS

1
A practical formula which includes an empirical faatas used as,
1
A figure of merits M can be written as,
3/2
_ CP_ideal _ CT/ (1521
M= Cpactuat  kC'? +-2-C
_actua T 4\/7 D

which demonstrates that for a given thrust coefficient b figure of merit requires a low value
of g Cp. For low solidity, higher angles of attacks are requiredramluce the same thrust. This

leads to an increase in the drag. So, a compromise tedee decrease solidity without

sacrificing drag.

Tip loss

To calculate forces and moments on blades, we integedded) span from hub to tip. Using
actuator disc theory, the lift is linear from hub to tip. Dtiseory assumes a well-defined stream
tube to exist both above and below the rotor. In realityalhis able to escape outward due to
the rotor tip vortices. Hence, the total induced flow isdpand the thrust produced is less than
the actuator disk theory. The deficiency is knowtigsossand is shown by a rapid falling off
of lift over the last few per cent of span near the timofmon method of analysis for this case

is to assume that no lift is produced after certain rast@ionr = BR The thrust integral
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becomes,

c 1 fBB 2 _ gy = 1 1339 132/1 (15.2
T—zaao(r r)r—zaa(3 3 )
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CHAPTER 16

FORWARD FLIGHT: ROTOR MECHANISMS

Figure 16.1 shows a rotor disc in forward flight. Blad&tion is in a counter-clockwise sense
with rotational spee@®. Forward flight velocity isV and the ratioV/2R, Rbeing the blade
radius, is known as thadvance ratip, and has a value normally within the range zero to 0.5.
Azimuth angle ) is measured from the downstream blade position. Adugrside of the rotor

is defined by azimuth angle between 0° and 180°, whileetineating side is defined from 180°-

360°.

Forward
velocity
\

Angular

/ velocity
N

o &
£ NR <
o 2
@ o
= 5
QU O
= VL_'QR flow
Azimuth
angle
Y

Figure 16.1: Rotor in forward flight (Seddon, 1990)
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For the blades shown in Figure 16.1 at 90° and 2Zh@°yelocities at the tip a@2R + V) and
(2R - V), respectively. If the angle of attack is the same for lddldes, more lift would be
generated on the advancing side than on the retreatleg Bressure contours for a fixed-
incidence rotation withu = 0.3 are shown in Figure 16.2. About four-fifthstbé total lift is
produced on the advancing side. This would lead to lasgélaiory bending stresses at the
blade roots and a large rolling moment on the vehictgh Btructurally and dynamically it

would be dangerous to fly such helicopter.

I Direction

of flight

Direction
of rotation

Figure 16.2: Pressure contours for unbalanced roteon
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To resolve this situation, a cyclical variation in blade inciddaaggeeded to balance lift on the
two sides. The widely adopted method for this purposkasaise of flapping hinges. Those are
free hinges near the root of the blade. It allows it to flaand down during rotation. When the

blade moves through the advancing side, the lift incr

mesing the blade to flap upward. The
effective blade incidence is reduced and hence the lifcesdoausing flap down again. On the
retreating side the reverse process occurs. Free hatggeselieves the blade from root stresses

and no rolling moment is produced.

Pressure contours for a roll-balanced lift distributicenshown in Figure . The lift on the
advancing side is reduced, with only small compensatiai@metreating side. The fore and aft
sectors now carry the main lift load. The retreating bléslesubjected to stall, while
compressibility effects such as shock-induced flow sdjmar will dictate the retreating side.
Since load asymmetry across the disc increases with fdre@eed, the retreating-blade stall

dictates the maximum flight speed.
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'[ Direction

of flight

Region of of rotation
reversed flow

Figure 16.3: Pressure contours for roll-balancedatation.

Net angle of
incidence

Blade sechion

Relative wind
from upward . i
' /

flapping

Relative wind Resultant relative
fmmﬂigfr?frward vetocity at blade

Figure 14.4: Blade flapping action

An additional feature of the asymmetry in velocity actbgsdisc is that there exists a region on
the retreating side where the flow over the blade is Bytuaversed. At 270° azimuth the

resultant velocity at a poigtof span is
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U=Qy -V (16.1)
In nondimensional form,
u_i_ - (16.2)
QR B

As shown in Figure 16.5, three hinge systems are aséullows:

* Flapping hingenormal to blade span (in disc plane), to allow free filagf blade.

* Lead-lag hingenormal to the disc plane, to allow free in-plane motion.rdleeve
Coriolis moments.

» Pitch bearing approximately normal to the flapping and lead-lag aiesequired for

control of the blade incidence or pitch angle.

Flapping hinge

~—horizontal
Lead-lag hinge , ‘
- vertical /§>/ | Rotor shaft
Pitch bearing M a
- spanwise =~ - w7

Blade

Pitch
control rod

Figure 16.5: Rotor hinge system.

Flapping Motion
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Mass
Axis of Thrust ,'/ (mdy)
rotation e

n (= §)

Figure 16.6: Blade forces in flapping.

Figure 16.6 shows flapping motion under conditions afadyic equilibrium. The force are the
aerodynamic lift, the centrifugal force and the blade ineftee oscillatory motion represents a

dynamic system in resonance. The flapping moment equation

R R .. R 16.3
fydT —fmyzﬁdy —fmﬁyzﬂzdy =0 (16.3)
0 0 0
The centrifugal force is stabilizing force. The degrestability is highest in the hover condition

(where the flapping angle is constant) and decreaséseasdvance ratio increases. Bramwell

(Bramwell, 2001) concluded that the motion is dynamicalllglstéor all realistic values qif.

Maximum flapping velocities occur where the air velocitynaximum and minimum, that is at
90° and 270° azimuth. Maximum displacements occur 96f,Ithat is at 180° (upward) and 0°
(downward). These displacements mean that the plaraation of the blade tips, thg-path
plane(TPP), is tilted backwards relative to the plane normal éardbor shaft, thehaft normal

plane(SNP).
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Since in any steady state of the rotor the flapping motigei®dic, the flapping angle can be

expressed in the form of a Fourier series:

B = ay — aqcosyp — bysiny (16.9

Rotor Control

Control of the helicopter in flight involves changing tnagnitude of rotor thrust or its line of
action or both. This is achieved by tilting the rotor shaftther hub, relative to the fuselage.
Since the rotor is driven by the engine, tilting the shafimpracticable. Tilting the hub is

possible with some designs but the large mechanical foegesred restrict this method to very
small helicopters. Use of the feathering mechanism tageghdéhe pitch angle of the blades,
either collectively or cyclically, effectively changing the gndude and direction of the rotor

thrust.

Blade feathering, or pitch change, could be achievatyuserodynamic servo tabs, auxiliary
rotors, fluidically controlled jet flaps, or pitch links froa control gyro as possible methods. The
widely adopted method, however, is through a swashplatem, illustrated in Figure 16.7. It
has two parallel plates, the lower of which does noteotath the shaft but can be tilted in any
direction by operation of the pilot's cyclic control column aaided or lowered by means of his
collective lever. The upper plate is connected by contools to the feathering hinge

mechanisms of the blades and rotates with the shaft, tbithg constrained to remain parallel
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to the lower plate. Raising the collective lever thus increasgsttifteangle of the blades by the

same amount all round, while tilting the cyclic column appdiggt to the plates and thence a
cyclic pitch change to the blades, these being constréanesimain at constant pitch relative to
the upper plate. An increase of collective pitch at constagibherspeed increases the rotor thrust
(short of stalling the blades), as for takeoff and vertioaltrol generally. A cyclic pitch change
alters the line of action of the thrust, since the tip-jpddhe of the blades, to which the thrust is

effectively perpendicular, tilts in the direction of the siy@ate angle.

0:-8, % Collective pitch
_—- —::c:ml- __ . — Control
plane
| (NFP)
Lyclic pitch
Advancing Retreating

btade blade

Figure 16.7: Swashplate system (Seddon, 1990).
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CHAPTER 17

FORWARD FLIGHT: ROTOR AERODYNAMICS

The aerodynamic situation in forward flight is complex.rdjethe thrust vector has two
components; one in the vertical direction to balance weighthendther in the horizontal plane
to produce forward motion. We will examine both momentbheory and blade element theory

in this chapter.
Momentum Theory
A modified Glauert actuator disc approach assuming a meaned velocity as,

T (17.1)
2pAV

i

where

V= /VZ + V? (17.2)

V is the forward flight speed.
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Figure 5: Interpretation of Glauert formula for mom entum theory in forward flight (Seddon, 1990)

Figure 5 shows a helicopter rotor in forward flight. A ¢gé free stream velocity, and area
equals the rotor area, passes through the rotor andttisedeflected downwards at velocWyat

the disc. The velocity reaches 2Vi downstream by simylawith hover flow discussed
previously. Induced velocity reduces to that for hpwdrenV is zero. If V is large, the formula

converts to that for the induced velocity of an ellipticétigded fixed wing.

If Vi is the induced velocity in hover at the same thrust, ave h

Vi V., Vi (17.3
Dt ()2t —-1=0
GO+ G

In practice the induced velocity cannot be expected todmstant over the area of the disc.
Standard aerofoil theory would suggest an upwash ae#tkng edge and a greater-than-mean

downwash at the trailing edge.

Blade element theory

Using the same approach as the one used for hovessenale can determine the aerodynamic
forces and moments acting on the rotor blade. Figusbofvs a side view of the rotor disc.

Helicopter is moving horizontally to the left. The angle betwéhe disc edge plane (tip-path

plane TPP) and flight direction ¢s. The advance ratio is:

V cos a, vV (17.9
OR QR

u:
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Vcos o,

Y

Figure 6: Rotor disc in forward flight.

ComponentdJtandJrare defined as,

Ur=Qy + Vsiny and Ui = Vcosy (17.5)

UsingQ R as a reference velocity, the components becomes,

Uur=r + usiny and ur= pcosy (17.6)

We define the inflow factak as,

(17.7)

_Vsina, +V;

OR =ua + A

| sl
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v

Figure 17.3: Velocity components

The component), is obtained by,

d
u, =4+ pu cosyp+ r ﬁ (17.8)
Thrust
The differential thrust coefficient is given by,
1
ic 3P UzcdyCL_ 1 ¢ Y (17.9)
= pmR2QR)?Z  2mR-M T
u
CL= aq = a(e — _P) (1710
Ur
1 2 (17.11
dCr = Eaa(BuT —urup ) dr
(17.12

11 1 21
Cr = f —oal f Ou? — upup) dy | dr
0 0

2 2

This is the formula for the lift coefficient of a rotor innfeard level flight under the following
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assumptions:

» uniform induced velocity across the disc
» constant solidity along the span
» zero blade twist or a linearly twisted blade, with theigaf 0 taken to be that at three

guarters radius.

In-plane H-force

In hover, the in-planél force is the blade profile drag, while in forward flight tirag force on
the advancing side exceeds the reverse drag forceeasttieating side, leaving a net drag force
on the blade, positive in the rearward directibhforce (normal to the blade span in the

rearward direction) is

dH = (dD cos ¢ + dLsin¢p)sinyp = dH, + dH; (17.13
Where,dH,is the H force due to drag add# is the H force due to lift.
The differential H forces becomes,

1
dH = dD siny = 5P U% c dy Cpg siny (17.14

1
dCho = 50 Cpo(r + psinip)*sin dr (17.15

Integrating along the blade span, we get,
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17.16
Cho = 0 ulp ( ‘

The in-planeH force is

1 17.17
Cy :ZO-#CDO-I_CHL' ( ‘

The expression for the induced compon@gntcan be obtained in a similar way as in Bramwell,

2001.

Torque and power
The elementary torque is
dQ=dHy = y(dDcos¢ + dLsin¢)siny = dQ, + dQ; (17.18

wheralQis the torque due to drag anis the torque due to lift. The final expressions for

these terms are

1 17.19
Cqo =§UCD0(1+#2) ( ‘

The power equation with empirical coefficients
(17.21

1 D
Cp d: K‘ACT + §O-CD0(1+ k/,lz) +MWCT
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CHAPTER 18
HELICOPTER PERFORMANCE: HOVER, VERTICAL FLIGHT,

FORWARD FLIGHT AND CLIMB IN FORWARD FLIGHT

Introduction
In this chapter, we will consider the helicopter as a vehitlee aerodynamic forces and
moments and the thrust power will be used to determinpdtfermance. This includes various

flight conditions in hover, vertical, and forward flightttvior without climb.
A typical specification of a helicopter might include the foliogy

» Prescribed missions, such as a hover role, a paylogé/task or a patrol/loiter task. A
mission specification leads to a weight determination for pdybdas fuel and thence to
an all-up weight, see Figure 18.1

* Some specific atmosphere-related requirements, fangbeathe ability to perform the
mission at standard (ISA) temperature plus other tempegttire ability to perform a
reduced mission at altitude; the ability to fly at a particatarse speed.

» Specified safety requirements to allow for an engine failure

» Specified environmental operating conditions, such asdofrom ships or oil rigs.

* Prescribed dimensional constraints for stowage, aiapibity etc.

» A prescribed power plant.

Vehicle performance calculations are needed both at thébl#exlesign stage and after
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realization of design to compare with actual performan@nbance the performance.

Fuel reserves

Fuel for — |Mex.
o [T |
I Payload \

>
— — —Crew?2— — |

Empty weight |

All up
weight

(includes role equipment) '
-normally 50-55%

ks <

— lange T
Max.
range

Figure 18.1:Determination of all-up weight for pregribed mission (Seddon, 1990).

To perform performance calculation, we need the powgrimed in hover or forward flight and
envelope of thrust limitations imposed by retreating-bladdl stad advancing-blade
compressibility drag rise. The thrust limitations will be the heteing factor for level flight

speed and maneuver capability.

Hover and vertical flight

The power required is the sum of induced power, rekatddiade lift, and profile power, related
to blade drag. It is obtained as,
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1
P=k(VC+V,-)T+§chA,,V% (18.9
Using momentum theory, we can write
V+V—1V+ 1V2+T R
(4 i— 2 c (2 C) ZpA

In the profile termAy is the total blade areandVris the tip speed, equal ¥8R. We calculate
separately the power requirements of main and tail soteor the lattery/, disappears and the
level of thrust needed is such as to balance the main taigue in hover: this requires an
evaluation of hover trim, based on the simple equation

T¢ =Q (18.3

Where, Q is the main rotor torque addis the moment arm from the tail rotor shaft

perpendicular to the main rotor shatft.

