MTFO053 - Fluid Mechanics

2023-01-05 08.30 — 13.30

Approved aids:

— The formula sheet handed out with the exam (attached as an appendix)
— Beta - Mathematics Handbook for Science and Engineering
— Physics Handbook : for Science and Engineering

— Graph drawing calculator with cleared memory
Exam Outline:

— In total 6 problems each worth 10p
Grading:

number of points on exam (including bonus points) 24-35 36-47 48-60
grade 3 4 5




PROBLEM 1 - BOUNDARY-LAYER FLow (10 p.)

As a fluid flows past a flat plate, a boundary layer is developed where the flow velocity is
gradually decelerated from the freestream velocity (U) a bit away from the flat plate to zero
at the surface (if the flat plate is stationary). A very simple approximation of the velocity
distribution u(y) from the surface of the flat plate (y = 0) to the outer part of the boundary
layer (y = 0) is given by the linear relation below.

u(y):Uy for y in the range 0 <y < ¢

u=U fory >0

(a) Using the linear velocity distribution given above, determine the wall shear stress 7, (x)
using the momentum thickness equation

6U u
9:/0U(1_U>dy
(6p)

(b) Compare your result with the shear stress calculated using the Blasius velocity profile.
How off is the shear stress calculated using the very simple velocity profile given above?

(2p)

(c) What is the wall boundary condition used in this problem called and what does it imply?
(0.5p)

(d) What assumptions are made in the derivation of the boundary-layer equations, i.e. the
boundary-layer formulation of the Navier-Stokes equations? (0.5p)

(e) For laminar flow over a flat plate, the velocity profile is self-similar - what does that mean?
(1p)



PROBLEM 2 - FLOW ACCELERATION AND CONTINUITY (10 P.)

Steady-state flow through a converging nozzle can be approximated by a one-dimensional veloc-
ity distribution v = u(z) where x is the coordinate direction aligned with the nozzle centerline.
Let’s assume that the velocity varies linearly from u = w, at the entrance (x = 0) to u = 3u,
at the exit (z = L).

Derive an expression for the flow acceleration through the nozzle as a function of z (4p)
What is the flow acceleration at the nozzle entrance (0.5p)
What is the flow acceleration at the nozzle exit (0.5p)

Explain the physical meaning of the local acceleration term and the convective acceleration
term (1p)

Derive the continuity equation on differential form starting from the integral form for a
fixed control volume

dp
/cv adv + Z (PiAiVi) gt — Z (piAiVi)y, =0

(2 (2
and let the size of the control volume reduce to infinitesimal size (3p)

How can we simplify the continuity equation on differential form under the following
circumstances? (1p)

o steady-state flow

e incompressible flow



ProBLEM 3 - PiPE FLows (10 p.)

A venturi meter is a device used for tube flow rate measurements. It is a simple construction
where the flow is passing through a tube section with locally reduced cross-section area. The
pressure difference between a location upstream of the contraction and the location in the con-
traction where the tube diameter is the smallest is measured. The measured pressure difference

can then be used to calculate the flow rate.

(a) Derive a general expression for the flow rate (@) through a venturi meter as a function
of fluid density (p), pressure and cross-section area upstream of the contraction (p; and

A1), and pressure and cross-section area in the contraction (p2 and As). (6p.)

(b) For the range of flow rates given in the venturi meter specification below, determine the
range of pressure differences that any connected pressure measurement device needs to be

able to handle. (2p.)

Venturi meter specification:

Fluid

Kerosene

Flow rate range

0.005 m3/s < Q < 0.050m3/s

Tube diameter before and after contraction

0.1m

Tube diameter in the contraction

0.06 m

(¢) The Moody diagram can be used for estimation of pressure losses in tubes. Why does the
Moody chart not give reliable values in the Reynolds number range 2000 < Re < 40007

(0.5p)

(d) What does fully developed pipe flow mean? (0.5p)

(e) Is the wall shear stress, 7, in general higher or lower in a fully developed laminar pipe

flow than in a fully developed turbulent pipe flow? Explain why. (1p)




PROBLEM 4 - WATER TOWER (10 P.)

(a) The union water tower (see figure below) can be assumed to be a combination of a spherical
water tank (diameter 12.0 m) and a cylinder (diameter 4.5 m, height 30.0m). Estimate
the bending moment at the base of the water tower if the wind speed is 27 m/s. The
velocity can be assumed to be constant, i.e. you don’t have to account for the fact that
in a real situation there would be a boundary layer. (6p)
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(b) Explain the concepts favorable pressure gradient and adverse pressure gradient. What is
the implication of pressure gradients on separation for an external flow (describe differ-
ences in separation tendency for flows with favorable pressure gradient, adverse pressure
gradient, and no pressure gradient) (4p)



PROBLEM 5 - ViscosiTy (10 p.)

The construction illustrated below is used for measurement of the viscosity of oils. The device
consists of a rotating cylinder and a stationary container. The gaps between the container walls
and the cylinder are filled with oil and thus there is a thin oil layer on both the inside and
outside of the cylinder. The upper part of the cylinder is not in contact with the oil. The
material in the rotating cylinder can be assumed to be thin and thus the friction contribution
from the end surface can be neglected.

< a

L |

(a) Derive an expression for the moment required to turn the cylinder based on the geometrical
dimensions given in the figure above. (6p)

(b) Calculate h in the figure above such that the viscosity meter can be used to measure the
viscosity of oils of the type SAE 10W-30 in the temperature range 20 °C' - 80 °C' if the
turning moment must not exceed 1.5 x 1072 Nm and if all other parameters are defined
according to the table below (3p)

w | one revolution per second
a | 1.5 mm
b | 3.5 mm
D | 50 mm

(c) What is the viscosity of a fluid? (0.5p)

(d) What does it mean that a fluid is Newtonian? (0.5p)



PROBLEM 6 - SPRINKLER (10 P.)

The figure below sows a three-armed lawn sprinkler from above. Water enters the sprinkler
from below (normal to the paper) at a flow rate of Q = 8.0 x 107% m3/s. The radius of the
sprinkler is R = 0.175 m and the inner diameter of the sprinkler arms is d = 7.0 mm. Friction
between rotating and stationary parts of the sprinkler can be neglected.