Forward level flight

The empirical equation for power is used in the form

1 14 1
P=rcV,-T+§CDpAbV%[1+k(V—)2]+5pV3f (189
T

WhereVris the rotor tip speed/ the forward-flight speed arfdhe fuselage-equivalent flat-plate

area. The induced veloci¥ is given according to momentum theory as
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1 (18.5

1 T
V? —EVZ + E\/V4+ 4(—2PA)2

The power equations shows the power coefficient to beear sum of three terms; induced
power (rotor lift dependent), profile power (blade-sectitvag dependent) and parasite power

(fuselage-drag dependent).

Extra power is needed for tail rotor and power to transamsand accessories (perhaps 15% of
P atv = 0 and 8% at high speed). The thrlishay be assumed equal to the aircraft weWtior

all forward speeds above 5 m/s (10 knots).

A typical breakdown of the total power as acfion of flight speed is shown in Figure
18.2. In hover, induced power is the dominant term for loveesp and its contribution
diminishes as the speed increases. Profile power cabnle almost constant till the speed for
compressibility drag rise, where it is increasing. Parg&iteer is zero in the hover. It increases
asVand it comprises the largest component at high speting all terms, the total power has
a typical 'bucket' shape, high in the hover falling tmiaimum at moderate speed and rising
rapidly at high speed to levels above the hover valuacélehe helicopter uses less power in

forward flight than in hover except at high speeds.
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1600
Total
1200
HP
800
Parasite
Protile
400 ¢
— Induced
—— ——<Miscellaneous
Lo 80 120 160 200

knots

Figure 18.2: Typical power breakdown for forward level flight (Seddon, 1990).

Climb in forward flight

We assume that the profile power and parasite power reh@game as in level flight and only

the induced power has to be calculated. The powerdslatd as

1 1

Minimum-power forward speed is usually used to cateutiimb performance. In this cadgjs
small compared withV, its variation from level flight to climb can be neglectadd the

incremental poweAP required for climb is simpl\f V.. Thus the rate of climb is

AP (18.7)

During climb, the main rotor torque is increased which raeha increase of tail rotor power to
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balance it. Hence, part of the incremental power avaiigshlsed to supply extra power to the

tail rotor which reduces the climb rate by as much 86.30

For a given aircraft weight, the incremental poweilable for climb decreases with increasing
altitude due to a decrease in the engine power availiien the incremental power becomes
zero, the aircraft has reachedatssolute ceilingat that weightService ceilingis defined as the
height at which the climb rates is about 0.5 m/s (100 ft/n@@jling height reduces, if the

helicopter weight increases.
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CHAPTER 19
HELICOPTER PERFORMANCE: OPTIMUM SPEEDS, MAXIMUM

LEVEL SPEED, ROTOR LIMITS ENVELOPE

Optimum speeds
The optimum efficiency for level-flight correspondstibe minimum power speed point (point A
in Figure7). This point also represents tmnimum rate of desceirt autorotation. Speed A' is

the speed fomaximum rate of climbonsidering parasite drag correction.

Powlerbl
availa E\
Power
required
Power
AA B B C

— Flight speed

Figure 7 Optimum speeds and maximum speed (Seddat990).
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Point A also defines the speed faeximum endurancer loiter time.Maximum glide distance
in descent is achieved at speed B, defined by a tatmémé power curve from the origin. Here
the ratio of power to speed is a minimum: the condition cooregpto that of gliding a fixed-
wing aircraft at its maximum lift-to-drag ratio. Point B is athe speed fomaximum rangen
zero wind. For headwind best-range speed is at Birwa by striking the tangent from a point
on the speed axis corresponding to the wind strengtha Eailwind the tangent is taken from a

point on the negative speed axis, leading to a lowerrbage speed than B

Maximum level speed

The maximum speedbr level flight is limited by the envelope of retreating-blastall and

advancing-blade drag rise. It is defined by the intersectidhe curves of power required and
power available, (C in Figure 7). Power available is asdumée greater than that required for
hover (out of ground effect) and, typically, to be heaonstant with speed, increasing a slight
at high speed from the effect of ram pressure in tlggnenintakes. The power required curve
takes the bucket shape. It is the sum of the induced gradile drag and miscellaneous

additional drag. At maximum speed, the power requirethisst double the parasite powep,

hence,
Pp = 2P = errB;axf (19-1)
P 19.
Vinax = (pi;)1/3 (19.

Increasing density altitude reduces the power availaldenaay either increase or decrease the
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power required. Generally the reduction of available ggodominates an®n.x decreases.
Increasing weight increases the power required (throlg induced powd?;) without changing

the power available, so agaiaxis reduced.

Rotor limits envelope

Rotor limits envelope is determined by stall at high angkttaick and compressibility effects at
high Mach number. Also, the limits of the available povesrthe rotor will affect its operation.

Typical envelope is sketched in Figure 19.2.

In hover, the stall will limit the thrust available since atiods are uniform at any radial
position. As forward speed increases, maximum thnughe retreating blade decreases because
of the drop in dynamic pressure and this limits the thagkievable throughout the forward-
speed range. On the contrary, maximum thrust on thanathg side increases but it is
unrealizable because of the retreating blade restriciibhigher speeds, the shock waves will
result in flow separation, which leads to drag divergead loss in lift. Eventually the
maximum speed is limited. Thus, the envelope represelmst on thrust from retreating-blade

stall and a limit on forward speed from advancing-bladelVeffects.

Calculation of the limits envelope is usually done by compaitewing the inclusion of
other factors, such as a non-uniform induced velocityildigion, a compressibility factor on lift

slope and a representation of blade dynamic stall desistcs.
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Figure 19.2: Rotor thrust limits (Seddon, 1990).

Accurate performance prediction

Usually using numerical methods will relieve some of teeuaptions needed for analytical
analysis. Hence, modern performance analysis reliagiliign numerical methods to produce

accurate results that can be compared with actual fligte. te

Special cases usually need accurate predictions.Xaonpe, the stress analysis of the
rotor is so critical and complicated such that it needs atzunethods. Another case is the

determination of the behavior of a helicopter flying ina@l aerodynamic environment.

Some terms needs special attention such as parasite drdgtéfmine the total drag of
the helicopter, it is broken down into manageable groupisgsh as streamlined and non-
streamlined components, fuselage angle of attack,cgurfaughness, leakage and cooling-air

loss.

To improve induced and profile drag predictions, we khase a realistic distribution of
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induced velocity over the disc area, accurate blade sddti@and drag characteristics including
dynamic effects. The rotor is analyzed for various esmgif attack and Mach numbers of all
blade sections varying from root to tip and round the attinas the blade rotates. Usually,
iterative methods are required among the basic equatiotisust, collective and cyclic pitch

and the flapping angles.
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CHAPTER 20

INTRODUCTION TO AIRCRAFT CONCEPTUAL DESIGN PROCESS

Introduction

In designing remote controlled home build aircraft, emtgal design process is sufficient
enough to provide all configuration details such as wiag and fuselage dimensions. The
design process must start with initial requirements andiomsprofile. The designer needs to
guess the target weight of the designed aircraft. dsggd process then will continue with
weight estimation, wing, tail and fuselage sizing. After thdiganation layout is completed, the
total drag of the aircraft must be predicted in order to estimagine power. Stability analysis,
location of center of gravity and the performance ofdheraft should be considered. If any
design problem appears in this stage, it can be corréhtedgh optimization process or
repeating of the components calculation process. ptimzation of the components dimension
can be also carried out during fabrication procedsetore conducting the flight test. Figure 20.1

shows suggested flow chart to develop new RC home auddhtft.

In this stage set of specific design requirements will dtabished by the designer. The initial
requirements the aircraft should be related to thaiomsprofile of the aircraft. Aircraft design
requirements should include the following details: target meigange, altitude, engine type,

maximum speed, endurance and takeoff and landitgndis.
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Takeoff Weight

Estimation of the aircraft takeoff is considered as onb@®imost important parameter where the

historical data base is used to estimate unknown parameters.

Airfoil selection

Lift to drag ratio is the most important parameter in dglgcthe suitable airfoil type for the

wing section but selection of the airfoil also highly depemt¢he type of the aircraft.

Wing and Tail Geometry Parametess

The most important wing geometry parameters for homebGilaiRcraft are area (S), chord (c),
aspect ratio(AR), taper rati@)( span (b), sweep angld), incidence anglei), dihedral angle
(I"), wing vertical location, and wing tip type. Some of thparameters such as wing area, span

and chord can be calculated using the design relations.

Fuselage Geometry Parameters

The historical data can be used to find the suitable ddtitve fuselage length to maximum
diameter of the fuselage. The selection of the fusetaggs section type is highly dependent on

the use of the aircraft.

Wing Loading

The design wing loading is defined as the takeoff weifkieaircraft divided by the wing area.

The wing loading is very important design parameter anst imel predicated in early stage of the
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design. The wing loading affect the aircraft performarsceall wing loading can leads to large
wing area and high drag but large wing loading can iserdlae aircraft weight. The best way to
predict the design wing is to estimate the wing loading lfaha mission segments and then the
lowest wing loading must be selected as design wing Igaulim very low wing loading is also

not acceptable. If problem with unacceptable design Wiading was faced, the designer should

modify the initial requirements in order to improve the wimagding value.
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Dezign Requirement
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Check Performancs

Fabrcation

¥
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Figure 20.1 Conceptual Design Process of RC Homeills aircraft
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Estimation of Drag for New Designed Subsonic Aircri
Parasite Drag

Estimation of total aircraft drag is important factor in estingathe aircraft power required. The
drag of low speed aircraft is divided into two types, maipharasite drag and drag due to lift.
Rough estimation of profile drag can be achieved bygusiamponent build method. In
component build method, the flat plate skin frication coefficaneach component is used to
calculate the component parasite drag. The interferdicand separation {Fdrag factors are

also included in the component buildup methods for eactpeoent. Drag due to any special
geometry feature (§sp), manufacture defects, holes and gapsng is also roughly estimated

and will be added to the parasite drag. The component puildtthod can be expressed as

1
Co, = s, > HC,FF.S) +Cour *+Comg (20.1)
ef N

Where Setis presenting the reference arBlais total components number, ands component

number.
The skin frication coefficient can be calculated usiagglate relations as

For laminar flow:
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133

(20.2)
JR.

Cs

For turbulent flow:

o oass 203)
11(log,, R, )

Where the Reynolds number can be obtained from theniolg relations

For smooth surface:

_ve
R, = p (20.4)

For turbulent flow, the Reynolds number of the roughasieimust be consider as

R = 382&) (20.5)

Wherel is presenting the maximum length dnib the skin roughness value which is presented

in table 20.1

Table 20.1: Skin Roughness Value

Surface K (f)x10°

Smooth Paint 2.08
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Smooth molded composite 0.17

The lowest value of the Reynolds number from equation 29d420.5 will be used in equation
20.3. The average skin frication coefficient can be estichltom the calculation of the laminar
and turbulent skin frication coefficients. Then the aversign frication coefficient will be used

in equation 20.1.

The interference dradr{) factor for the wing and tail can be expressed as

F = {1+ z(lJ +1oc(%j4}[134|v| 9(cosA )] (206)

c

And for fuselage as

F :(1+%+4L00J (20.7)

WhereA, is refer to the sweep of the maximum thickness liref @ defined as

f (20.8)

-
d

Table 20.2 shows the estimation value of the separatipdrgg factor
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Table 20.2 Separation (E) drag factor

Type Fs
Engine mounted directly on the fuselage 15
High and mid wing 1.0
Low wing 1.25
Fuselage 1.0
V-Tail 1.03
H-Tail 1.08
Conventional Tall 1.05

Drag due to any special geometry featuresff is predicted using drag area (D/q). The
historical data is normally used to estimate the compothey area. Raymer(1992) gives the
guide line of estimating §spr.Drag due tomanufacture defects, holes and gapsm(@ can be

estimated for homebuilt aircraft as about 5-10%hefparasite drag.

Induced Drag
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The induced drag can be estimated using the faliguwelation

_C
°  7eAF

(20.9)

Raymer (1992) present relation used to estimateaf@seifficiency factor as
e= 178(1— 0045AR*®) — 064 (20.10)

If the wing is equipped with winglet or endplateguation for the effective aspect ratio must baluse

equation 20.10.
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CHAPTER 21

LIGHTER THAN AIR VEHICLES

Lighter-than-air (LTA) vehicles represent a unique andmpsing platform for many
applications that involve a long-duration airborne preseraehieving their lift through
buoyancy, these vehicles require much less power thditional aircraft. An airship is a large
lighter-than-air gas balloon that can be navigated by wsnggne-driven propellers. The airship
evolved from the spherical balloon first successfully flowrthee Montgolfier brothers in 1783.
Airships are basically large, controllable balloons that l@svengine for propulsion, use rudders
and elevator flaps for steering, and carry passemgergondola suspended under the balloon.

There are three types of airship systems.

1. Non-rigid Airships: Non-rigid airships are airships whidlke balloons, keep their
exterior shape through the pressure of the lifting gagédnthe envelope. There is no interior
supporting structure. The gondola and tail units are moumtetieoairship envelope. So-called
catenaries curtains or cable mechanisms transfer totbe upper envelope sections and thereby
ensure the even distribution of weight on top of the lpesection. The engines of non-rigid
airships are mounted directly on to or even underneatlyghdola. They are also equipped with
ballonets.

2. Semi-rigid Airships/Keeled Airships: These airships diffeni pressure airships through
their rigid keel structure below the airship envelope pariial structure inside the envelope. The
rigid structure helps to ensure even distribution of faocthe envelope and as a reinforcement

of the entire system. These aircraft - just like non-rigidhéps - get their shape from gas
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pressure gas pressure inside the envelope. Thereftboadis are needed for semi-rigid airships
to keep the envelope pressure constant. Furthermorajtathments (engines, tail units and
gondola) are firmly connected to the interior supptiicsure, which also acts to absorb stress.
With this type, optimal low weight and greater efficiencyléyger airships can be achieved.

3. Rigid Airships: With this type of airship, the exterior formdstermined by its rigid
skeletal structure. The attachments (tail unit and gondei)either part of the structure or
connected to it. Within the skeletal structure of large rifagéened to longitudinal girders are
gases bags filled with lifting gas. The skeletal structureoldf Zeppelins was made from
aluminum alloys. It is simply covered with a material thaegithe airship a smooth surface and
protects the gas bags. These are suspended frostralceure in a way that compensate for any
volume fluctuations of the lifting gas with increasing orréasing altitude which means for any
expansion or contraction of the gas bags. Thus, mgiships do not need any additional

ballonets. With this design, the motors can be placedefécyently. (www.globalsecutity.com)

(a) Ballonet Rudder
é ‘/ __’_:.-"Eleu':ltnr flap
B -l Nonrigid airship
| (Blimp)

Gondola Engine

Gas bag Rudder
(b) i

- Elevator flap

Engine

Keel

Semirigid airship 1"_--_—--__—.

Gondaola compartments
(C ) Rigid structure Rudder
Gas bag \
. — Elevator flap
I — e —
1 ___T-._ | | 'i — _____._'_,_;—'—‘
- l\ T Rigid airship
Gondola Engines (Zeppelin)

Figure 21.1:(a) Non-rigid airship, (b) Semi-rigid arship, (c) Rigid airship (Wikipedia)
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LITERATURE REVIEW

Airships are designed to carry cargo or passengémey Ty just low enough to avoid
having to pressurize the cabin like an airplane. Theyt dequire long runways like jets or a
large crew on the ground. They also don't need tddvedsin a hangar.

Any gas or gas mixture that is "lighter than air", andréfege has a lower density
(weight per cubic meter) is suitable as a lifting gas. Ustlandard conditions, air has a density
of 1.28 kg/m3.

Hydrogen is a low-density gas and easy to produce. keweogether with oxygen,
hydrogen is flammable and in a certain mixing ratio withcain form oxyhydrogen which is
highly explosive. Therefore, hydrogen is no longeduse commercial airship operations.

Helium is an inert gas and therefore chemically inert, nobrflable and appears as a
single atom He. It is found in the earth's crust and loy-aroduct of natural gas extraction.
Because of the small size of the helium atom, it was a profde a long time to manufacture
gas-tight envelope materials. With modern materials it i8 possible to better confine the
diffusion within the envelope material.

Buoyant lift is the influence on the weight of a bodgated when the body density
differs from that of the medium surrounding it. Thioancy lift is utilized in airship aviation.
The balloon envelope is filled with a gas, which has a lalessity than air. Buoyancy force is

equal to the weight of fluid displace8,=V xp, .
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The lift created through flow around bodies is called tpasilift. One example is the
lifting surface of an airplane. Because of the specidilpraith a more prominent curvature on
the upper side an air particle has to cover a greatandss, and therefore flow around the profile
at a higher speed. This creates force which in turrksvon the profile i.e. the body. In pre-war
airship aviation, positive lift, especially with rigid airshipsid not play a big role. Today
positive lift is applied selectively. Most airships today staeavier than air" and also use
positive lift for take-off. (www.globalsecurity.com)

The airship is essentially a low-speed vehicle. Higherdspgenerate a rapid escalation
of weight and fuel consumption, structure weight inceetts meet the higher aerodynamic
loading, and the power plant weight increases with oufpbé aerodynamic drag is also
increase; the drag of the hull by itself is usually less thah due to the attached gondola and
installations, which interfere with the flow over the envel@s well as contributing their own
drag components.

History

The history of airships begins, like the history of hot alldons, in France. After the
invention of the hot air balloon in 1783, a French officemed Meusnier visualized an airship
that utilized the design of the hot air balloon, but was ableetnavigated. In 1784, he designed
an airship that had an elongated envelope, propeflecs,a rudder, not unlike today's airship.
Although he documented his idea with extensive drawingsiddier's airship was never built.

In 1852, another Frenchman, an engineer named Hefiar@ibuilt the first practical

airship. Filled with hydrogen gas, it was driven by a 3tgam engine weighing 350 Ib (160 kg),
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and it flew at 6 mi/hr (9 km/hr). Even though Giffard'sship did achieve liftoff, it could not be
completely controlled.

The first successfully navigated airshipa France,was built in 1884 by two more
Frenchman, Renard and Krebs. Propelled by a 9 hprieldly-driven airscrewl.a Francewas

under its pilots' complete control. It flew at 15 mi/hr (24 ki/h

Military airships

In 1895, the first distinctly rigid airship was built by Gemn David Schwarz. His design
led to the successful development of the zeppelin, a riggthipibuilt by Count Zeppelin. The
zeppelin utilized two 15 hp engines and flew at a spee@%fmi/hr (42 km/hr). Their
development and the subsequent manufacture of 20 sesdels gave Germany an initial
military advantage at the start of World War 1.

It was Germany's successful use of the zeppelin for milfconnaissance missions that

spurred the British Royal Navy to create its own airships
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Figure 21.2: Military airships (Wikipedia)

Passenger-carrying airships

During the 1920s and 1930s, Britain, Germany, and the Writates focused on
developing large, rigid, passenger-carrying airshipdik&Britain and Germany, the United
States primarily used helium to give their airships lifheTfirst passenger-carrying non-rigid
airship was invented in 1898 by Alberto Santos Dumourtitizen of Brazil living in Paris.
Under a sausage-shaped balloon with a ballonet or collapsililag inside, Dumount attached a
propeller to his motorcycle's engine. He used both air lydrogen, not helium, to lift the
airship.

There are some advantages of rigid type airship. It ieileethat lends itself most easily

to large structures and which is also the safest of the typwes of airships. Rigid airships have
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made longer single flights than other types and hawenflonore hours and miles without
refueling than any other form. The rigid airship is saidb® the fastest large vehicle of
transportation that engineering ability of man has yetvedo The rigid airship, owing to its

large size and light weight can carry more load thancdingr type of aircraft.

Figure 21.3: Innovation of rigid airship (Airliners .net)

The future

Propulsive efficiency will be improved by using lightweigtwo-stroke aviation diesel
engines, gas turbines, or solar energy. New bow andthktemsters will be developed to improve
maneuverability. New lightweight composites might changehihll design. More lightweight,
high strength materials will probably be developed aeditably improve the overall design and
function of the airship. The Pentagon and the U.S. Nease renewed interested in developing
blimps for various defense, missile surveillance, radaresilance platforms, and

reconnaissance purposes. (from www.experiencefestvakczeppelin encyclopedia)

156



AERODYNAMICS AND ITS APPLICATIONS

Further Reading
1. Khoury, G. A. & Gillette, D(1999). Airship TechnologyUnited Kingdom, Cambridge
University Press.
2. Konstantinov, L. The Basics of Gas and Heat Airship Theory.

Websitewww.aeronautics.com/airship

157



AERODYNAMICS AND ITS APPLICATIONS

CHAPTER 22

INTRODUCTION TO COMPUTATIONAL FLUID DYNAMICS

This and the next few chapters provide an introductioootoputational fluid dynamics and a
powerful commercial CFD solver known as FLUENT. Thesapters are intended to provide a
new user of FLUENT a step by step guide though a@lsirproblem in aerodynamics namely
flow pas an airfoil NACA 0012.
Computational Fluid Dynamics (CFD) is one of the populathods to estimate the forces and
moments on a body in a flow field. CFD is useful in dewariety of applications especially in
the industry. . However, one must note that complex flowlsitions are challenging and error-
prone and it takes a lot of engineering expertise to obtdidated solutions.

FLUENT is a computational fluid dynamics (CFD) softwarekame to simulate fluid
flow problems. It provides the capability to use differemggical models such as incompressible
or compressible, inviscid or viscous, laminar or turbuleaw f Geometry and grid generation is

done using GAMBIT which is a preprocessor bundled WItJENT.

THEORETICAL BACKGROUND
The Strategy of CFD
Broadly, the strategy of CFD is to replace the contingwablem domain with a discrete

domain using a grid. In the continuous domain, each Warable is defined at every point in the
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domain. For instance, the pressprim the continuous 1D domain shown in the Fig. 22.1 below

would be given as
p = p(x), O<x<1
In the discrete domain, each flow variable is definelg ahthe grid points. So, in the discrete

domain shown below, the pressure would be definedairilye N grid points.

p=p(x), i=12,..,N

Continuous Domain Discrete Domain

0=x=1 X=Xy Koy Xy

! | \ 4 | L | | |

m 1 T T T 1

¥=0 x=1 3{1 *i “-_1. xN
Grid point

Coupled PDEs + boundary Coupled algebraic egs. in

conditions in continuous discrete variables

variables

Figure 22-1: Continuous and Discrete Domain

In a CFD solution, one would directly solve for the releéviiow variables only at the grid
points. The values at other locations are determined hyaolé&ting the values at the grid points.

The governing partial differential equations and boundanglitons are defined in terms
of the continuous variablgs V etc. One can approximate these in the discrete domainms te

of the discrete variablep;, \7ietc. The discrete system is a large set of coupled, raigeb
equations in the discrete variables. Setting up the dessgsttem and solving it nvolves a very

large number of repetitive calculations and is done bydtg#al computer. This idea can be
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extended to any general problem domain. The followingy BR.2 shows the grid used for

solving the flow over an airfoil.

Figure 22-2 Grid over an airfoil

To keep the details simple, here are the illustrationseofuhdamental ideas underlying CFD by
applying them to the following simple 1D equation:
o +u™ =0
oX : 0<x<1: u(0)=1 (22.1)
We will first consider the case wheme= 1 when the equation is linear. We will later consider
them = 2 case when the equation is nonlinear.
We will derive a discrete representation of the above equadithnrm = 1 on the following grid

(Fig. 22.3):

-

x.=0 X5= 13 x3=2.-'3 x,=1

Figure 22-3:An equally spaced grid
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This grid has four equally—spaced grid points with being the spacing between successive

points. Since the governing equation is valid at any gpidt, we have

(@j +y =0 (22.2)
@( | -
where the subscriptepresents the value at grid pointin order to get an expression fdu(dx);

in terms ofu at the grid points, we expang; in a Taylor’s series:

u_, =u, —Ax(%) + O(sz)
dx ).
Rearranging gives
du u —u_ »
— | =—4——=+0|AX 22.3
(dx)i Ax (o) (223

The error in u/dX; due to the neglected terms in the Taylor's series llsdcéhe truncation
error. Since the truncation error above(g\x), this discrete representation is termed first-order
accurate.

Using (3) in (2) and excluding higher-order terms in tlagldr's series, we get the following

u -y

discrete equation: T‘l +u =0 (22.4)

Note that we have gone from a differential equation talgebraic equation.
This method of deriving the discrete equation using Taykeites expansions is called

the finite-difference method.
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Discretization Using The Finite-Volume Method

If we look closely at the airfoil grid shown earlier, wellvgee that it contains of
qguadrilaterals. In the finite-volume method, such a gladral is commonly referred to as a
“cell” and a grid point as a “node”. In 2D, one couldoahave triangular cells. In 3D, cells are
usually hexahedrals, tetrahedrals, or prisms. In thigefvolume approach, thategral formof
the conservation equations are applied to the control vollefieed by a cell to get the discrete
equations for the cell. For example, the integral formhef ¢tontinuity equation was given

earlier. For steady, incompressible flow, this equatidniees to

j\7 hdS=0 (22.5)
S

The integration is over the surfageof the control volume and is the outward normal at the
surface. Physically, this equation means that the net vdlomento the control volume is zero.

Consider the rectangular cell shown below in Fig.22.4.

face 1 face 3

(uy.vy) \ (ugv3)

Cell center

Figure 22-4 Rectangular Cell
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The velocity at face is taken to bek7i :uif+vif. Applying the mass conservation equation
(22.5) to the control volume defined by the cell gives
- U Ay - v,AX+Uu,Ay +v,Ax =0
This is the discrete form of the continuity equation for tled. dt is equivalent to

summing up the net mass flow into the control volume setting it to zero. So it ensures that
the net mass flow into the cell is zero i.e. that the nems®nserved for the cell. Usually the
values at the cell centers are stored. The face valyes, etc. are obtained by suitably
interpolating the cell-center values for adjacent cells.

Similarly, one can obtain discrete equations for the cgaten of momentum and energy for
the cell. One can readily extend these ideas to any detedrashape in 2D or 3D and any

conservation equation. These equations are solved tamab&unknown flow variables.

Assembly of Discrete System and Application of Boutary Conditions

Recall that the discrete equation that we obtained usingniteedifference method was

u —-u

L +u =0
Rearranging, we get
—u_, +(1+Ax)u, =0
Applying this equation to the 1D grid shown earlier at godtsi = 2,3,4 gives

—u, +(1+Ax)u, =0 (i=2) (22.6)
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—u, +(1+Ax)u, =0 (i=3) (22.7)
—u, +(1+Ax)u, =0 (i=4) (22.8)
The discrete equation cannot be applied at the left boyrtidal ) sinceu;.; is not defined here.
Instead, we use the boundary condition to get
u=1 (22.9)
Equations (6)-(9) form a system of four simultaneouselaigic equations in the four

unknownsiy, Up, Us, Ug. It is convenient to write this system in matrix form:

1 O 0 0 u,
-11+Ax O 0 u,
0 -1 1+Ax O U,
0O O -1 1+ Ax|lu,

(22.10)

o O O B+

In a general situation, one would apply the discreteteansato the grid points (or cells
in the finite-volume method) in the interior of the domdior grid points (or cells) at or near the
boundary, one would apply a combination of the dis@gteations and boundary conditions. In
the end, one would obtain a system of simultaneous raigebquations with the number of
equations being equal to the number of independent thsaeables.

FLUENT, like other commercial CFD codes, offers a wgrief boundary condition
options such as velocity inlet, pressure inlet, pressutletpetc. it is very important that we

specify the proper boundary conditions in order to lzawell-defined problem.

Suggested Reading
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1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, 1.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 23

FLOW PAST AN AIRFOIL

CREATION OF AIRFOIL GEOMETRY IN GAMBIT

The first step towards the implementation of the CFD cdnisdpy tackling the problem of flow
over an airfoil.
Flow over an airfoil

Figure 23-1:An airfoil geometry

Consider air flowing over the given airfoil. The firstfail that we will be using here is
NACA 0012, a symmetric airfoil although the picture ab@saot showing a symmetric airfoil.
In this example, the free stream velocity is 50 m/s andutigge of attack is® Here we discuss
NACAO0012 for the sake of explaining step by step of tingathe geometry in GAMBIT and
analyzing it in FLUENT.