(a) Derive an expression for calculation of the rotational velocity of the sprinkler as function
of the angle # (and other relevant parameters) (6p)

(b) Calculate the rotational velocity if the angle 6 is 40° (1p)

For what angle 6 will we get the maximum rotation velocity? (1p)

—
o
~

(d) Make a schematic representation of the non-dimensional velocity u™ as a function of the
non-dimensional wall distance y* for a turbulent boundary layer. The velocity profile can
be divided into different regions. Name these regions. (2p)
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Non-dimensional Numbers

parameter definition interpretation importance
_pUL inertia ) y
Reynolds number Re = T Tiscosity almost always
, LU flow speed _
Mach number M=— Sheod of sound compressible flow
a speed of soun
U2 —
Froude number Fr=— ‘“"f:“, free-surface flow
gL gravity
2
pU*L inertie
; _ inertia A"
‘Weber number We = T Surface torsion free-surface flow
_ ﬂcﬂ dissipation .
Prandtl number Pr= % conduction heat convection
C,
i B L — P enthalpy .
specific heat ratio vy = c, Titernal energy compressible flow
wL .
— oscillation Ly B
Strouhal number St = U Tnean speed oscillating flow
roughness ratio I % turbulent flow
. P—P .
pressure coefficient C, = > static pressure aerodynamics
P 0 5pUz dynamic pressure )
FL o
. - _ lift force ics
lift coefficient Cp = 05pU7A Tynamic force aerodynamics
drag coefficient Cp = b drag force aerodynamics
ag ent D= 05pU%A Jynamic force y S
Jein ot T _ _Twall wall shear stress .
skin friction coefficient ¢y = 05072 Iynamic pressure boundary layers

Conversion Factors

It is recommended to only use SI units when doing the calculations. To convert from non-SI to

SI units the following may help:

1 foot = 0.3048 m
1 inch = 0.0254 m

1 slug = 14.593902937 kg

1 pound (force) = 4.448221615 N

1 atm = 101325 Pa

1 psi = 6894.757293178 Pa

1 degree R = 0.555556 degree K

1 1b/ft? = 47.88025898 Pa

1 Introduction

1.6 Thermodynamic Properties of a Fluid

Perfect-gas law

p=pRT

Gas constant R and specific heats

R=C,—C,

Internal energy @ and specific heat at constant volume C,,

ou da
S (e

div = Cy(T)dT

Enthalpy h and specific heat at constant pressure C,

h=i+2=a+RT =nT)
p

oh dh
Cp= (87>,, =7 = (D)

Ratio of specific heats v

1.7 Viscosity and Other Secondary Properties

Shear stress for Newtonian fluids:

du
T =M
/ ay
The Reynolds number:
Re — pVL _ E
I v
4

(1.10)

(1.14)

(1.15)

(1.16)

(1.23)

(1.24)



Dynamic and kinematic viscosity:
v="_ (1.25)
Sutherland’s law:

ﬁ ~ (T/To);/i(gws) (1.27)

where y is a known viscosity at the temperature Tp (usually 273 K) and S is a constant.

2 Pressure Distribution in a Fluid

2.3 Hydrostatic Pressure Distribution

Z f= fpress + fgrav + fvise = —=Vp + pg + fuisc = pa (2-8)
For a fluid at rest Eqn. 2.8 reduces to

Vp=pg (2.9)
and with g = —ge,
d 2
dl) =—pg<=p2—p1= */ pgdz (2.12)
z 1
p2 —p1 = —pg(z2 — 21) (2.14)

Hydrostatic Pressure in Gases

P2 g [*dz

In—==-= — 2.17
P RJy T @17)

B gl —21)
P2 = p1exp [ “RL, ] (2.18)
T~Ty- Bz (2.19)

To = 288.16 K, B = 0.00650 K/m can be used for air and altitudes from 0 to 11000 m.

B2\ 9/(BB) B2\ 9/(BB)-1
P=Ppa (1,7> L P=Po (177> (2.20)

where p, = 1.2255 kg/m® and p, = 101350 Pa for air.

2.8 Buoyancy and Stability

(FB)Lr = Z pig(displaced volume); (2.35)
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Figure 2.7: Temperature and pressure distribution in standard atmosphere (Table A.6)

3 Integral Relations for a Control Volume
3.1 Basic Physical Laws of Fluid Mechanics
Volume flow through surface S:
Q- /(V»n)dA (3.7)

Mass flow through surface S:
m= /p(V -n)dA
3.2 The Reynolds Transport Theorem

d

d
4 Bu) =4 ( / v ﬁpdV) + / oV, mydA (3.16)

where B is an extensive property of the fluid and § the corresponding intensive property (the
amount of B per unit mass) 8 = dB/dm.

3.3 Conservation of Mass

General form:

4 ( / pdV) + / p(Vy - m)dA =0 (3.20)
dt cv cs
Fixed control volume:
Jdp .
Edv + [ p(V:-n)dA=0 (3.21)



Fixed control volume and a finite number of inlets and outlets with one-dimensional flow:

Ip
8 o+ Z(pf,Aiv,,)m‘,ﬁ - Z(plAsz,)m =0

3.4 Conservation of Linear Momentum

General form:

y F= % (/vapdv) +'/05Vp(VT-n)dA

Finite number of inlets and outlets:
d g ) '
E F= s </w VpdV) + % (miVi)out — EL (13 Vi)in

3.5 Frictionless Flow: The Bernoulli Equation

Unsteady frictionless flow along a streamline:

29V 2dp 1, . .
s st+/1 ?+5(W—Vf)+g<@—z.):o

Steady-state, incompressible flow
1. . : 1.
—+ §V12 +92 = p—pz + §V22 + gz9 = const

3.6 The Angular Momentum Theorem

General form:

> M, = % (/(r x vmw) + /Cs(r x V)p(V -n)dA

3.7 The Energy Equation

General form:

dQ dW dE d
T 7575</LwcpdV)+/csep(V-n)dA

where

1
s:11+§VZ+gz

(3.22)

(3.35)

(3.40)

(3.53)

(3.54)

(3.59)

(3.61)

(3.62)

Work divided into viscous work, shaft work, and surface pressure work (surface integral term):
dQ dWs dw, d P
— - — =— >+ = . A 3.66
p pr pr pr </w epdV) + /N <e + p) p(V -n)d (3.66)

Modified surface integral term (enthalpy-form):

h=a+

ASEAS]

7 / g .
Q _dW, dW, _d </ (2 + %VQ + gz)pdV) +/ (h+ %VQ +92)p(V-n)dA  (3.67)
cv cs

dt dt dt dt

Steady flow with one inlet and one outlet, both one-dimensional:

N 1 A 1
it W g =ha+ 3Vt —atutw, (3.70)

Steady-state, incompressible flow with shaft and friction work:

D V2 V2
(% + E + Z)m = <% + Z + Z> ot + hf,urbinﬁ - hpump + hfrict,i(m (373)
Kinetic energy correction factor («):
P oV, p o Vg
— 4+ -2 == z Rurbine — h B fricti 3.75
(pg + 2 +z . 09 + 2 +z ot + Piurbine pump + N friction ( )

/ <1V2> p(V-n)dA =« (1‘/;21) m, where Vg, = kS /udA
infout \2 2 A

4 Differential Relations for Fluid Flow

4.1 The Acceleration Field of a Fluid

DV 9V ov ov ov. oV
—H—W+um+v@+uvaz—ﬁ+(V-V)V (4.2)

where DV /Dt is the substantial derivative, an operator that can be applied on any variable ¢

e _ o L0e e, 00 0
Dt = ot +(V-V)p= 2 +u(’)z+7}8y+%(‘)z

(43)

8



4.2 The Differential Equation of Mass Conservation

Continuity (for cylindrical coordinates see Eqn. D.2):

dp 0 0
)+ —(pw) = 44
Bt o)+ 50+ 1 (pw) =0 (14)
.y, (pV) =0 (4.6)
ot pYI= :
4.3 The Differential Equation of Linear Momentum
The viscous stress tensor 7;;:
Tex  Tyz Tez
Tij = |\Twy  Tyy Tzy (4.31)
Tez Ty: Taz
Conservation of linear momentum on vector form (DV /Dt from Eqn. 4.2):
DV ;
Py =P8~ Vp+V -7 (4.32)
Viscous stress components for Newtonian fluids:
(2 0ny 0
Tor =M\ 9z "oz ) = Mo
dv  Ju
Tyr = Toy = [ o +[)7/
(671/ N 61/,)
Tox = Taz = M| 37T 32
0. 0
oo (4.37)

(e ey

Tyy = 1 ay Tay) T H(’)y
v Ow

TS T M\ G Ay

ow  Ow ow
Toe =W 5=+ 5| =2um—

92 "oz ) Moz

Conservation of linear momentum (Du/Dt, Dv/Dt, and Dw/Dt from Eqn. 4.3, for cylindrical

coordinates see Eqns. D.5-D.7):

Du

8u (9 u %u

4.5 The Differential Equation of Energy

The internal energy (@) formulation of the differential energy equation (D4/Dt from Eqn. 4.3):

Di

Py T 0V V)=V (kVT) + @

(4.51)

where k is the thermal conductivity and ® is the viscous dissipation function defined as:

ou o\ 2
e=u2(5) 2 (5)

for moderate temperatures 4 = C,T and thus

ow\?
2 (E)

4(2 0 2+ ow | v 2+ fu , Ow
ox 0Oy dy 0z 0z  Ox

Di
p%+p(V-V):V»(kVT)+<I>
4.7 The Stream Function
_oy _ W
dJ ox
0D Gayy 0 0 oy u2ivy
8y8J( ¥) 6(1;6!1;(v V) =vVAVY)

(¢ is constant along a streamline)

4.8 Vorticity and Irrotationality

Flow rotation (w):

e; e, e,

! _llo o o
w72(cuer)7287 Z =2

u v w

ot~ + K (61‘2 oz

Dv 0% dz v 02 v .
Por =P~ gy +” (dﬂ to= (4.38)
)Du) , w w 0w
Ppp =PI Dzl Dzz

10
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(4.50)

(4.51)

(4.85)

(4.87)

(4.110)



1 /0w v Cylinder length effect
Wz =73 ((Ty - @) (101 < Re < 10°)
1/0u Ow 4 L/d C
== =— — — 4.109 ’
W=y (az Bz) ( ) Transition to turbulent o 1w
o 1 (81} (7u> N boundary layer 2 0:98
L= (% 20 091
2\0x Oy Cp 10 082
5 0.74
g 3 0.72
tict . 2 0.68
Flow vorticity (C) Cylinder (two — dimensional) 1 0.64
1=
(=2w=curlV (4.111)
. . . I . 0 |
5 Dimensional Analysis and Similarity 000t et et w0t et o7
Rey= ==
5.4 Nondimensionalization of the Basic Equations
Continuity and momentum equations on non-dimensional form: Figure 5.3: Cp for cylinders and spheres as a function of Reynolds number
6.5 Turbulence Modeling
V-V =0 (5.24a) Reynolds decomposition of a flow variable ¢
DV* T
—— =-V'p'+ —=V"(V* .24} -
AR (5-24b) b=0+¢
_ 1 [T
R = | o
Drag coefficients for cylinders and spheres: T Jo
F X _ 1 (T _ .
CDLyllndcr =7 L (526) ¢ = ?/ (¢ - ¢)dt =¢p—0¢=0
3 pUZLd 0
Fp @ = L T(/>’2dz‘7é0
Coopere =T 17— (5.26) 7, ¢
3 pU2 171'(12
The Reynolds-Averaged Navier-Stokes (RANS) equations (Du/Dt from Eqn. 4.3):
6 Viscous Flow in Ducts
6.3 Head Loss — The Friction Factor % n gv n % —0 (6.20)
Head loss (hy) and the Darcy friction factor (f): Y
LV? Du op 7] ou  — 7] [ T — 0 [/ —
hf = f2~— where f = fen(Req, /d, duct shape 1 2O B et L)+ (W i) + 2 (W2 21
vf fd 5 where f = fen(Reg, €/d, duct shape) (6.10) T Er + pgz + oz <H81 pu ) + 3y (Hay pu U) + % (Hdz puu ) (6.21)
f= SLV“; (6.11)
L RANS equations for duct and boundary layer flows (Du/Dt from Eqn. 4.3):
6.4 Laminar Fully Developed Pipe Flow
B4 Du 9 o
=— . — N - — .22
fram Req (6.13) P Dt Oz + 9. + Ay (6.22)

11 12



where

o
T = Tiam + Teurb = /L{)—Z — pu'v’ (6.23)
The friction velocity u* is defined as
ut = Tw
p

Velocity distribution in the log-region (see Fig. 6.10):

u 1 an*
X :;mﬂﬂa (6.28)

u* v

Note that the constant B in Eqn. 6.28 is case dependent but unless another value is suggested,
B can be assumed to be 5.0

Velocity distribution in the viscous sublayer (see Fig. 6.10):

.
ut = YO ot (6.29)
v

u
u*

Prandtl’s mixing length concept

Eddy viscosity j; (turbulent viscosity):

—pu'v’ = ;1,,,% where p; =~ pl? %‘ (6.30)
I~ ky where  is von Kadrmén’s constant x =~ 0.41 (6.31)
6.6 Turbulent Pipe Flow
ulr 1 )
“(i) SO 2 Ly (6.32)
w K v

Average velocity:

R Ry *
V= (Ti = # | u* <l InM + B) 2mrdr = %u* (%lnR—: +2B — %) (6.33)

Friction factor:

= 2.0log,o(Reqr/f) — 0.8 (6.38)

Sl

13

Effect of rough walls

Non-dimensional wall roughness e (compare with y*, Eqn. 6.29):

cu
et =
v
et <5 hydraulically smooth
5>¢eT <70 transitional
et >170 fully rough

Log-law downshift (added to Eqn. 6.28, see Fig. 6.10):

1
AB = ~Ine™ — 3.5, (for fully rough surfaces) (6.45)
K

1
ut = Eln y"B—AB (6.46)

25 T

0F e .

—
2
T

u

ut 7%“,({4)“”(-

5 . .
10 10% 10%

Figure 6.10: Velocity in a turbulent boundary layer (left). Log-law shift AB due to surface
roughness (right). Boundary layer regions: I — the viscous sublayer, IT — the buffer layer, IIT —
the log-law region, and IV — the outer layer.