Assume standard sea-level values for the free streanropetties:
Pressure = 101,325 Pa, Density = 1.2250 Rgiremperature = 288.16 K, Dynamic viscogity
1.7894e-5 kg/m-s, We will determine the lift and drag fiaehts under these conditions using
FLUENT. Before proceeding any further, here is the lidteps that we need to follow in order

to solve the airfoil problem using FLUENT.
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1. Create Geometry in GAMBIT, 2. Mesh Geometry in GAMBIT, 3. Specify Boundary

Types in GAMBIT, 4. Set Up Problem in FLUENT, 5. Solv! Analyze Results

Step 1: Create Geometry in GAMBIT
The creation of geometry of the airfoil has the same pim@p all other geometry making in

GAMBIT. The main objective is to create the mesh.

P
airfoil

20c

A
T
|
|
1
|
|
|
1
1
|
1
[
1
|
1
1
|
|
|
-
|
I
!

Figure 23-2Thefarfield boundary

This chapter will lead you through the steps for generadimgesh in GAMBIT for an airfoll
geometry. This mesh can then be read into FLUENT fad fliow simulation. In an external
flow such as that over an airfoil, we have to defineréield boundary and mesh the region
between the airfoil geometry and the farfield boundarys & good idea to place the farfield
boundary well away from the airfoil since we will use theb#&nt conditions to define the
boundary conditions at the farfield. The farfield bougdae will use is the line ABCDEFA in

the figure abovec is the chord length. For the purpose of simplicity, lieeechord length is 1m.
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Start GAMBIT

Create a new directory call®ACA0012nd startGAMBIT from that directory by typing
gambit -id NACAO0012 at the command prompt. Alternativehany computers that have the
software FLUENT, will have a direct shortcut to GAMBITda students can define their
filename once they run GAMBIT and click File>New...or thewer version has a GAMBIT

Startup that prompt the user the filename and the workiegtdny.

£l Gambit Startup oy ] 24

Wotking Directory | Ciderja_fluent j BT |

Sezzionld

Options

Close |

Figure 23-3: Gambit Startup
UnderMain Menu, selectSolver > FLUENT 5/6 since the mesh to be created is to be used in

FLUENT 6.

Import Edge

To specify the airfoil geometry, we will import a file comiag a list of vertices along

the surface and have GAMBIT join these vertices to createedges, corresponding to the
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upper and lower surfaces of the airfoil. We'll then splise edges into 4 distinct edges to help

us control the mesh size at the surface.

Students can get the airfoil vertices data from many webait¢he internet like UIUC
Airfoil Data Site - http://uxh.cso.uiuc.edu/~selig/ads.html. Al&givelly, they can get the data
from softwares like NACA4GEN and Profili. It takes sometion in order to make the data
similar to the one below. The data at first is in percenttgggefore it has to be divided with
100. Plus, the coordinates are in two dimensions andriigx and y coordinates for each point.
Therefore, you have to add a zero (0) for each pomthie z coordinate before importing it into

GAMBIT. Let's take a look at the NACAOQ0012.txt file:

0.0005839  0.0042603 O

0.0023342  0.0084289 O

.......................... (Continue)

0.9994161  0.0013419 O
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0.0005839  -0.0042603 O

0.0023342  -0.0084289 O

......................... (Continue)

0.9976658  -0.001587 0

0.9994161  -0.0013419 O

The first line of the file represents the number of ion each edge (66) and the
number of edges (2). The first 66 set of vertices ammected to form the edge corresponding to
the upper surface; the next 66 are connected to forradge for the lower surface. Make sure
that each edge will coincide each other at the trailingleading edge. This is done by checking
the end vertices for each edge are the same. Fopéxampper surface and lower surface has (0
0 0) and (1 0 0) at each end. This step is importantderdo avoid any error while creating the
surfaces and meshing in GAMBIT. The chord lengtbr the geometry in NACAO0012.txt file is
1, so x varies between 0 and 1. If you are using aréffit airfoil geometry specification file,
note the range of values in the file and determine the chord lergthfou will need this later

on.

Main Menu > File > Import > ICEM Input ...
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>< Import ICEM Input File

File Hame: |I

Import Options:

Tolerance I

Geometry to Create:
B Verices
B Edges
- Face

£ <L

Accept |

Close I

Figure 23-4 Import ICEM Input File

For File Name browse and select the NACA0012.txt file. Select héghticesandEdges

underGeometry to Create: since these are the geometric entities we need to cizegelect

Face Click Accept The result will be something like in the Fig.8.
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Figure 23-5 Airfoil edge and vertices
When we zoomed in the trailing edge, we should see hieapoint (1 O 0) connects the two

upper and lower surface of the airfoils.

Glohal Control

| e 5|

e e : - o1
== : z Helsle

Figure 23-6 Trailing edge
Split Edges
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Next, we will split the top and bottom edges into two edgesh as shown below.

|
t

Figure 23-7 Split edge of airfoll

We need to do this because a non-uniform grid spacihde@used forx<0.3c and a uniform

grid spacing fox>0.3c To split the top edge into HI and IG, select

Operation Toolpad> Geometry Command Button > Edge 6mmand Button > Split/Merge

Edge

Make sure Point is selected next to Split With in$ipét Edgewindow.

Select the top edge of the airfoil by Shift-clicking on iheTselected edge will become red in
color. We'll use the point a&=0.3c on the upper surface to split this edge into HI andTi&do
this, enter 0.3 for x: under Global. If yotirs not equal to one, enter the value of 0.8stead of
just 0.3.For instance, =4, enter 1.2. From here on, whenever you are askeshter (some

factor)*c, calculate the appropriate value for yowand enter it.

You should see that the white circle has moved to theatdaeation on the edge.
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Click Apply. You will see a message saying Edge edge.1 wasamlitedge edge.3 created” in

the Transcriptwindow.

Note the yellow marker in place of the white circle, intir@a the original edge has been split
into two edges with the yellow marker as its dividing pointpd this procedure for the lower

surface to split it into HJ and JG. Use the point=@t.3c on the lower surface to split this edge.

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, 1.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 24

CREATING FAR FIELD BOUNDARY IN GAMBIT

Creation of Far field Boundary

Next we will create the far field boundary by creatingiges and joining them appropriately to

form edges. The following commands in GAMBIT are reqlit@ create the far field boundary.

Operation Toolpad> Geometry Command Button > VertexCommand Button > Create

Vertex

Create the following vertices by entering the coordinateder Global and the label under

Label:
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Table 24-1Farfield boundary vertices

Label | x-coordinate | y-coordinate | z-coordinate

A C 12.5c 0
B 21c 12.5¢c 0
C 21c 0 0
D 21c -12.5¢ 0
E C -12.5¢ 0
F -11.5¢c 0 0
G C 0 0
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¢ GAMBIT

Apply Reset Cose

Global Control

| peuve | 4

Transcrpt &~ Description

Figure 24-1 Boundary vertices

Click theFIT TO WINDOWbutton to scale the display so that you can see all theegert

As you create the edges for the farfield boundaryp kbe picture of the farfield nomenclature

given at the top of this step handy.
Operation Toolpad> Geometry Command Button > Edge 8mmand Button > Create Edge

Create the edge AB by selecting the vertex A followeddrtex B. Enter AB fotabel.
Click Apply. GAMBIT will create the edge. You will see aessage saying something like

"Created edge: AB" in thEranscriptwindow.
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Similarly, create the edges BC, CD, DE, EG, GA and C&eNhat you might have to zoom in

on the airfoil to select vertex G correctly.

Next we will create the circular arc AF. Right-click oe t@reate Edge button and select Arc.

e
+
el

+ Straight I

T

Arc

Circle

4 (;“'*

> Ellip=ss

-

/

Conic
- —

=
U Fillst

£ . NURES
Ly

=%lé? Rewolue

e

ﬁi::? Project

Figure 24-2 Create edge options

In theCreate Real Circular Arenenu, the box next t©enter will be yellow. That means

that the vertex you select will be taken as the centdéreoérc. Select vertex G and click Apply.

Now the box next t&end Points will be highlighted in yellow. This means that you can
now select the two vertices that form the end points ofriheSelect vertex A and then vertex F.

Enter AF undetabel. Click Apply.
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If you did this right, the arc AF will be created. If ytnok in the transcript window,

you'll see a message saying that an edge has beegdcreat

Similarly, create an edge corresponding to arc EF.

¢ GAMBIT:

Hie Edit Solver Operation

[@ o)
B ol

7 =] [+ 4 &
mEERE

Tolgrancs
Label ¢
Apply | Reset | close

Giobal Control

| cewve FYEA ) ]

escription

Created face: face 3
Command> save

H
S
2
=
T
=

commana: [

Figure 24-3: Farfield Boundary

Create Faces

The edges can be joined together to form faces (whelplanar surfaces in 2D). We'll create

three faces: ABCGA, EDCGE and GAFEG+airfoil surfaceeTlwe will mesh each face.

Operation Toolpad> Geometry Command Button > Face @mmand Button > Form Face
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This brings up the€Create Face From Wireframeenu. Recall that we had selected vertices in

order to create edges. Similarly, we will select edgesder to form a face.

To create the face ABCGA, select the edges AB, BC, &1@,GA and clickApply. GAMBIT

will tell you that it has "Created face: face.1" in the tcaps window.

Similarly, create the face EDCGE.

To create the face consisting of GAFEG + airfoil surfaeggect the edges in the following order:

AG, AF, EF, EG, and JG, HJ, HI and IG (around thé#iin the clockwise direction). Click

Apply.

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, 1.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 25

MESH GENERATION IN GAMBIT

Mesh Geometry in GAMBIT

Mesh Faces

We'll mesh each of the 3 faces separately to get odrrfinah. Before we mesh a face,
we need to define the point distribution for each of theegdigat form the face i.e. we first have
to mesh the edges. We'll select the mesh stretching paranaed number of divisions for each

edge based on three criteria:

1. We'd like to cluster points near the airfoil since this is neht@e flow is modified the
most; the mesh resolution as we approach the farfieldndsries can become
progressively coarser since the flow gradients approaxh

2. Close to the surface, we need the most resolution nebraitieg and trailing edges since
these are critical areas with the steepest gradients.

3. We want transitions in mesh size to be smooth; large, disconts changes in the mesh

size significantly decrease the numerical accuracy.

The edge mesh parameters we will use for controlling tleécking aresuccessive ratio,

first lengthandlast length Each edge has a direction as indicated by the arroweigrdphics
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window. Thesuccessive ratiols the ratio of the length of any two successive divisionthe

arrow direction as shown below.

Operation Toolpad> Mesh Command Button > Edge Commad Button > Mesh Edges

Select the edge GA. The edge will change color and ranvaand several circles will
appear on the edge. This indicates that you are readggb this edge. Make sure the arrow is
pointing upwards. You can reverse the direction of tlgedxy clicking on th&eversebutton in
the Mesh Edgesnenu. Enter a ratio of 1.15. This means that eaclessis® mesh division will
be 1.15 times bigger in the direction of the arrow. Sdtgetrval Count underSpacing Enter
45 for Interval Count. Click Apply. GAMBIT will create 45 intervals on this edge with a

successive ratio of 1.15.

For edges AB and CG, we will set thest Length(i.e. the length of the division at the start of
the edge) rather than tiseiccessive RatidRepeat the same steps for edges BC, AB and CG with

the following specifications:
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Table 25-1 Mesh specification of edges

Edges Arrow Direction Successive Ratio Interval Count
GA and BC Upwards 1.15 45

Edges Arrow Direction First Length Interval Count
AB and CG Left to Right 0.02 60

Note that later we'll select the length at the trailing eddeet0.02 so that the mesh length is

continuous between IG and CG, and HG and CG.
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Figure 25-1 Meshed edges

Now that the appropriate edge meshes have been sgeniiésh the face ABCGA:
Operation Toolpad> Mesh Command Button > Face Commad Button > Mesh Faces

Select the face ABCGA. The face will change color. Yam use the defaults of Quad (i.e.

guadrilaterals) and Map. Clidkpply .

The meshed face should look as follows:
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Figure 25-2 Meshed face

Next mesh face EDCGE in a similar fashion. The follayiable shows the parameters to use

for the different edges:

Table 25-2 Mesh specification of edges

Edges Arrow Direction Successive Ratio Interval Count
EG and CD Downwards 1.15 45

Edges Arrow Direction First Length Interval Count

DE Left to Right 0.02 60
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The resultant mesh should be symmetric about CG assimative figure below.

¥ GAMBIT  Solver: FLUENT 5/6 ID: naca0012

Oparation

Scheme: W Apply  Defautt

Hemenls:  guag
Type: Map
sSmoother:  ons

Spacing: W Apply  Default

EW Interval size

Options: W Mesh
Rer oid i

o Ignore size func

.L ‘ | Apply Reset Qose
t N
(e e 2 v o % — % O A |
B — He el

Figure 25-3 Meshed two faces

Finally, let's mesh the face consisting of GAFEG andhttfeil surface. For edges HI and HJ on

the front part of the airfoil surface, use the followiraggmeters to create edge meshes:

Table 25-3 Mesh specification of edges

Edges Arrow Direction Last Length Interval Count

HI FromHto | 0.02 40
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HJ FromHtoJ 0.02 40

For edges IG and JG, we'll set the divisions to be unifomthequal to 0.@2 Uselnterval Size

rather tharinterval Countand create the edge meshes:

Table 25-4 Edge mesh specification

Edges Arrow Direction Successive Ratio Interval Size

IG and JG Left to Right 1 0.82

For edge AF, the number of divisions needs to be equhletmumber of divisions on the line

opposite to it i.e. the upper surface of the airfoil

Operation Toolpad> Mesh Command Button > Edge Commad Button >Summarize Edge

Mesh

Select edge IG and then Elements under ComponentlishdApply. This will give the
total number of nodes (i.e. points) and elements (i.e.idn8} on the edge in th€ranscript
window. The number of divisions on edge IG is 35y@f are using a different geometry, this
number will be different; | will refer to it a¥,g). So thelnterval Countfor edge AF idfNy+Nig=

40+35= 75.
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Similarly, determine the number of divisions on edge Jds Rlso comes out as 35 for the

current geometry. So theterval Countfor edge EF also is 75.