Friction factor

Colebrook/Moody implicit friction factor formula (f, see Fig. 6.13):

1 e/d 251
— =201 - 6.48
77 =200 (37 + 77 049
Haaland’s explicit friction factor formula (f):

1 6.9 e/d\" M
— =~ —1.81 — P 4
Nii 8logy, (Red + <37> (6.49)
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Table 6.1: Recommended roughness values (&) for commercial ducts

Material ~ Condition e [mm]  Uncertainty [%)]
Sheet metal (new)  0.05 +60
Stainless (new) 0002 450
Steel Commercial (new)  0.046 +30
Riveted 3.0 +70
Rusted 2.0 +50
Cast,new 0.26 +50
Tron Wrought (new) 0.046 +20
Galvanized (new) 0.15 +40
Asphalted cast 0.12 +50
Concret Smoothed 0.04 +60
Oneree " Rough 2.0 +50
Brass Drawn (new) 0002 450
Plastic Drawn tubing 0.0015 +60
Glass - Smooth — —
Rubber Smoothed 0.01 +60
‘Wood Stave 0.5 +40

Values of (Va) for water at 60°F (velocity, fUs x diameter, in)

2 46 810 £ 0 60 30100

'
| Values of (V) for atmospheric air at 60°F | |

sl e
0.10 T

3000
40006000 10,000
T

0,000
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T i o 1
T T
| I

!

T

0.08

0.07 =

0.06

yavi

e
2
=
T
T
T
T
=

Friction factor

i
1

7
'

0.015

FATAWIN

0.01

0.009

0.008

103 2(10% 3 4 56 810% 2(10% 3 ¢ 56 8105 21053 ¢ 56 8106 2(106) *

Reynolds number Re = VTd

Figure 6.13: The Moody chart for pipe flow friction
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6.8 Flow in Noncircular Ducts

For non-circular cross section ducts, the diameter D is replaced with the hydraulic diameter Dy,
calculated as

4A
Dy = —
T

(6.56)

The Reynolds number based on the hydraulic diameter Rep, is obtained as

D,
Rep, = ¥

where A is the cross-section area and P is the wetted perimeter.

Turbulent Flow

Use the same formulas (or the Moody chart) as for flow in circular pipes but replace the diam-
eter with the hydraulic diameter Dy,

L pV?

A =
Pr=1p, 2

Non-dimensional surface roughness is calculated as

£
Dy
Laminar Flow
Calculate the friction factor as
C
I=%
€D,

where Rep, is the Reynolds number based on the hydraulic diameter and C' is a constant that
depends on duct shape (for circular cross sections C' = 64 and Dj, = D). The table below gives
values of C' for a selection of cross sections.

16



[P—
b l—! kd—b\
a/b Dy, c b/a Dy c Dy, c di/do c Dy c
0.7 1.17a 65.0 1.0 1.00a 57.0 0.58a 53.0 2.0a 96.0
0.5 1.30a 68.0 1.25 1.11a 57.6 :—’ =0.10 89.2
0.3 1.44a 73.0 2.0 1.33a 62.0 “
0.2 1.50a 78.0 3.0 1.50a 69.0 a
0.1 1.55a 79.0 4.0 1.60a 73.0 ﬁ =0.25 94.0
5.0 1.67a 78.0
8.0 1.78a 83.0 d N
10.0 1.82a 85.0 0.5 < T,I, < 1.0 96.0
Dy, =do — d;
7 Flow Past Immersed Bodies
7.1 Reynolds Number and Geometry Effects
Boundary-layer thickness:
5.0
% laminar 10° < Re, < 106
Rey/?
5 “
— = (7.1)
x
0.16 5
.yl turbulent 10 < Re,
Rey
7.2 Momentum Integral Estimates
Drag force (D), momentum thickness (6) and wall-shear stress (7,):
6(x)
D(z) = pb/ w(U — u)dy (7.2)
0
9 Sy w
D(x) = pbU=0, where § = / — (1 - 7) dy (7.3)
o U U
T
D(a)=b / Tle)dz (7.4)
0
dD 5 db
== = pbhU?==
e "
o df
Tw = pUZE (7.5)
Displacement thickness (6*):
5
5 = / (1 - 3) dy (7.12)
0
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7.3 The Boundary Layer Equations

Governing equations (continuity and momentum) for boundary layer flows:

o 0w
or Oy
du du dUu 10t
u—+v—~U

o Yoy SV Yooy

where

ou
u—u, for laminar flows
oy

[ p—
pa— — pu'v’, for turbulent flows
Y

7.4 The Flat-Plate Boundary Layer
Laminar Flow - Blasius

Boundary layer thickness (4):

~ Rei./2

Skin friction coefficient (cy), displacement thickness (6*):

5 50
xr

27, 0664 & 1721

o= pU? ~ Re;/z’ z Regl/2

Wall-shear stress (7,):

0.332p1/211/203/2

Tw(x) = i

Drag force (D):
D(z) = b/ Tw(@)dz & 0.664bp" 21203241/
0

Drag coefficient (Cp):

2D(L) (1)~ 1328
=" =2 ~
b= o~ 7Y R
Momentum thickness (6):
0 0664
T Rel?
Shape factor (H):
H= % ~ 2.59
18

(7.19a)

(7.19b)

(7.24)

(7.25)

(7.26)

(7.27)

(7.30)



Table 7.1: The Blasius velocity profile

WU/ wa) 2 U WU/ wa) 2 ufu

0.0 0.00000 2.8 0.81152
0.2 0.06641 3.0 0.84605
0.4 0.13277 3.2 0.87609
0.6 0.19894 3.4 0.90177
0.8 0.26471 3.6 0.92333
1.0 0.32979 3.8 0.94112
1.2 0.39378 4.0 0.95552
1.4 0.45627 4.2 0.96696
1.6 0.51676 4.4 0.97587
1.8 0.57477 4.6 0.98269
2.0 0.62977 4.8 0.98779
2.2 0.68132 5.0 0.99155
2.4 0.72899 o0 1.00000
2.6 0.77246

Turbulent Flow

Prandtl’s one-seventh-power law:

Momentum thickness (6):

9z/06(

Boundary layer thickness (4):

Skin friction coefficient (cy):

()= )"
(- ()=

. 4 0.16

Res ~ ().1()]?,62/77 or — & i
o 27y 0.027
! pU? Reiﬁ

Wall-shear stress (7,):

Drag coefficient (Cp):

Displacement thickness (6*):

Shape factor (H):

0.013541/7p6/7713/7
Ty N ————

21/7
7 0.031
—cp(L) ~
67 Rl

(7.39)

(7.40)

(7.42)

(7.43)

(7.44)

(7.45)

(7.46)

H=—=~13 (7.47)
Boundary layer drag for flat plate with transition (Equs. 7.43 and 7.25 combined):

Ter (0,664 L0.027
i dx + —i dx
>0 Rey zer Re,

x

1
D =~ b=pU?
)2/)

where b is the width of the flat plate and z., is the transition location.

Skin friction coefficient (¢s) and drag coefficient (Cp) for rough surfaces with the surface rough-
ness e:

N\ 25
o ~ (287 + 1581ogyg E) (7.48a)

L\ 25
Cp =~ (1489 + 1.621og; ;) (7.48b)

Drag coefficient in transition region from Schlichting for two transition point Reynolds numbers
(see Fig. 7.6):

0.031 1400
- ctrans = 5 % 10°
Rei/7 Rey Rerans = 5 x 10
Cp = (7.49)
0.031 8700
7~ Retrans = 3 x 10°
REL ReL

7.5 Experimental External Flows

Lift (Cr) and drag (Cp):

F)
Cp=1—— (7.66a)
§pV2Ap
F)
Cp=1—— (7.66b)
§PV2AP
Lift (Cp) of finite span wings:
27 sin(a + 2h/c) b
=-—- '~/ vhere AR = — = - .
Cr, T+ 9/AR where AR T (7.70)
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Cp

Figure 7.16: Drag coefficient for smooth bodies at low Mach numbers:

0014
\
\ | 200
\__ Fullyrough
T Eq.(7.480) L
0012 - E=et
\
\

\ 500

0010 =L,
\
\
A% 1000
0.008 =
c Q 2000
N
N
0.006
0.004
0.002 Transition

Figure 7.6: Drag coefficient of laminar and turbulent boundary layers
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Figure 7.25: Lift and drag of a symmetric NACA 0009 airfoil
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-
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Figure 7.26: Lift-drag polar plot for standard (0009) and laminar flow (63-009) NACA airfoil

3D bodies.
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C)p based €y based €,y based
on frontal on frontal on frontal
Shape area Shape area Shape area

Square cylinder: Half-cylinder: Plate:

—_—

|:| 2.1 —_— 12 —_— 20
Thin plate
—_— 1.6 —_— D 1.7 normal to
awall:
Half tube: Equilateral triangle: —_— 14
—_— ( 1.2 —_— 16

Hexagon:

23 — D 20 — <:> —10 10.7

Shape Cp based on frontal area

Rounded nose section:
wa: | 05 | 10 | 20 | 40 | 60

- "
Cp: | 116 | 090 | 070 | 068 | 0.64

A

Flat nose section

wr: | o1 | oa |07 | 12 | | | 60
I H Ty o 23 27 21 8 [ 14 |13 [ 09
L
Elliptical cylinder: Laminar Turbulent

1] ——— O 1.2 03
20— O 06 02

al— > 035 0.15

L B i —— 0.25 0.1

23

Cp based on
2

Body frontal area Body Cp based on frontal area
Cube: Cone:
=== 107 4 o: |10 |20 | 300 |40 | 600 | 75° | 90°
0 Cp: 1030040 | 055 | 065 | 0.80 | 105 | 115
. L Short cylinder,
laminar flow:
— L
Cup: D
—_— ) 14 Porous parabolic
dish [23]: Porosity: [0 |01 |02 |03 |04 |os
04 —_— ~—Cp [ 142 [1.33 120 ] 1.05 | 095 | 0.82
— . —=Cp 10950920907 086 | 083 | 0.80
Average person:
Disk:
_— |] 117 —_— ‘\ —— CpA=9f? tc,,,\-l.zrﬁ
Parachute )
Pine and spruce
(Low porosity): i
porosiy] trees [24]): vas: | 10 ] 20 | 30 | 40
— 12 >
Cp | 12202 [10£02 [07£02 [05£02
Cp based on Cp based on
Body Ratio frontal area Body Ratio frontal area
Rectangular plate: Flat-faced cylinder:
— |[h bh 1 118 —_— (]:] d 05 115
b 5 12 1 090
10 13 2 085
I:I" 20 15 4 087
™ 20 8 099
. Laminar __Turbulent
Ellipsoid: _ _—
L/d 0.75 05 0.2
> d 1 047 02
| ~ 2 027 0.13
L0 4 025 ol
8 02 0.08
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9 Compressible Flow

1
; : ; CT +-Vi=CpT, (9.23)
9.1 Introduction: Review of Thermodynamics 2
Mach number (M):
v Isentropic flow relations (Table B.1)
M=
a To _ Y—=1, .9
Ratio of specific heats (v): T 1+ M (9.26)
C, T\ /2
tiates (9.2) o _ <7> (9.27)
Eqns. 1.14 and 1.15 and constant specific heats gives: po_ (To v/(v=1)
o o\T (9.28a)
fy — iy = Cy(Ty = T1), ha —hy = Cp(Ty —Th) (9.5) . T\ VO
;” = <7> (9.28b)

Entropy change (from the first and second law of thermodynamics):

Critical Values at the Sonic Point

Tds = dh — v (9.6)
p
T* 2
2 2, dr 2d 7~ \5¥1
/ ds:/ G — R 2 (9.7) o \v+1
1 1 1P e (T*>7/("/*1)
o \T,
9.32)
« w\ 1/(v=1) (
SQ*Sl:CPIIIQ*RIHPJ:C,,hl&lenE (9.8) &:<£>
T 21 T P1 Po T,
Isentropic relations: o <T* ) 1/2
P2 <T2>7/(771) (P2)7 ‘o To
p2_ (1> _(P2 (9.9)
p1 Ty p1 9.4 Isentropic Flow with Area Changes
9.2 The Speed of Sound The area-velocity relation:
. 0 v dA
a* = <%) (9.15) -1 =" (9.40)
o= AT — [P (9.16) The area-Mach-number relation (Table B.1):
r ANZ 1 24 (y— M2 OH/ED
—-— | = _— 9.44
9.3 Adiabatic and Isentropic Steady Flow (A*> M? [ y+1 ] (0.44)
Adiabatic energy equation without viscous work or shaft work (Eqn. 3.70):
1 Choked mass flow:
h+ §V2 = ho = const (9.21)
AL
21 wi i A* [y 2\t
Eqn. 9.21 with h = C,T gives: — (=2
i m T\ BT
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9.5 The Normal Shock Wave

Governing equations (continuity, momentum and energy):
Vi =p2Va
p1—p2=paVs — iV

1 1
hy + 5‘/‘12 = ho + §V22 = h, = constant

The Rankine-Hugoniot relation:

1 1 1
hy —hy = s(p2 — 1 —+—
2 1 2([’2 p1)<p2 p1>

The normal shock relations (Table B.2):

2
P24 2

p1 y+1 (M7 =)

(y— )M} +2

Mi= 1L TS
MR- (v-1)

pp_Vi__(y+DME
o Voo (y—1)ME+2

Ty oy 27ME — (v~ 1)
24 (yo M) 22— —])
7, = 2+ (- DM (y + )M

To, =To,

@_@_[WHW?VWW y+1
T2

Do, B Por + (v - 1)]ul2

ﬁ 2 _ % 2 2+ (,Y _ 1)]\112 (v+1)/(v=1)
Ar) T \My) (24 (v—-1)M2

27

M- (- 1)

(9.49a)

(9.49b)

(9.49¢)

(9.50)

(9.55)