Create the mesh for edges AF and EF with the followargmeters:

Table 25-5 Mesh specification of edges

Edges Arrow Direction First Length Interval Count
AF From Ato F 0.02 40N
EF FromEto F 0.02 40+N;c

Mesh the face. The resultant mesh is shown below.
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¢ GAMBIT

File Edit Solver He Operation

JF@J

Face

IJE%J
S8 [.il4

Faces :I

Scheme: B Apply  Defan

Elements: Quad 1

Type: Map rr

Smoother: None

Spacing: B Apply  Defau

4l Interval size

Transcript £ Description

Mesh generated for face face 3 nesh faces = £750 K - lgnare size fur
7 Apply Reset | Close |™
g — =Ll
- |2 3] SO
Cnmmand:l |

Figure 25-4 Meshed faces (final)

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, I.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 26

CREATING BOUNDARIES IN GAMBIT

Specify Boundary Types in GAMBIT

We will label the boundary AFE darfieldl, ABDE asfarfield2 and the airfoil surface asrfolil.
Recall that these will be the names that show up underdaoy zones when the mesh is read

into FLUENT.

Group Edges

We'll create groups of edges and then create boundatig®from these groups. First, we will

group AF and EF together.

Operation Toolpad> Geometry Command Button > GroupCommand Button > Create

Group

Select Edges and enter farfield1 for Label, which isntmme of the group. Select the edges AF

and EF. Note thabBAMBIT adds the edge to the list as it is selected in the GUI.
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Create Groups

T e

Edoge

[ = =] ==
Remowe I Edit I
Edges = I IIE:dge.14 :I
Lakel Iz
I Fa sl alhrg I Reseit I oS e I

Click Apply.

Figure 26-1 Create group

In the transcript window, you will see the message “Cregttedp: farfield1 group”.

Cornand> group
Created group:
Comrnand: group
Copnand» group
Created group:

Similarly, create the other two farfield groups. You shdwdde created a total of three groups:

create edge “edge. 13" “edge. 14"

group. L

delete “group.l1® lowertopology

create "Farfieldi" edge "edge. 13" "edge 14"
farfieldl

Figure 26-2 Transcript window
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Table 26-1 Group name

Group Name Edges in Group
farfield1 AF.EF
farfield2 AB,DE
farfield3 BC,CD

Airfoil HI,IG,HJ,JG

Define Boundary Types

Now that we have grouped each of the edges into tsieedegroups, we can assign appropriate

boundary types to these groups.

Operation Toolpad> Zones Command Button > Specify 8undary Types

Under Entity, select Groups

Select any edge belonging to the airfoil surface aadl whil select the airfoil group. Next to

Name:, enter airfoil. Leave the Type as WALL.
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FLUEHNT a6
Action:
- oo e PAOC T
- Drelete - Delete all

Mame Type

=] [T =] [}
—1 Showr labels

Mame: I airfail I

Type:
WL L — |

Entity:

Groups Illi'airfoil :I EditI

Lahel Type

Remoue | Edit |

Hpply I Reset I Close I

Figure 26-3 Specify Boundary Types

Click Apply.

In theTranscript Windowyou will see a message saying "Created Boundary eaiitgil".

Similarly, create boundary entities correspondinéat@ieldl, farfield2 andfarfield3 groups. Set

the Type to Pressure Farfield in each case.

Save Your Work
Main Menu > File > Save
Export Mesh

Main Menu > File > Export > Mesh...
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Save the file as NACA0012.msh.

Make sure that the Export 2d Mesh option is selected.

Check to make sure that the file is created.

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, 1.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 27

SETTING UP PROBLEM IN FLUENT

In order to run a CFD problem in FLUENT the following stepust be followed.
Set Up Problem in FLUENT; Launch FLUENT Start> Peogs > Fluent Inc> FLUENT 6.0;
then Select 2ddp from the list of options and click Run.

Import File; then on Main Menu > File> Read > Case...

Navigate to your working directory and select the NAOAR.msh file. Click OK. The

following should appear in the FLUENT window:

ERFLUENT [2d, dp, segregated, lam] B -8 ]

File Grid Defne Sohe Adspt Surfsce Display Flob Report Paralel Help

Welcome to Fluent 6.2.16

Copyright 2085 Fluent Inc.
A1l Rights Reserved

Loading “G:\Fluent._Inc\fluent6.2.167\1ib\F1_s1119.dmp™
Done.

Kill script file is C:\\Documents and Settings\\Administrator.PROTON-39K8KYUS\\Desktep\\kill-fluent-proton-39k8kyus-3824.bat

> Reading "C:\Documents and Settings\Administrator.PROTON-39K8KYUS\Desktop\projectIInaca@@12.msh". ..
12485 nodes.
98 nixed pressure-far-field faces, zone 3.
120 nixed pressure-far-field faces, zone 4.
150 mixed pressure- far-field faces, zone 5.
150 nixed wall faces, zone 6.
24845 mixed interior faces, zone 8.
12150 gquadrilateral cells, zone 2.

Building. ..
grid
naterials,
interface,
domains,
zones,
default-interior
airfFoil
farfield1
farfield2
farfield3
fluid
shell conduction zones,
Done.

Grid size

Leuel cells Faces Nodes  Partitions
[} 12158 24555 12405 1

1 cell zone, 5 face zones.

Figure 27-1 Fluent window
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Check that the displayed information is consistent with mpeetations of the airfoil grid.

Analyze Grid then Display > Grid

Grid Display "7

Options Edge Type  Surfaces
I” Nodes & Al 3“:0"". -
¥ Ed ' Eeat efault-interior
i bl 1 ficid1
" Faces " Qutline i
r o farfield?
Partitions farfield3

Shrink Factor Feature Angle
|a |29

Surface Name Pattern Surface Types ==

axis g
‘ I M clip-surf
exhaustfan
fan hd

Outlinel Interiurl

Display Culurs"...l : Close Help |

Figure 27-2 Grid Display

Note what the surfacdarfieldl, farfield2 etc. correspond to by selecting and plotting them in

turn.
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Nov 19, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Figure 27-3 Airfoil grid

Zoom into the airfoil.
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B3 FLUENT [0] Fluent Tnc

Nov 19, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Figure 27-4 Zoomed airfoil

Define Properties then Define > Models > Solver ...

Under the Solver box, seleBegregated.

Solver |
oluer SR bormniation.

f# Kegregated =+ Implicit

 Coupled £ Explicht |

Space _ Time

= 2D + Steady

7 Axisymmetric . Unsteady

T Axisymmetric Swirl .

3D

¥elocity Formulation

= Absolute

" Relative

B |

Gradient Option Porous Formulation

# Cell-Based 7+ Superficial Yelocity
" Mode-Based © Physical Velocity

ok | fc

Figure 27-5 Solver
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Click OK.

Define > Models > Viscous

SelectLaminarunder Model.

Yiscous Model = x|

Model

 Inviscid

* Laminar

T Spalart-Allmaras [1 eqn]
" k-epsilon [2 eqn]

" k-omega [2 eqn]

" Reynolds Stress [b eqn]

0Ok | ‘Cancel: Help |

Figure 27-6 Viscous model

Click OK. ThenDefine > Models > Energy

Energy

" Energy Equation

0K | ‘Cancel| Help |

Figure 27-7 Energy equation
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The speed of sound under SSL conditions is 340 m/thaoour free stream Mach
number is around 0.15. This is low enough that we'llrassthat the flow is incompressible. So

the energy equation can be turned off. Make sure iseme check in the box next to Energy

Equation and click OK.

Define > Materials

Make sure air is selected undéluid Materials. SetDensityto constant and equal to 1.225

kg/m®.

x
Name Material Type Order Materials By
iair Ifluid _vj * Name
. i i
Chemical Formula Fluent Fluid Materials Ehemicalborntiln
I Iair LI Fluent Database...
Mixlure User-Defined Database...
Innne -
Praperties
: =
HenaiblEn i) Icunsianl LI Edit...
i1 .225
Viscosity [kg/m-s] lcnnslant _I =
=1 Edit...
i1 .7894e-05
Change/Create Delete Close Help

Figure 27-8Defining materials

Click Change/Create
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Define > Operating Conditions

We'll work in terms of gauge pressures in this exampte.s& Operating Pressurdo the

ambient value of 101,325 Pa.

Operating Conditions x|

Pressure Gravity

Operating Pressure [pascal] || [T Gravity
11 81325

Reference Pressure Location
X [m] |n

Y[m]|n

Figure 27-9 Operating conditions

Click OK.

Define > Boundary Conditions

Setfarfield1 andfarfield2 to thevelocity-inletboundary type.

For each, cliciSet....Then, choos€omponentsinderVelocity Specification Methoahd set the
x- and y-components to that for the freestream. For instahe x-component is 50*co§)(5

49.81.
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LI

-(8(x]
File Gid Define Sobve Adapt Surface Display Plot Report Parallel Help
Welcome to Fluent 6.2.16
Copyright 2865 Fluent Inc. x|
All Rights Reserved
Zone Type
Loading "C:\Fluent.Inc\fluent6.2.16\11ib\F1l_s111 [airfoil inletvent |
Done . default-interior |intake-fan
interface
farfield2 mass-flow-inlet
Kill script file is C:\\Documents and Settings\ [farfield3 ktop\\kill-fluent-proton-39k8kyu5-3824 .bat
fluid
> Reading “C:\Documents and Settings\Administra II\naca@@12.nsh™. ..
12405 nodes.
98 mixed pressure-far-field faces, zone
120 mixed pressure-far-field faces, zone
1508 mixed pressure-far-field faces, zone
158 mixed wall faces, zone 6.
24045 mixed interior faces, zone 8
12158 quadrilateral cells, zone 2.
Building...
grid,
materials,
interface., Set... | Copy... Cluse| Help |
domains,
default-interior - - =
airfoil Zone Name
farfieldl [Farfie1at
farfield2
farfieldd Velocity 5 Methad [, =
fluid
shell conduction zones, Reference Frame [Absaiute =
Done.
X-Velocity [mjs
arid size ty [mis] (49 81 constant -
Level  Cells Faces Hodes Partitions Y 'el06ity (mis)[y s5g constant =
L] 12158 24555 12405 1
1 cell zone, 5 face zones. OK Cancel | Help
i
<1 H

Figure 27-10 Defining Boundary Conditions

Click OK.
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: ) LI LN} ==l
e ad sdspt Surface Cisplay Plob Report Paralel Help
=
Welcome to Fluent 6.2_16
Copyright 2885 Fluent Inc. fis x|
A1l Rights Reserved ;
4 Zone Type
Loading "'C:\Fluent.Inc\fluent6.2.16\1ib\fl_s111 |airfoil inletvent |
Done. default-interior |intake-fan
farfield1 interface
farfield? mass-flow-inlet
Kill script File is C:\\Documents and Settings\ outflow ktop\\kill-Fluent-proton-39kskyuS-3824 bat
I—— § i outlet-vent .
> Reading “C:\Documents and Settings\Administra pressure-far-field IT\nacaB@12.msh™. ..
12485 nodes.

90 nixed pressure-far-field faces, zone
120 mixed pressure-far-field faces, zone
150 mixed pressure-far-field faces, zone
150 mixed wall faces, zone 6.

24845 mixed interior faces, zone 8.

121508 quadrilateral cells, zone 2.

Building...
grid,
materials,
interface,
domains,

pressure-inlet
pressure-outiet
symmetry
velocity-inlet

wall =

o

Set.. | Copy..| Close |

Help |

zones,

default-interior

airfoil

farfield1

farfield2

farfield3

fluid

shell conduction zones,

Done.

Grid Size

Pressure Outlat ___ .

Zone Name
|FarField3

Gauge Pressure [pascall[g

Backllow Direction Specitication Method [Normal to Boundary

constant -
B

I Target mass-flow rate

Level tells

12158

Hodes
12485

Faces

Partitions
24555 1

OK | Cancel| Help

1 cell zone, 5 face zones.

Figure 27-

11 Defining Boundary Conditions

Set farfield3 to pressure-outleboundary type, click Set... and set the Gauge PeesHuthis

boundary to 0.Click OK. Then click Close.

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.

2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, 1.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 28

SOLVING PROBLEM IN FLUENT

Solve!

Solve > Control > Solution;Take a look at the options available.

UnderDiscretization, set Pressure ®RESTO!landVlomentum to Second-Order Upwind

Solution Controls -1 x|
Equations E|5| Under-Belaxation Factors
Pressure[o5

Dt:n'sily!1
Body Forces !1

Momentum [g_7

Pressure-Yelocity Coupling DiSeretizatinn

SIMPLE ;l Pressure IPRESTO! LI N

MUmﬁ“‘“"‘lSecund Order Upwind j

QK | Dt:fault-l Cancell Help

Figure 28-1 Solution Controls

Click OK.
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Before we initialize the case, for the purpose of thgeptphere we define the control volume to
be used in gaining the data afterwards. The data will be mgpited in the main equation to

obtain lift and drag.

Surface > Line/Rake

Display > Grid

Options Edge Type  Surfaces

I Nodes || © Al
¥ Edges " Feature

airfoil

I” Faces  Qutline:
" Paritions | =

Shrink Factor Feature Angle
a

20 ! LEt kol 4 d [ (|

Surface Name Pattern  Surface Types E|

| laxis
ﬂ‘li clip-surf

exhaust-fan

fan )
Qutline ; Interior

“Bispiay| Colors...|

Close ] Help I

Options .:Type Number of Points
" Line Tool ILine 'i 18 =
Reset
End Points
X0 [m}[-4 1 (m}[-1
yU [m]!a.s y1 (m] ]—3.5
z'ﬂ{m}!g z1 {m}’;j

Select Points with Mouse |

New Surface Name
iline—ﬁ

Ncv 13, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Create Manage... Close Help |

Figure 28-2 Defining the line
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Substitute the value for each line underBEmel Points and clickCreate. As each line is defined,

display the line that has been created by displaying the grid

Table 28-1 Coordinate of the vertex for the lines

x0 yO0 x1 yl

Line-5 -1 0.5 -1 -0.5

Line-6 2 0.5 2 -0.5

Line-7 -1 0.5 2 0.5

Line-8 -1 -0.5 2 -0.5

Grid Display

Options _Edge Type

: 1 |

I Nodes & Al :

¥ Edges £° Feature :a:w::lz
I Faces © Outline | |:27¢

1d3
" Paritions 5

Shrink Factor Feature Angle
[ 20

Surface Name Pattern Surface Types =l =| N

axis
M 1 clip-surf
h £
fan =l
Outline | Interior

{Bispiay| Colors..| Close | Help |

Options Type Number:of Points

™ Line Tool ILi"E j I“‘

Reset

End Points
2] -1 x1(m} [z
v [m]!—ﬂ.S yl lml]—u.s

21 {m;!ﬁ 21 Em)]a

Select Points with Mouse

New Surface Name

line-9

Nov 19, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Create Manage... Close Help

Figure 28-3 Lines defined
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Solve > Initialize > Initialize...