(9.57)

(9.58)

(9.58)

(9.59)

9.9 Mach Waves and Oblique Shock Waves
Mach Waves

Mach wave angle (y):
1
—gin— 1
p=sin" o

The Oblique Shock Wave

(9.79)

Governing equations (continuity, momentum in the shock normal and shock tangential direc-

tions, and energy):

1V, = p2Vn,
p1L—p2=p2Vit, — V2

0= p1Va, (Vi = Viy)

1.5 1., 1 5 1.,
hi + 5‘/"'1 + §th =hy + §Vn2 + 5\42 =ho

Vi, = Vi, =V, = const

Shock-normal Mach numbers (M, and M,,):

M, = Mysinf
My, = Mysin(3 — 0)

The 6-3-Mach relation (see Fig. 9.1):

2cot B(MEsin? 8 — 1)

tanf = —5————=——=
an M3 (y + cos(28)) + 2

9.10 Prandtl-Meyer Expansion Waves

The Prandtl-Meyer supersonic expansion function (Table B.5):

1 1
w(M) = ,/:i - tan™! 2/?(1\12 1) —tan~t VM2 — 1

Af = w(My) — w(My)

28

(9.80a)

(9.80b)

(9.80c)

(9.80d)

(9.81)

(9.82)

(9.86)

(9.99)

(9.101)



A Physical Properties of Fluids

0.5

0.4 PR W\ N
03 \\ \\\
0.2 \ A\
tor oil
SAE 10 oil \:a orot
0.1 =t
0.06 \\ AN \\ AN
\\ \\\\ \\ Glycerin
0.04 .
0.03 — S N SAE 30011~
A ol
\ Crude oil (G 0.36) NN
0.02
N N
50° \ \
0.01 < < ;
~ 6 ~ ~
£ N
@ 4
z 3 Kerosine| \
: N Aniline —
Z Mercury
2 QQ
b ik 1073 ———flags ~
%0 b E Oh'ge
g 2 ¢ -
E < 4 Ethyl alcohol _
= 3 Benzene !
é) \ water
2 Gasoline (SG 0.68)—
1x107*
6
4
3 Helium
[
2 — L
&’."‘ Carbon dioxide
Wave angle 8 %105 Air !
Hydroﬁfg
Figure 9.1: Oblique shock deflection versus wave angle for various Mach numbers (y = 1.4) 5 !
g L q g 7= 22000 20 40 60 80 100 120

Dashed line indicates division of weak and strong solutions and the dash-dotted line connects

Temperature, °C
the maximum deflection agngles 6,4, for each Mach number.

Figure A.1: Absolute viscosity (u) of common fluids at 1 atm

29 30



2 \ Table A.2: Viscosity and density of air at 1 atm
4 \
3 \ et TIK] T[Cl plkg/m® plkg/(ms)] v [m?/s]
2 —SAE 10 oil —
BT 233 40 1.520 1.51 E-05 0.99 E-05
1 x10-4 BT 273 0 1.290 1.71 E-05 1.33 E-05
N 293 20 1.200 1.80 E-05 1.50 E-05
o 323 50 1.090 1.95 E-05 1.79 E-05
E 30 oil 373 100 0.946 2.17 E-05 2.30 E-05
. 4 423 150 0.835 2.38 E-05 2.85 E-05
3 33— Air and oxygen— 473 200 0.746 2.57 E-05 3.45 E-05
£ ) \ — 523 250 0.675 2.75 E- 4.08 E-05
= >< -"'\\ 573 300 0.616 2.93 E-05 4.75 E-05
g S — 673 400 0.525 3.25 E-05 6.20 E-05
& 1 i — (Ol ittt 773 500 0.457 355E-05 7.7 B-05
2 o
é 6 Suggested curve fits for air:
£ Crude oil (SG 0.86) ~
£ 4 —] _ P
M 3 ? " 0.7
N
2 e Power law: - ~ (?)
Ho )
Benzene S~ i T\*? [Ty + S
1 x10-6 Sutherland: -~ ~ ( S
8 Eihyl alcohol —— . ! ‘/‘(k )”
6 = with R=287 J/(kg K), To=273 K,
. = v !w 4o=L.71 E-05 kg/ms, and S—=110.4 K
ater
3 e
ISasoline SG 0.68) Carbon
2 .
— Mercury q‘
1 %1077 —
-20 0 20 40 60 80 100 120 Table A.3: Properties of common liquids at 1 atm and 20°C
Temperature, °C
. . P . . Liquid Te Bulk modulus  Viscosit;
Figure A.2: Kinematic viscosity (v) of common fluids at 1 atm 4 fkg/m;,] ﬁcg/(m)] (N/m] [p11\)/'/m2] (N/m?] pammetyer o
Table A.1: Viscosity and density of water at 1 atm Ammonia 608 220 E-04 213 E-02 9.10 E+05 1.82 E+09 1.05
Benzene 881 6.51 E-04 288 E-02 101 E404 147 E+09 4.34
Carbon tetrachloride 1590 9.67 E-04 2.70 B-02  1.20 E+04 1.32 E4+09 4.45
TIK] TEC) plkg/m¥  ulkg/(ms)] v [m?/s] Ethanol 789 1.20 E-03 228 E-02 5.70 E+03  1.09 E+09 5.72
- . Ethylene glycol 1117 2.14 E-02  4.84 E-02 120 E401  3.05 E409 1.7
Freon 12 1327 2,62 E-04 - - 7.95 E+08 1.76
2;2 (1’0 }888 }';gi gg; }gg? EF;gZ Gasoline 680 292 E-04 216 E-02 551 E+04 1.30 E4+09 3.68
208 2 998 1003 B03 1005 B06 Glycerin 1260 1.49 6.33 E-02 140 E-02  4.35 E409 28.0
208 30 996 0799 B03  0.802 B06 Kerosene 804 192 E-03  2.80 E-02 3.1 E4+03 1.41 E409 5.56
33 10 992 0657 B05 0,662 B06 Mercury 13,550  1.56 E-03  4.84 E-01 1.10 E-03  2.85 E+10 1.07
i 0 088 0548 B03  0.555 B06 Methanol 791 598 E-04  2.25E-02 134E404 103 E+09 4.63
) ‘ S - ) SAE 10W oil 870 1.04 E-01°  3.60 E-02 — 1.31 E+09 15.7
333 60 983 0.467 E-03  0.475 E-06 SAE 10W30 oil 56 170 Bote 110
iy . . .
343 o o78 0405 F-03 0414 12-06 SAE 30W oil 891 2.90 E-01°  3.50 E-02 - 1.38 E409 18.3
353 80 972 0.355 E-03  0.365 E-06 § ! .
363 90 965 0.316 E-03  0.327 E-06 SAE 50W oil 902 8.60 E-017 N N 202
i 100 058 0083 B08 0.995 B06 Water 998 1.00 E-03  7.28 E-02 2.34 E+03  2.19 E+09 Table A.1
: : Seawater (30%o) 1025 1.07 E-03  7.28 E-02 2.34 E+03  2.33 E+09 7.28

Suggested curve fits for water in the range

a . .
273K < T < 373K: In contact with air

b The viscosity temperature variation of these liquids may be fitted to the empirical expression
293
p = 1000.0 — 0.0178|T — 2777 4 0.2% B eap [C (— -1
293K T

" with an accuracy of £6 percent in the range 273K < T < 373K

In (*) ~ —1.704 — 5.306z + 7.00322 © Representative values. The SAE oil classification allow a viscosity variation of up to £50 percent, especially
gg’g at lower temperatures.

z= ?‘, 10=1.788 E-03 kg/ms
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Table A.4: Properties of common gases at 1 atm and 20°C

Table A.6: Properties of the Standard Atmosphere

Gas Molecular R [m?/(s®K)]  pg [N/m®] u |kg/(ms)] v [m?/s]  Specific-heat Power-law
weight ratio exponent n®

H> 2.016 4124 0.822 9.05 E-06 1.08 E-04 141 0.68

He 4.003 2077 1.63 1.97 E-05 118 E-04  1.66 0.67

H20 18.02 461 7.35 1.02 E-05 1.36 E-05  1.33 115

Ar 39.944 208 16.3 2.24 E-05 1.35 E-05 1.67 0.72

Dry air  28.96 287 11.8 1.80 E-05 149 E-05  1.40 0.67

CO, 44.01 189 17.9 1.48 E-05 8.09 E-06  1.30 0.79

co 28.01 297 114 1.82 E-05 1.56 E-05  1.40 0.71

Na 28.02 297 11.4 1.76 E-05 151 E-05  1.40 0.67

02 32.00 260 13.1 2.00 E-05 1.50 E-05  1.40 0.69

NO 30.01 277 12.1 1.90 E-05 1.52 E-05 1.40 0.78

N20 44.02 189 17.9 1.45 E-05 7.93 E-06  1.31 0.89

Cla 70.91 117 28.9 1.03 E-05 3.49 E-06  1.34 1.00

CHy 16.04 518 6.54 1.34 E-05 2.01 E-05  1.32 0.87
#The power-law curve 1i/pzg3r ~ (T/293)" fits these gases to within £4 percent in the range

250K < T < 1000K

Table A.5: Surface tension, vapor pressure, and sound speed of water

v [Pal __afm/s)
0 0.0756 6.1100 E02 1402
10 0.0742 1.2270 E03 1447
20 0.0728 2.3370 E03 1482
30 0.0712 4.2420 E03 1509
40 0.0696 7.3750 E03 1529
50 0.0679 1.2340 E04 1542
60  0.0662 1.9920 E04 1551
70 0.0644 3.1160 E04 1553
80  0.0626 4.7350 E04 1554
90  0.0608 7.0110 E04 1550
100 0.0589 1.0130 E05 1543
120 0.0550 1.9850 E05 1518
140 0.0509 3.6130 E05 1483
160  0.0466 6.1780 E05 1440
180  0.0422 1.0020 E06 1389
200 0.0377 1.5540 E06 1334
220 0.0331 80 E06 1268
240  0.0284 3.3440 E06 1192
260 0.0237 4.6880 E06 1110
280  0.0190 6.4120 E06 1022
300 0.0144 8.5810 E06 920
320 0.0099 1.1274 EO7 800
340  0.0056 1.4586 E07 630
360  0.0019 1.8651 E07 370
*374 0.0 2.2090 EO7 0

* critical point
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z[m]  TI[K] p[Pa  plkg/m®] a[m/s] z[m]  TIK] p[Pal plkg/m® alm/s]
-500 29141 107,508  1.2854 342.2 12,500 17,847 0.2870 295.1
0 288.16 101,350  1.2255 340.3 13,000 16,494  0.2652 295.1
500 28491 95480  1.1677 338.4 13,500 15,243 0.2451 295.1
1000 281.66 89,889  1.1120 336.5 14,000 14,087 0.2265 295.1
1500  278.41 84,565  1.0583 3345 14,500 13,018 0.2094 295.1
2000 27516 79,500  1.0067 332.6 15,000 12,031 0.1935 295.1
2500 27191 74,684  0.9570 330.6 15,500 11,118 0.1788 295.1
3000 268.66 70,107  0.9092 328.6 16,000 X 10,275 0.1652 295.1
3500 26541 65759  0.8633 326.6 16,500 216.66 9496  0.1527 295.1
4000  262.16 61,633  0.8191 324.6 17,000 216.66 8775  0.1411 295.1
4500 25891 57,718  0.7768 322.6 17,500 216.66 8110  0.1304 295.1
5000 255.66 54,008  0.7361 320.6 18,000 216.66 7495  0.1205 295.1
5500 25241 50,493  0.6970 318.5 18,500 216.66 6926  0.1114 295.1
6000  249.16 47,166  0.6596 316.5 19,000 216.66 6401  0.1029 295.1
6500 24591 44,018  0.6237 314.4 19,500 216.66 5915  0.0951 295.1
7000 242.66 41,043  0.5893 3123 20,000 216.66 5467  0.0879 295.1
7500 239.41 38233  0.5564 310.2 22,000 218.60 4048  0.0645 296.4
8000  236.16 35,581  0.5250 308.1 24,000  220.60 2972 0.0469 297.8
8500 23291 33,080  0.4949 306.0 26,000 222,50 2189  0.0343 299.1
9000  229.66 30,723  0.4661 303.8 28,000 22450 1616  0.0251 300.4
9500 22641 28,504  0.4387 301.7 30,000 22650 1197  0.0184 301.7
10,000 223.16 26,416  0.4125 299.5 40,000 25040 287 0.0040 317.2
10,500 219.91 24,455  0.3875 297.3 50,000 270.70 80 0.0010 329.9
11,000 216.66 22,612 295.1 60,000 255.70 22 0.0003 320.6
11,500 5 20,897 295.1 70,000 219.70 6 0.0001 297.2
12,000 19,312 295.1
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B Compressible Flow Tables