This is where we set the initial guess values (the base)cfor the iterative solution. We will set

these values to be the ones at the inlet. Select fdrfisiderCompute From.

Solution Initialization | x|
Compute From Reference Frame
farfield1 ;l * Relative to Cell Zone
" Ahsolute
Initial Yalues .
=

Gauge Pressure [pascal] |p

X Yelocity [m{s] (40 _g1

Y Velocity [ms] [y 358

lid

Init| Flt:sr:tl Applyl CIusr:l Ht:lpl

Figure 28-4 Initialization

Click Init, then

Solve > Monitors > Residual...

Now we will set the residual values (the criteria foromd enough solution). Once again, we'll

set this value to 1e-06.
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Residual Monitors _ ' _)i[

Options Storage Flotting
M Print Iterations I1 AlA = Window Ia =
¥ Plot { j E!
Mormalization Netalions i1 668 j

’7!_ Normalize ¥ Scale | Axes... | Curves_._l

Check Convergence =
Fesidual Monitor Conwvergence Criterion

continuity v v !19—[16
x-velocity v I I1e—l36
Iy—uelucity v i |1e—l36|

=

OK Plot Henorm Cancel | Help |

Figure 28-5 Residual Monitors

Click OK.

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, I.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 29

COMPUTATING FORCES AND CONVERGENCEIN FLUENT
Solve > Monitors > Force...

Under Coefficient, choose Lift. Under Options, select Raimdt Plot. Then, Choose airfoil under

Wall Zones.

Lastly, set the Force Vector components for the lift. Tithas the force perpendicular to the

direction of the freestream. So to get the lift coefficient,Xsdb -sin(5°)=-0.0872 and Y to

c0s(5°)=0.9962.

51
Options _ ¥all Zones =] =| Force Yector Plot Windu;
¥ Plot
™ \Write et
™ Per Zone
Coefficient
Lift - About IZ—AXES o |
File Name
!cl—histury

Applyl Plot | Clearl Clnsel Help |

Figure 29-1 Lift Monitors

Click Apply for these changes to take effect.
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Similarly, set the Force Monitor options for the Drag for€be drag is defined as the force
component in the direction of the freestream. So undesePdector, set X to cos(5°)=0.9962

and Y to sin(5°)=0.0872. Turn on only Print for it.

x

Options Wall Zones =| =| Force Yector Plot Window

" Plot I
™ “Write
™ Per Zone

Coefficient

|Dra_g v|

File Name
!Cd—hiStDl"_l,l

Applyl Plot | Glearl Clnsel Help |

Figure 29-2 Drag Monitors

Report > Reference Values

Now, set the reference values to set the base casemufateration. Select farfieldl under

Compute From.
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Reference ¥Yalues -

Compute From

I -

Reference Values

Area [m2] |1

Density [kg/m3] |1 .295

Depth [m] |1

Enthalpy [ifkg) |ﬂ

Length [m] |1

Pressure [pascal] |ﬂ

Temperature [k] igss .16

Velocity [m/s] ISB .a80828

Yiscosity [kgim-s] |1 .7894e-85

Hatio Of Specific Heats |1 N

Reference Fone

3

ok | Can[:t:ll Helpl

Figure 29-3 Reference values

Click OK.

Main Menu > File > Write > Case...

Save the case file before you start the iterations.

Solve > lterate
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lteration

Number of lterations |1 pag

=
Beporting Interval |1 ﬁ
UDF Profile Update Interval |1 ﬂ

lterate | Apply | Close Help_l

Figure 29-4 Iterate window

Just type in the appropriate number of iterations and litstap automatically once the solution

has converged.

segregated, lam]
File Grid Define Sole Adspt Surface Display Plob Report Parallel Help

495 2.1766e-06 7.4321e-09 2_7836e-09 5.5462e-01 2.9229e-03 [ES
iter continuity x-velocity y-velocity c1 cd

496 2.1326e-06 7.3152e-0% 2_7308e-09 5.5462e-01 2.9229e-03

497 2.0971e-06 7.2006e-09 2_6785e-09 5.5u62e-01 2.0228e-03

498 2.0539e-06 7.0875e-09 2_6259e-09 5.5462e-01 2.9228e-03

490 2.0190e-06 6.9767e-09 2_57402-09 5.5u63e-01 2.0227e-03

500 1.9766e-06 6.8672e-09 2_5220e-09 5.5463e-01 2.9227e-03

561 1.9423e-06 6.7598e-09 2.4706e-09 5.5463e-01 2.9226e-03

502 1.9008e-06 6.6539e-09 2_4192e-09 5.5463e-01 2.9226e-03

503 1.8671e-06 6.5499e-09 2.3686e-09 5.5463e-01 2.9225e-03

504 1.8271e-D6 6.4476e-09 2_3181e-09 5.5463e-01 2.9225e-03

565 1.7954e-06 6.3473e-09 2.2684e-09 5.5463e-01 2.9224e-03

506 1.7578e-06 6.2482e-09 2_2190e-09 5.5463e-01 2.9224e-03

iter continuity x-velocity y-velocity €l cd time/iter
507 1.7272e-06 6.1500e-09 2_1704e-09 5.5S463e-01 2.9224e-03 0:03:16 493
568 1.6898e-06 6.0550e-09 2.1220e-09 5.5463e-01 2.9223e-03 0:0! 192
500 1.6595e-06 5.0607e-0¢ 2_0744e-09 5.Suy63e-01 2.9223e-03 00 no1
518 1.6232e-06 5.8675e-09 2.8273e-09 5.5463e-01 2.9222e-03  0:6: 198
511 1.50u0e-06 5.7757e-00 1.0810e-09 5.Su6ue-01 2.9227e-03 00 189
512 1. 5. 1. 5.5464e-01 2.9222e-03 0:0: 188
513 1. 5. 1. 5.5nGue-01 2.9221e-03 0:0 ng7
514 1.4967e-06 5.5065e-09 1.8459e-09 5.546ke-01 2.9221e-03  0:0! 186
515 1.4693e-06 5.4101e-00 1.8023e-09 5.S46ue-01 2.9220e-03 00 ngs
516 1.4362e-06 5.3326e-0% 1.7593e-09 5.546ke-01 2.9220e-03 0: 0 u8Yy
517 1.4086e-06 5.2u73e-09 1.7172e-09 5.Sueue-01 2.92200-03 0:0: ng3
iter continuity x-velocity y-velocity cl cd time/iter
518 1.3743e-06 5.1631e-09 1.6755e-09 5.Suéue—01 2.9210e-03 0:02:29 482
519 1.3491e-06 5.0805e-09 1.6347e-09 5.546ke-01 2.9219e-03 0:0 u81
520 1.3206e-06 4.0087e-09 1.5049e-09 5_Sueue-01 2.9210e-03 0:0° ngo
521 1.2988e-06 4.9179e-0% 1.5562e-09 5.Sibhe-01 2.9218e-03 00! 579
522 1.2717e-06 4.8380e-0¢ 1.5183e-09 5._Sueue-01 2.9218e-03 0:0: n7g
523 1.2506e-06 4.7590e-09 1_4811e-09 5.Shbhe-01 2.9217e-03 0:0 177
524 1.2243e-06 4.6807e-09 1.4447e-09 5.5464e-01 2.9217e-03  0:0 476
525 1.2038e-06 4.6033e-09 1.4091e-09 5.5464e-01 2.9217e-03  0:0; u7s
526 1.1781e-06 4.5267e-09 1.3743e-09 5.5464e-01 2.9216e-03 0:0: 47y
527 1.1581e-06 4.4509e-09 1.3403e-09 5.5464e-01 2.9216e-03 00 u73
528 1.1330e-06 4.3759e-09 1.3072e-09 5.5465e-01 2.9216e-03 0:02:15 472
iter continuity x-velecity y-velocity cl cd time/iter|
529 1.1134e-06 4.3018e-09 1.2749e-09 5.5465e-01 2.9215e-03 0:01:47 471
530 1. a. 1. 5.5465e-01 2.9215e-03 0:0: u7o
531 1.0698e-06 4.1559e-09 1.2129e-09 5.5465e-01 2.9215e-03  0:0! 169
532 1.04500-06 4.0842e-00 1.1831e-09 5.5465e-01 2.9215e-03 0:0° 168
533 1.0274e-B6 4.0134e-09 1.1543e-09 5.5465e-01 2.9214e-03 0:0: 167
534 1.0044e-06 3.0433e-00 1.1263e-09 5.5465e-01 2.9214e-03 00 166

t 535 solution is converged
535 9.8676e-07 3.8740e-00 1.0992e-09 5.Su65e-01 2.9214e-03 0:01:58 465
il v

Figure 29-5 Converged iteration
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_FLI_IENT [0] Fluent Inc
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Figure 29-6 Iteration graph
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Figure 29-7 Iteration of Cl
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Main Menu > File > Write > Case & Data...
Save case and data after you have obtained a convsolygidn.

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, 1.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 30

ANALYSING RESULTS IN FLUENT

Analyze Results; Plot Pressure Coefficient; select PloY>PKt...

Change the Y Axis Function to Pressure..., followed l@gsgure Coefficient. Then, select airfoll

under Surfaces.

Ix

Solution XY Plot =

Options Plot Direction % Axis Function

¥ Node Yalues X|1
¥ Position on X Axis | |
i i Y|p IPressure Coefficient
7 Position on Y Axis
[ Write to File .2-"_ ¥ Axis Function
-18
I Order Points

IPressure...

I[iirectiun Vector
File Data HiS Surfaces

default-interior

Free Data

Load FiIE...l line-b
| line-6 i

Plutl ﬁxes...l Curves...l Close Help |

Figure 30-1 XY plot

Click Plot.
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A rLuent [0] Fluent Inc i ISETES|
*_airfoil
1.00e+00
5.00e-01
., o
0.00e+00 teeu, . -c--..-oc-lcn.---.o-ooi":::::s.
--c"'...
eos®?
Pressure -5.00e-01 _..-""
Coefficient ook
"
-1.00e+00 G
-*
,..
-1.560e+00 :d
-2.00e+00 — T T T T T T T T T 1
0 0.1 02 03 04 05 086 07 08 09 1
Position (m)
Pressure Coefficient Nov 19, 2006

FLUENT 6.2 (2d, dp, segregated, lam)

Figure 30-2Cp distribution for NACA0012 at 5 degres

Plot Pressure Contours

Plot static pressure contours.Display > Contours...

SelectPressure...andStatic Pressurefrom underContours Of. Click Display.
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=
Options Contours of
1| JPressure... LJ
ol S Walues -
” Glohal Range JStatlc Pressure LJ
V¥ Auto Hange
I Clip to Bange
I~ Draw Prafiles
| Draw Grid Surfaces 5 fj
airfoil -~
chcls etu default-interior
[20 2 :] farficld1
farfield2
§E'.!T.‘?..'?'%..’.‘.‘?.’.'.‘E.E§_t_"?_'.’_! farfield3 [
1 Surface Types =
axis -
Match I clip-surf :4
' |exhaustfan
fan =l
Display J Compute! Close Help J

Figure 30-3 Contours display

Contours of Static Pressure (pascal)

Nov 19, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Figure 30-4 Static Pressure contour (NACAO0012 at 8eg)
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The figure above shows overall distribution of the statesgure on an airfoil. As we can see,
the highest pressure occurs at the downside of tdentp@dge where the freestream hit directly
the airfoil. Just above the leading edge, the lowest yressccurs as it is here the highest

velocity occurs as shown in the velocity diagram below.

[EFLuEnT [0] Fluent Tnc

8.01e+01
7.61e+01
7.21e+01
6.81e+01
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4. 40e+01
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3.20e+01
2.80e+01
2.40e+01
2.00e+01
1.60e+01
1.20e+01
8.01e+00
4.00e+00
0.00e+00

Contours of Velocity Magnitude (m/s) Nov 19, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Figure 30-5 Contour of Velocity Magnitude (NACA0012at 5 deg)
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EFLUENT [0] Fluent Inc E

8.01e+01
7.61e+01
7.21e+01
6.81e+01
6.41e+01
6.01e+01
5.61e+01
5.21e+01
4.80e+01
4.40e+01
4.00e+01
3.60e+01
3.20e+01
2.80e+01
2.40e+01
2.00e+01
1.60e+01
1.20e+01
8.01e+00
4.00e+00
0.00e+00

Contours of Velocity Magnitude (m/s) Nov 19, 2006
FLUENT 6.2 (2d, dp, segregated, )

Figure 30-6 Zoomed contour of velocity (NACA0012 &% deg)

Also presented here are the contours of the boundgey lagion near the leading edge.

B FLUENT [0] Fivent Inc

8.01e+01
7.61e+01
7.21e+01
6.81e+01
6.41e+01
6.01e+01
5.61e+01
5.21e+01
4.80e+01
4.40e+01
4.00e+01
3.60e+01
3.20e+01
2.80e+01
240e+01
2.00e+01
1.60e+01
1.20e+01
8.01e+00
4.00e+00
0.00e+00

Contours of Velocity Magnitude (m/s) Nov 19, 2006
2 (2d, dp, segregated, lam)

Figure 30-7 Boundary layer region
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Furthermore, here are the contours of x and y vgledih the control volume selected.

A FLUENT [0] Fluent Inc

7.23e+01
6.87e+01
6.51e+01
6.14e+01
5.78e+01
5.42e+01
5.05e+01
4.69e+01
4.33e+01
3.96e+01
3.60e+01
3.24e+01
2.87e+01
2.51e+01
2.15e+01
1.79e+01
1.42e+01
1.06e+01
6.96e+00
3.33e+00

-3.00e-01 I Il

Contours of X Velocity (m/s) Nov 19, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Figure 30-8 Contours of X Velocity
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A FLUENT [0] Fluent Inc

6.09e+01
5.74e+01
5.38e+01
5.02e+01
4 66e+01
4.30e+01
3.94e+01 R
3.59¢+01 i
3.23e+01 ﬁi
2.87e+01
2.51e+01
2.15e+01
1.80e+01
1.44e+01
1.08e+01
7.21e+00
3.62e+00
4.15e-02
-3.54e+0i
-7.12e+00
-1.07e+01

||||||||

Contours of Y Velocity (m/s) Nov 19, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Figure 30-9 Contours of Y Velocity

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, I.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 31

FLUENT RESULTS FOR NACA 0012

The result for the first airfoil NACA0012 at 50 m/s oéé¢ stream and 0° angle of attack

are shown below.