Table B.1: Isentropic flow of a perfect gas v =1.4

M p/pe plpo  T/To  AJA M p/pe plpe  T/T,  AJA*
0.00 1.0000 1.0000 1.0000 oo 210 01094 02058 05313 1.8369 .
010 09930 0.9950 0.9980 5.8218 220 0.0935 0.1841 05081  2.0050 Table B.2: Normal shock relations for a perfect gas v = 1.4
020 09725 09803 09921 2.9635 2.30  0.0800 0.1646 04859  2.1931
030 0.9395 09564 0.9823 2.0351 240  0.0684 0.1472  0.4647 2.4031
040 0.8956 0.9243 0.9690 1.5901 250 0.0585 0.1317 04444  2.6367 M, May,  p2/pi Vi/Va=pa/p1 To/Ti  Poy/poy  A/AT
050 0.8430 0.8852 09524 1.3398 2.60  0.0501 0.1179 04252  2.8960
0.60 0.7840 0.8405 09328 1.1882 270 0.0430 0.1056  0.4068 3.1830 100 1.0000 1.0000  1.0000 10000 10000  1.0000
070 0.7209 0.7916 0.9107  1.0944 2.80  0.0368 0.0946 0.3894  3.5001 110 09118 12450 11691 10649 09989  1.0011
0.80 0.6560 0.7400 0.8865 1.0382 290 0.0317 0.0849 03729 3.8498 120 08422 15133 13416 11280 09928 10073
0.90 05913 0.6870 0.8606 1.0089 3.00 00272 00762 03571 4.2346 130 07860 18050 15157 11908 09794 10211
1.00 05283  0.6339 0.8333  1.0000 310 00234 00685 0.3422 4.6573 140 07397 21200 16897 L2547 09582 10436
110 0.4684 0.5817 0.8052  1.0079 320 0.0202 0.0617 03281 5.1210 150 07011 24583 18621 13202 09208 10755
120 04124 05311  0.7764  1.0304 3.30 00175 0.0555 0.3147  5.6286 160 0.6684 28200  2.0317 13880 08952 L1171
130 0.3609 0.4820 0.7474  1.0663 340 00151  0.0501 0.3019 6.1837 170 06405 32050 21977 14583 08557 11686
140 03142 04374 0.7184 1.1149 350  0.0131 0.0452 0.2899  6.7896 180 0.6165 36133  2.3502 L5316 08127 12308
150 0.2724  0.3950 0.6897 1.1762 3.60 00114 00409 02784 7.4501 190 05956 40450 25157 L6079 07674  1.3032
1.60 0.2353  0.3557 0.6614  1.2502 3.70  0.0099 0.0370 0.2675 8.1691 200 05774 45000  2.6667 L6875 07200 13872
170 0.2026 0.3197 0.6337 1.3376 3.80 0.0086 0.0335 02572 8.9506 210 05613 49783  2.8119 L7705 0.6742 14832
1.80 01740 0.2868 0.6068 1.4390 3.90  0.0075 0.0304 0.2474  9.7990 2.20 05471 54800 29512 18560 0.6281  1.5920
1.90 0.1492 0.2570 0.5807 1.5553 400 0.0066 0.0277 0.2381 10.7188 230 05344 60050 30845 L9468 05833 17144
200 01278 0.2300 0.5556 1.6875 240 05231 65533 3.2119 20403 05401  1.8514
250 05130 7.1250  3.3333 21375 04990  2.0039
Tabulated data obtained using Eqns. 9.26, 9.28, and 9.44. 260 05030 7.7200  3.4490 29383 04601  2.1733
270 04956 8.3383  3.5590 23429 04236 2.3608
280 04882 89800  3.6636 24512 0.3895  2.5676
290 04814 9.6450  3.7629 25632 0.3577  2.7954
3. 4752 10.3333  3.8571 2. 328 04
Table B.5: Prandtl-Meyer supersonic expansion function for v = 1.4 2(1]8 3_46;5 1?_3253 223;6 2_%22 820*3 22122
3.20 04643 117800 4.0315 29220 02762  3.6202
3.30 04596 12.5383  4.1120 3.0492  0.2533  3.9483
M wldeg] M w(deg] M w(deg] M wldeg] 3.40  0.4552  13.3200 4.1884 3.1802  0.2322 4.3062
3.50 04512 141250  4.2609 33151 0.2120  4.6960
p 3.60 04474 14.9533  4.3206 34537  0.1953  5.1200
i:?g g?jgg jig? i;g ;;:gg ;;g g;:gg 3.70 04439  15.8050  4.3949 3.5062  0.1792 55806
120 0356 e 230 7960 730 9249 3.80 04407 16.6800  4.4568 3.7426  0.1645  6.0801
130 0617 601 210 8043 710 9297 3.90 04377 17.5783  4.5156 3.8928 0.1510  6.6213
150 08.99 853 250 slod 750 9344 4.00 04350 185000 4.5714 4.0469  0.1388  7.2069
150 1191 €0.09 20 $2.03 760 9390 410 04324 19.4450  4.6245 4.2048 01276 7.8397
160 1486 6160 270 8280 270 o1a4 420 04299 20.4133  4.6749 4.3666  0.1173  8.5227
170 1781 6304 250 8354 750 o178 430 04277 214050  4.7229 4.5322  0.1080  9.2591
180 2073 6144 200 8196 700 9521 440 04255 22.4200 4.7685 47017 0.0995  10.0522
190 2359 6578 600 8196 S00 9562 450 04236 234583 4.8119 4.8751  0.0917  10.9054
200 2698 6708 610 8563 510 9603 4.60 04217 24.5200 4.8532 50523 0.0846  11.8222
210 2910 6833 620 56929 520 9043 470 04199  25.6050  4.8926 52334 0.0781  12.8065
220 3173 69,54 630 8694 530 9689 480 04183  26.7133  4.9301 54184 0.0721  13.8620
230 3498 7071 610 8756 S0 9720 4.90 04167 27.8450  4.9659 56073 0.0667  14.9928
210 3675 7183 650 8817 550 o157 500 04152  29.0000  5.0000 58000 0.0617  16.2032
250 39.12 T2.92 6:60 - 88.76 860 9791 Tabulated data obtained using E 9.57, 9.55, 9.58, and 9.59
260 41.41 73.97 6.70  89.33 870  98.29 abulated data obtained using Eqns. 9.57, 9.55, 9.58, and 9.59.
270 43.62 74.99 6.80  89.89 8.80  98.64
2.80  45.75 75.97 6.90  90.44 8.90 98.98
2.90  47.79 76.92 7.00  90.97 9.00 32
3.00 49.76

Tabulated data obtained using Eqn. 9.99.
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D Equations of Motion in Cylindrical Coordinates
The equations of motion of an incompressible newtonian fluid with constant p, k, and C,, are

given here in cylindrical coordinates (r, 0, z), which are related to cartesian coordinates (z, y, z)
as follows

z=rcosf, y=rsinf (D.1)
Continuity:
10 10 1%}
;E(rv,) + ;a—e(vg) + E(vz) =0 (D.2)
Convective derivative:
g 1 0 ad p
V-va,-EJr;vnﬁwtvza (D.3)
Laplacian operator:
10 7] 1 0? o2
2 _ R — —
V= ror <r57‘> + r2 962 + 022 (D-4)
The r-momentum equation:
vy 1. 10p . Uy 2 Oy
V. Vv, — —vj=—-=_=+g, P — = — S D.
ot +(V-V) 70 p8r+g +1/<V TR T 20 (D-5)
The #-momentum equation:
vy 1 1 0p 2 vg 2 Jvuy
— + (V- V)vg — —vvg = —— = Vg — - — = —o D.
5 +(V-V)uy Uty pré76’+g€+y Vg 2250 (D.6)
The z-momentum equation:
v, 19p 9
Vo, = - / D.
o T (Vo) paz+gz+uv vz (D.7)
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