NACAO0012: 0 degrees

The Figure 31.1 shows that the static pressure is &tighest at the leading edge.

[EJFLUENT [0] Fluent Inc

1.54e+03
1.43e+03
1.33e+03
1.22e+03
1.11e+03
9.98e+02 —

8.896+02 /
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6.70e+02 /

\

5.61e+02
4.52e+02
3.43e+02

2:346+02
1.250+02
157e+01 -
-9.34+01
-2.02e+02
-3.12e+02
-4.21e+02
-5.30e+02
-6.39e+02

Contours of Static Pressure (pascal) Nov 22, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

| ¢ FLUENT [0] Fluent Inc 15deg

Figure 31-1 Contours of Static Pressure (NACA0012t® deg, Re = 3.0e6)
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Also from the velocity vector diagrams below shows theekt velocity is at the leading edge.

B TE

5.91e+01
5650+01
5380+01 -
512e+01 )
4856+01 . -
4.58e+01 - .
43%+01 . . .. .
4.056+01
3780401 . -
352e+01 .
325e+01 -
299e+01 . -
2.72e+01
245e+01 % - .
219401 .-
1.92e+01 o
166e+01
1.39e+01
112401~ -
856e+00 . -
5.906+00

Velocity Vectors Colored By Velocity Magnitude (m/s) Nov 22, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

FLUENT [0] Fluent Inc

Figure 31-2 Velocity Vectors (NACA0012 at 0 deg, Re 3.0e6)
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[EJFLUENT [0] Fluent Inc
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5.386+01
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4586401
4.326+01
4.056+01
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2.99e+01
2.72+01
2450+01
2.19e+01
1.926+01
1.666+01
1.390+01
1.126+01
8.566+00
5.90e+00

Nov 22, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Velocity Vectors Colored By Velocity Magnitude (m/s)

1 5tm‘ Y FLuent FLUENT [0] Fluent Inc

Figure 31-3 Velocity Vectors zoomed (NACA0012 at@eg, Re = 3.0e6)

From the figure of Cp distribution belowwe can see thatdlea inside the Cp data
between the upper surface and the lower surface issalmeoo indicating that the lift is nearly

zero here.
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[EJrLuenT [0] Fluent Inc NEES
* ajrfoil
1.00e+00 -y
8.00e-01 -§
»
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»
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4
d »
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. -..o'
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.....lli
400601 | Wwguseee®
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Pressure Coefficient Nov 22, 2006
FLUENT 6.2 (2d, dp, segregated, lam)
i /start| ] Documert rosoft [ FLUENT (24, dp, segrea.

# FLUENT [0] Fluent Inc

Figure 31-4Cp distribution for NACAO012 at O deg, R = 3.0e6

NACAO0012: 10 degrees

The figure below (Fig.31.5) shows the static pressorgour at 10 degrees angle of

attack. The location of the lowest pressure has movaditibe above the leading edge.
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[EIFLUENT [0] Fluent Inc o ETES|

1.530+03 o —

-5.33e+03

Contours of Static Pressure (pascal) Nov 22, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

2 start| [ FLUENT (24, dp, seqreq... |[ % FLUENT [0] Fluent Inc

Figure 31-5 Contours of Static Pressure (NACA0012t40 deg, Re = 3.0e6)

The figure of velocity vector (Fig.31.6) shows sonspagation occurs at the upper
surface of the airfoil. Also shown in the figure is g@ntrol volume used for the calculation of

the Lift and Drag where we obtain all the data needed.
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[E3rLUENT [0] Fluent Tnc
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Velocity Vectors Colored By Velocity Magnitude (m/s) Nov 22, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

) start| [ FLUENT (29, do, segreg... |[ 3 FLUENT [0] Fluent Inc

Figure 31-6 Velocity vectors for NACA0012 at 10 dg Re = 3.0e6

This phenomenon of separation can be clearly seemtiie Static Pressure graph below
(Fig.31.7). A sudden abrupt change of pressure @inar 0.5 m of the airfoil clearly shows
where the separation start to occur. This will then affeztvalue of Cl calculated. But the effect
IS not as pronounce as when the airfoil reaches neangtaligle as we will see at the next angle

of attack of 15 degrees.

227



AERODYNAMICS AND ITS APPLICATIONS

[EAFLUENT [0] Fluent Inc = -18] %]
*_airfoil
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¢ FLUENT[0]FluentIne 1 velo

Figure 31-7 Graph of Static Pressure (NACA0012 atQldeg, Re = 3.0e6)

NACAO0012: 15 degrees
Here we shall examine how the flow behaves in the follgwielocity vector diagram

(Fig.31.8).

228



AERODYNAMICS AND ITS APPLICATIONS

e i
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Velocity Vectors Colored By Velocity Magnitude (m/s) Nov 22, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

Figure 31-8 Velocity Vectors (NACA0012 at 15 deg,dR= 3.0e6)

Slightly after the leading edge there occurs a separalibis is also appears at the
trailing edge. This creates a circulation above the upp#ace of the airfoil. The effect is on
how the FLUENT calculates the Cl and Cd. This effescshown in the iteration figure below

(Fig.31.9).
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[EFLUENT [1] Fluent Inc

_15]x]
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Lift Convergence History Nov 22, 2006

FLUENT 6.2 (2d, dp, segregated, lam)

#/start| B FLUENT [2d, dp, seqreq... | & FLUENT [0] Fluent Inc & FLUENT [1]FluentInc W ter - Paint

Figure 31-9 Lift Convergence History (NACA0012 at & deg, Re = 3.0e6)

Here the iterations of the continuity, x velocity and y vijobave never converged. It

shows an oscillating behavior. That is why it is hardg& an accurate result for the flow

analysis here.
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Figure 31-10 Scaled Residuals (NACAO0012 at 15 dd®g = 3.0e6)

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003lrluent Tutorials New York, Cornell University.

3. Currie, I.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 32

FLUENT RESULTS FOR NACA 4412

NACA4412: 0 degrees

It is a different case when we deal with a nonsymmetrioieadompared to NACA0012
which is a symmetric airfoil. For NACA0012, at zero Engf attack, the lift reaches zero.
Meanwhile, for a cambered airfoil like NACA4412, therésexa lift force even at zero angle of

attack. This is shown by the area under the graph shgwime Cp distribution figure below (Fig.

32-1).
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Figure 32-1Cp distribution over NACA4412 at 0 degRe = 3.0e6
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The larger the area between the upper surface ardviiee surface of the Cp values, the higher
is the Lift.

NACA4412: 5 degrees

The area is more apparent as shown in the figure b@maB2-2). The figure shows the
Cp distribution of NACA4412 at 5 degrees angle of attatks shows that the higher the angle

of attack gets, the higher the lift force.
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Figure 32-2Cp distribution over NACA4412 at 5 degRe = 3.0e6

NACA4412: 10 degrees

233



AERODYNAMICS AND ITS APPLICATIONS

From all of the result obtained by FLUENT for the @daCd, the result for this case is
the most accurate comparing to the experimental data.

One of the reasons is the attachment of the flow ardb@dirfoil. The figure below
(Fig.32-3) illustrates that. The velocity contour shawsv well the flow is attached to the
surface of the airfoil, thus producing a good condition FbUENT to apply numerical

calculation to obtain the lift and drag forces.

EAFLUENT [0] Fluent Inc

Contours of Velocity Magnitude (m/s) Nov 22, 2006
FLUENT 6.2 (2d, dp, segregated, lam)

& start| B FLUENT [2d, dp, segreq.. | & contours | & FLUENT [0] Fluent Inc ¥ stpfilled - Paint <« i 1zaam

Figure 32-3 Contours of Velocity over NACA4412 atQ deg, Re = 3.0e6
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NACAO0012 at Re=3.0e6
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——EXp

AoA

Figure 32-4 Graph of Cl versus Angle of Attack foNACAO0012 at Re=3.0e6

From Fig. 32-4, the FLUENT result is very good at @ &mangles of attack. However, at 10 and
15 degrees, the values are less than the experimentabJalti with no large discrepancy. The
same thing appears to be for the calculated values. At @ amgjles of attack, the values are
quite close. Nonetheless, at 10 and 15 degrees thes\ad@iaot closed especially at 10 degrees

where the difference is about half of the experimentalevalu
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NACAO0012 at Re=3.0e6

—e— FLUENT

—a— Calculat
ed

20

AoA

Figure 32-5 Graph of Cd versus Angle of Attack foNACAO0012 at Re=3.0e6

From Fig. 32-5, what we can see is the calculated valu€sl have a very good agreement with
the experimental values. However, FLUENT results arevaot good at 10 and especially 15

degrees angle of attack.

NACA4412 at Re=3.0e6
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0 T T 1
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Figure 32-6 Graph of Cl versus Angle of Attack foNACA4412 at Re=3.0e6
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From Fig. 32-6, we can see good agreement of botlrltheENT and calculated results when
compared to the experimental values especially at zele ah@ttack for the calculated value
and at 15 degrees for FLUENT value. However, theutailed values of Cl tend to deviate with

increasing angles of attack.

Further Reading

1. Anderson, John D., Jr. (200Bundamentals of Aerodynamidsew York, McGraw-Hill.
2. Bhaskaran, R. (2003frluent Tutorials New York, Cornell University.

3. Currie, 1.G. (1993)Fundamental Mechanics of Fluiddew York, McGraw-Hill Inc.
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CHAPTER 33

DESIGNING A MODEL FOR WIND TUNNEL TESTING

In this chapter an attempt will be made to describe the magigand fabrication of a
small scale model of rigid airship that can be tested in th®l likiv speed wind tunnel. This
model is actually a half model airship, which can be assuta be axisymmetric. The initial

design of the airship is shown in the figure below:

/.

1600

| Isometric view
Scale: 1:2

-1

ff Top view
‘ Right view Sc:le: 152

Scale: 1:2

250.02
E3

| 250.02 |

Figure 33-1 Initial design of rigid airship
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Dimensions:
Table 33-1 Dimensions of airship
Length 1.6m
Width 0.5m
Height 0.25m
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Figure 33-2 Three dimensional view of designed aing using CATIA.

The structural design is mainly to maintain the shape andtste of the model during
the measurement of its pressure distribution and forcesithtunnel. It has to be strong enough

to resist the wind flow approximately 20 m/s. Figures shd&low depict the main structural

features of the model.
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Figure 33-4 CATIA illustration of the base and frame structure.
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Figure 33-5 CATIA illustration of the frame structure and the stringers.

Figure 33-6The mounting structure indicaied by thearrow

241



AERODYNAMICS AND ITS APPLICATIONS

343

Isometric view

160.92

Top view

Figure 33-7The tail structure drawing.

The complete structural design of the model.

Figure 33-8 Top view of the model.
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Figure 33-9 Side view of the model.

Figure 33-10 Front view of the model.
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Figure 33-11 Isometric view of the model.

Further Reading

Khoury, G. A. & Gillette, D.(1999). Airship Technology United Kingdom, Cambridge
University Press.

Beckwith, T. G., Maragoni, R. D. &Lienhard, J. Wechanical Measuremen&xth Edition.
Prentice Hall

Barlow, J. B., Rae, Jr., W. H., and Pope, A. 1998 Speed Wind Tunnel Testid$A, John
Wiley and Sons.

Anderson, Jr., J.D. (2005yundamentals of Aerodynamjdsourth Edition, McGraw Hill
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CHAPTER 34
SELECTING MATERIAL AND CONSTRUCTING MODEL FOR WIND

TUNNEL TESTING

This chapter provides a step by step procedure to makglesimodels using simple
techniqgues and locally available materials. This proeedsr suitable for simple tests for
classroom and UG final year project applications. Prafaat wind tunnel testing model
methods are discussed in [3]. The model is first drawiscde according to the previous
published data. The model built is made as close as pos$sithe geometries of the available
data, but a compromise between what material is availablee market and price has to be
made. Also, the materials used have to consider whittban withstand the testing in the wind
tunnel.

In this particular project, the material used for the mam& of the model is wood since
the wood offers good strength to weight ratio and ea$tiacate and repair. It is actually much
like composite materials in that it has different propertiedififerent directions. Each piece of
wood is unique so it requires craftsman-like skills emofacture aircraft with wood.

For the stringers, the material used is bamboo stickerAfte bamboo sticks were
reduced to the required thickness, it becomes easbamno into the desired shape. Reducing the
thickness of these bamboo stick actually will reduce itegthebut it still strong enough to resist
the airflow. Since the shape of the model in this projeseiwi-elliptic shape, these bamboo

sticks were perfectly bended into the shape of the modglifpls easy to be found and cheap.
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In view of the fact that the model will be installed in the dviannel, it has to be strong
enough to sustain the wind flow especially the suppotesysThe support system is designed
made of steel bolt which has a diameter about 20mm atehfars to make sure it will not rotate.
The steel material has high strength even though it igdrelhan aluminum. But the weight is
not of concern, because this model will lie on the flddhe wind tunnel test section.

The skin for the model is another important compornienbe considered. Since this
project is mainly to measure the aerodynamic forcek messure distribution in wind tunnel
testing, the skin of the model should be as smooth ashp®so that there is no disturbance to
the air flow over the model. Thus, the best material todeel as the skin is thin aluminum plate.
It is because it will not only give the smooth surface,itocéin be easily shaped.
CONSTRUCTION PROCESSES
Tools and Equipments

The following is a list of tools and equipment that have hessd while constructing the
half model airship:

- Saws, Engineering's square, Electric hand drill, Cuttiaghime, Steel ruler, Scales,

mixing pump, or balance scales to mix resin, Cardbo&itispn sealant, Masking tape.

Fabrication processes
1. Frame structure construction
The frame of the model was made of wood and bambok. Sthe first task is to reduce

the thickness of seven bamboo sticks into the dimendi@pproximately 1.8m long, 0.02m
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wide and 5mm thick. This will give an elastic characteristithto bamboo stick so that it will

easily bended into desired shape.

Figure 34-2 Finishing of the bamboo stick

Then the process was continued by cutting the woods idiBerent length which have 12

pieces for each length. The lengths are 0.130m, 0.1@3rh2m, 0.086m, 0.063m and 0.036m.
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The edges of each piece have to be trimmed into 15ekefi@m the width direction. This will

make the frame is likely a rounded shape.

Figure 34-3 Wood cutting process

Figure 34-4 Final shape of wood pieces

After completing the cutting process, these woods wemgbowed to make round shape
by using a glue which is called ‘Bostik’. This type dfig will give strong bonding between the
wood pieces and have curing time about 30 minutesndke the frame stronger, some multiple

nails were embedded at the intersection of the wooreef
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r

Figure 34-6 Final shape of the wood (for frame streture)

After all the glue at the intersections of the wooden piegese cured, these were
attached to the base which has dimensions of 1.6m lod@mnOwide and 0.015m thick by using
nails. This base acting as the backbone of the model.ake the frame structure stronger, there

are additional woods attached to the left and right of thedrso that the frame will not moved.
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Figure 34-8 Final shape of the frame structure

Once the frame is completed, this is the time to attach tmgests made of bamboo
stciks to the frame structure. Attaching these stringersdaas by using the same glue as before
with the addition of copper wire. This copper wire was usefdsten the attachments so that the
bamboo stick will not return to its initial shape and is fix@the desired shape. The copper wire

will be removed after the glue was perfectly cured.
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Figure 34-10 Final shape of the attachment

2. Tapping points

The tapping points on the model were made by using tugyyhollow stainless steel needle in
order to get better result in the pressure measuremstitgytddeally these tapping holes should
be less than 0.2 mm. These needles were attached tm silises by using a silicon sealant as

the connector to the tubes inside the wind tunnel.
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Figure 34-11The stainless steel needles

Figure 34-12 Silicon tubes
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Figure 34-13 Tubes connection to the needle

Figure 34-14 Tapping point attachment process

After that, there are 22 holes were drilled on the top gerirfor the tapping point
attachment. This was done by using an electric driller \ithm diameter of drill bit. By
completing the drilling process, the needles which haven lmemnected to the tubes were
attached to the stringer through the holes and fixed it wsliegn sealant. The final diameter of

the finished tapping point should be ~0.1mm.
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Figure 34-16 Final shape of the tapping points

Suggestions for further reading

1. Khoury, G. A. & Gillette, D(1999). Airship TechnologyUnited Kingdom, Cambridge
University Press.

2. Beckwith, T. G., Maragoni, R. D. &Lienhard, J. Hlechanical MeasurementSixth
Edition. Prentice Hall.

3. Barlow, J. B., Rae, Jr., W. H., and Pope, A. 1998v Speed Wind Tunnel Testimd¢ew

York: John Wiley and Sons.
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CHAPTER 35

FINAL MODEL ASSEMBLY TECHNIQUES

Tail and bow cap construction

The tail for this model was designed to have a symmatfmilavhich is NACA0012. The tail
and the bow cap were made using foam. Before cuttmdoidim, templates have to be made in
order to get smooth cutting surfaces of the desiredeship resulting core can be no better than
the templates that are used to produce the core. Tipe smal finish of the core is directly
related to the shape and finish of the template. In thogegt; cardboard is used as it will not
deform due to the heat from the hot wire during cutting. tRe tail, the foam was cut into a
tappered shape which have dimension of 0.343m of thechmod length, 0.15m of the tip chord
length and 0.35m span. For bow cap, the foam was t0ih4m diameter and 0.04m thick of a

cylindrical shape.
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Figure 35-1 Tail and bow cap templates

Figure 35-2 Tail and bow cap shape (made of foam)

After complete the cutting process, these tail and bow @p gone through a sanding
process to make the surface finish as smooth as possiia, at the frame structure, a tail
support attachment was made using a thin aluminum platmake the tail attachment stronger,
the intersection between the tail and aluminum plate was d¢lyeding epoxy resin. Epoxies

were used as main resin matrix. This resin must be mixansthecific amount of hardener.
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Epoxies are the basic resin used in most amateur-buitafiir€Epoxies are hardened
through a process called “crosslinking”. Epoxies agentially long chains of molecules that
interweave when hardened to form a strong matrix ofstiré®d chain. This provides an inner
structural strength to the resin. Epoxies are packagddanparts which are a resin and a
hardener. During lay-up the mixing ratio of are 4:1 €4im to 1 hardener) .The cure time for

resin matrix is 24 hours under a room temperature.

Figure 35-3 Tail support attachment
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Figure 35-4 Tail attachment

Then, the bow cap was divided into two parts, one ®ifribnt and the other one for rear.
Before attaching the bow cap to the frame structure, fiaitir holes were drilled on each bow
cap for the needle attachment (tapping points). After thahdeelles were attached and fixed

using silicon sealant. Both of the bow caps were attathéfte frame structure and fix it using

fast cured glue.

Figure 35-5 Rear bow cap attachment
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Figure 35-6 Front bow cap attachment

3. Skin construction

The skin of the model was made using carboards insfaathaluminium plate. The cardboard
also has smooth surface which is smooth enough to ety moving on it and it has lower

price than aluminium thin plate. The cardboard was cut irgosttape of each section of the
frame. Then it pasted on the frame structure usingkimggape. To make it stronger and
smoother, epoxy resin was aplly on the cardboarder@klayer of epoxy resin was applied in

order to get better surface finish.
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Figure 35-7 Skin attachment process

Figure 35-9 Final shape of the model
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4. Base structure consruction and mounting attachment

For the base structure, the material used is plywoodcdimplete frame and skin structure was
put on the plywood, then the shape of the base wasndomto the plywood. After that, the

plywood was cut into the desired shape by refering tdiriee made on the plywood itself. Then
it is cut into two pieces so that it will be easy to attacthéobase of the model. Before attaching
this base structure to the model, a 20mm diameter boltattashed to the base center of the
model which will function as the mounting structure. The beals fastened using 4 nuts to make

sure it is strong enough and is not loosened when thelnsithstalled in the wind tunnel.

After that, the base structure was attached to the struesimg 24 screws to make it easy for

attachment and detachment.

Figure 35-10 Model base cutting process
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Figure 35-12 Mounting bolt connection
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Figure 35-14 Complete shape of the base model

5. Finishing of the complete model
After complete all the above processes, the remaining gottke finishing of the model. The
model was turned into black in colour using spray painis Thlour was choosen because the
model will be used for flow visualization. White smoke will beed to observe the airflow.

Using black colour will give a clearer view of the airfloboae the model.
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Figure 35-15 Spray paints

Figure 35-17 Complete shape of the model
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Suggestions for further reading

1. Khoury, G. A. & Gillette, D(1999). Airship TechnologyUnited Kingdom, Cambridge
University Press.
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Edition. Prentice Hall.
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CHAPTER 36

SETTING UP MODEL FOR WIND TUNNEL TESTING

Wind tunnel tests are performed in order to get pdaicexperimental data related to the
performance of the vehicle such as lift, drag and ems Forces and moments from control
surfaces provide information to ensure satisfactorydlirasn Hinge moments of these control
surfaces are needed by the control system engineetailddl force distributions are used by the
structural design group to optimize the structure.

General distributions of forces on a model are obtabegressure plotting the surface.
Hypodermic tubing is inserted from inside the model to firflash with the surface. The other
end of the tubing is connected to a pressure sensochwecords the static pressure at the

surface of the model.

Controllable
factors or
ﬁ parameters
Input or _
expperimenta||:> Object of :> Output or
variable Experiment response
ﬁ Uncontrollable
factors or
parameters

Figure 36-1Conceptual model of an experimental sepu
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A block diagram representation of a wind tunnel experimenshown above. The
elements of the input vector are variables such as amgiedel pitch, roll, or yaw and the
pressure drop across the tunnel nozzle. The elementsicti can be controlled will be variables
such as model size, tunnel size, model materials, modstraction process, time of conduct of
the experiment and choice of mounting arrangement. S@amables may appear in either the
input vector or the controllable factors depending omédiate purposes. The elements of
output vector will be responses such as force and mbi@nponents as indicated by the
balance, pressure readings from the pressure-measystgm, flow visualization and noise.
Elements from the uncontrollable factors include such bkEsaas turbulence level of the
incoming stream, temperature, model deformation undetsl@and surface deterioration with

time.

The IIUM Low Speed Wind Tunnel

The test section of IUM WT has dimensions of 2.25m5ailx 6m. It is a removable
test section, where the whole structure can be movedilesnbsameans of 4 steel wheels, to
provide an easy access to the test section wheneveratéssary. The side-walls are made from
modular acrylic glass, which allows dismounting for instalatiof model or setting a

customized traversing probe.
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Figure 36-2 View of empty test section

Model installation

The airship model was installed in the wind tunnel by attactiie base structure of the
model to the mounting slot located in the floor of the test seclibis was done by rotating the
model since the mount structure of the model is actualbola with the size about 20mm
diameter.

After the model has been fastened, the distance of tleedbdse model and the floor of
the test section was measured which is about 50mm. Thmalke sure that the model is not too
high above the floor to avoid the incorrect measurerwerttalf model testing and not too close
with the floor of the test section to avoid the boundargiaggion generated on the floor of the

test section.
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Figure 36-3 Installing the model in the test sectio

Connecting the tubes

After complete installation of the model, the tubes for tappimigts were connected to
the tubes provided in the wind tunnel. There are 32inigppoints along the top line of the
airship model. These tapping points have to be carefulhnexted in order to get good
measurement. But before connected to the wind tunnel tiiiess tapping points and the tubing
should be tested to make sure that there is no leakabe sonnection. This is done by using a

special equipment which is called pressure calibrator.
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Figure 36-4 Tube connection

Pretesting

Before running the experiment to measure the pressatebdtion and forces of the
model, a pretest session has to be performed with thémmmaxvelocity and angle of attack
planned to ensure that the model installed will not be blofWnoo result in detached
components. In this session, the connected tubes werelasrved whether it will disconnected

or not due to the air speed and turning angle.
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Figure 36-5 Pre test session

Running the experiment
1. Pressure and force measurement

The experiment was run by the engineers of the windeiu The input data were keyed
into the computer including the model size and measurereguired. The velocity of the wind
was adjusted to 20m/s and is kept constant throughouéxperiment. Once it reaches the
constant value, the data of pressure distribution wasdeddor different angle of attack (0°, 5°,
10°, 15°, 20°, 25° and 30°). The model inside the tegtsewas observed to make sure there
are no disturbances and the components not flown away.

After completing the pressure measurement experimentfutb®s connections were
disconnected to continue with the force measurement iexget. This will give the accurate

value of forces measured since there is no disturbanoadthe model.
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Figure 36-6 Pressure measurement testing at 25° degf attack

2. Flow visualization
The second experiment is about flow visualization ovemtlodel. After completing the
first experiment, several black cardboard sheets wasteg onto the wall and floor of the test
section in order to get clear and better visualizatiofiowf above the model since it uses white
smoke. The smoke generator was installed from the bottoriheo test section. After its
installation, the wind tunnel was run at 10m/s and the flow rgaorded. After about a minute,

the wind tunnel was shut down in order to observe the diovery low speeds.
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Figure 36-7 Flow visualization experimental set up

Suggestions for further reading

1. Khoury, G. A. & Gillette, D(1999). Airship TechnologyUnited Kingdom, Cambridge
University Press.

2. Beckwith, T. G., Maragoni, R. D. &Lienhard, J. Hechanical MeasurementSixth
Edition. Prentice Hall.

3. Barlow, J. B., Rae, Jr., W. H., and Pope, A. 1998v Speed Wind Tunnel Testimd¢ew

York: John Wiley and Sons.
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CHAPTER 37

WIND TUNNEL TEST RESULTS

From the wind tunnel experiment, the data obtainedardgg the pressure and force
measurement are shown in the table below. The locatittredapping points were illustrated in
the following figures. But it shows only the front halftbk model. The tapping points location
for rear half of the model are the same as the frdht iaese tapping point located along the top
center of the model. Since it is an axisymmetric moded, aissumed that the pressures are same

around the model for zero degree angle of attack. Sashpésults are shown next.

N

Figure 37-1Location of tapping points for pressuraneasurement
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1. Result for pressure measurement

Pressure vs Tapping Points (a = 0°)
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Figure 37-2 Graph of pressure vs tapping points foa = 0°.

Pressure vs Tapping Points (o = 5°)
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Figure 37-3 Graph of pressure vs tapping points foa = 5°.
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Pressure (Pa)
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Figure 37-4 Graph of pressure vs tapping points foa = 15°.
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Figure 37-5 Graph of pressure vs tapping points foa = 20°.

277




AERODYNAMICS AND ITS APPLICATIONS

Pressure (Pa)
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Figure 37-6 Graph of pressure vs tapping points foa = 25°.
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Figure 37-7 Graph of pressure vs tapping points foa = 30°.
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2. Results for forces measurement

The forces acting on the airship model were convertedédficients. A sample of the results is

shown in the table below.

Table 37-1 Lift, drag and moment coefficients withrespect to its angle of attack

Alpha (degrees)
Coefficients | 0 5 10 15 20 25 30
CL(lift) 0.039467 | 0.261451| 0.492606 0.720814 0.8512Q03041771| 1.30415§
CD(drag) 0.208 0.184204 0.144177 0.103964 0.20383218672| 0.19329
Cm(pitch) -0.00427| 0.021788 0.031423 0.026857 0.06440.045428| -0.00802
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Lift, Drag and Moment coefficient vs Alpha
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Figure 37-8 Graph of lift, drag and moment coeffiggnt

3. Result for flow visualization

Samples of flow visualization results are shown in the éguselow. In the absence of a
proper smoke machine, the PIV particle generator ‘sinwke used to get the best possible
results. Much better visualization is expected from agrremoke machine.

The flow visualization results show that most of the flow resattached to the airship.
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Figure 37-9 Series of flow visualization pictureqa) Flow visualization at speed of 10m/s.

(b) Flow visualization after the wind tunnel is sha down to let the velocity of airflow reduce from Dm/s until
it stops.
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APPENDIX
Constant :
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Figure A.1: Airship model
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Figure A.2: The lift and moment coefficient
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