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21. Integral momentum equation

d
dt

[pvdV = [pgdv - [pdA u=0

V(t) V(t) A(t)

% J pvav = “mi[ [(pv).aV= [(pv),av

V(1) A0 At V(t+AL) V(1)
%I(py)dv + Iyp(ydé) = I pgdV — I pdA  where V is the control volume
\ A \% A

Solid body in control volume

%i(p\_/)dv + [vp(vdA)+ [vp(vdA)= i pgdV - [ pdA— [ pdA

Ay Ay Ak Ap
2 [(pwlav + [wplvdA) = [pgdv - [pda-R
oty A v A
R[N] force acting on the body in the control volume

In case of steady flow:
[vp(vdA)=[pgdV - [pdA-R
A v o A

[(pv)dv + [vp(vdA)= [pgdV - [ pdA-R +S
\Y A Vv A

Q|

where S is the friction force.
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Moment-of-momentum equation

© [rx(pu)aV+ [ 1xvp(vdA) = [ rxpgaV — [ pdA—M + M,
atV A \Y A

22. Application of integral momentum equation

Stationary and moving deflector

1. Taking up the control volume: solid body is in the control volume, surfaces are
1 or || to the velocity vector.

£ [(pw)av+ [vplvdA) = [pgaV - [pdA -R +S
A \Y A

\%

I I I v VvV Vi

2. Simplification of equation

[vp(vdA)=-R

3. Evaluation of integrals

I, = J-yp(ydé) = leZ Al(_ A% /|\_/|1)’

A

v,

v,

dl, =pv;dA,

I =pviA.

4. Balances of forces in co-ordinate directions
~1,=-R, azaz—pviA, =-R, =-R
R=pV’A,

If the deflector moves: u > 0

instead of v, w, =v, —u = R=p(v, —u)*A,.
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Borda discharge nozzle, contraction of jet

a b., c

T 1 e 1

\ \ \ \
- I | |

| = P Egé_,\’
| - )y —— [ —— e
| = 1 ==
w Y i .
- ] A ]

2pgHA, =pgHA = o =A,/A=05

Change of pressure in Borda-Carnot sudden enlargement

Ap'ge = (pz - pl)id _(pz - pl)BC :B(Vf —Vi)—PVz(Vl -V,

Borda-Carnot loss
Ap'ge = %(Vl -V, )2

Force acting on Borda-Carnot sudden enlargement

R= (po _pl)(AZ _Al): pVZ(Vl _Vz)(Az _Al)
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A Pelton-wheel

2 2
=+l ==Ry, I =pVi AL, =pV;A,C08B, pvi A, =pV, A,
R, =pV,A,(v, -V,,), where v,, =V,cosp
V,, =U-W,sing, w, =w,, w, =v, —-u, R, =pVv,A (v, -u)l+sin9)

R, =pV,A,(v, —u)l+sin9), 9=90° Z—E: 2oV, A, [(v, —u)-u]=0,u=v,/2

Prax = pV1A1V12 /2

Force acting on one element of a infinite blade row, Kutta-Joukowsky theorem

= v
(/ } 7,‘2 2
T ==
| oD
—> <
! //Z// P> v,

—ly+1=P-P,-R,, -1, ,+l,, =-R,
I, =pv tvy, I, =pv,tv,, PL=p,t P, =p,t,
R, :(pl —pz)“rpvxt(vlcosa1 —vzcos%)

Vix =V = P — P, :%(Vg _Vlz):%(vgy _Vlzy)::> Rx :%(VZy _Vly (VZy +V1y)

R, :pvxt(vly —vzy). 1"=(v1y —vzy)t:> R, =—pFL2\/2y, R, =pl'v,,

2
R|-RE R pr\/vi {%] = [Rl=piv, v [N/m]

t—>00, vy, —V,, —0 T=tv,, ~v,, )=4ll. v, >v, > v, |R|=plv, [l [N/m]
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Propellers (actuator disc)

V1 = U, velocity vi = vo
ﬁj(p\_/)dw [vp(vdA)=[pgdV - [pdA-R+$S
atV A \Y% N A

I 1 Il IV V VI
-+, =-R, =R, :pV12A1 _pngz
By using continuity equation: R, =pVA(v, —V,)
Bernoulli-equations 1 - 1’ and 2’- 2

Vi P Vi Py Vo P2 _Vo Py
2 p 2 p 2 p 2 p
Since p1= pzand vi'= v = v, p, —p, :%(vf —v§)
V, +V,

R, =2 (v ~V))A=pvA(v, -v,) V= =R, =L (v -V))A

Pu= viR (useful power) Pi=v R (input power) theoretical propellor efficiency:
VR v 2

1
VR v 1+v,/v,

Wind turbine

Pszv1+v2

(Vi -V3)= 0P/ov2=0 =V, :%v1:> PzﬁpAvf
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kezdeti
szakasz lossuld szakasz

gt
Vmcn:/2 -

Vmux<VU

:E_

kezd.sz.:initial section, lassul6 sz.: deceleration section

M ~2, rp=kz, |
r1/2/ro = k1Z/I'o

/M2 2

vior o or
Iyp(ydA)z 0 = pvirln :IpVZZrndr =V =V 12,2 ——d—
A A 0 Vmax r1/2 r.1/2
Vo Konst. v Konst.
= - =
Vo /2 Vo z
rO r0
Th M/hya 2
vV or or Vi I z
q, = J.Zrnvdr =V, [,2n J. SN LN Konst —mex L2 — 4 _ konst. =
0 0 Vmax r.1/2 r1/2 qu VO r.0 qu r.0

Vnax h——
AUl

Air curtains

~

semleges

z6na

Neutral height
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VZ lap Pk Yh V2 1Yh Yh
— == = |dp= —dy= Ap=p, -p, =— |pvidy= pvis, = |pvid
R oo pjbp _{hpR y= Ap=p, P, R_&p y= pvis, -Lp y
ZS 2
ppPVe% _p_ PViSe.
R Ap
A >R,

vis, . .
b=2 R sinp. b=220ging, =2, D=2" B_Kgnp
5, pp D
2 0

theoretical: K=4, experimental: K=1.71+0.0264 B (25<p%<45 and 10<B<40)

Allievi theorem
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u] e s
. _.]ﬁ
B Wy
AhiL____ 24| |ed+/d T e —
L ll —PQ

W y={ : —

P pt Ap b

Iy [ WAV

pipe diameter d = d+Ad

Shortening of water column. Compression of water: As; and expansion of pipe
wall: As2 = As = As1+As2

2 A A
ps,=2Ps B, =2.1-109Pa, as, 1" —sdnd pAg-2Pd, Ad_Ac_ Apd
E, 4 2 25" d E, 20E,
A As, A
Eu - 21010Pa > As, = 2Pdg AS_AS A, f 1, d | _4p
dE, s s s E, O0E,) E,

Integral momentum equation:
—p(@a+Vv)A(@+Vv)+(p+Ap)a(A+AA)a=

=pA+(p+Ap)AA—(p+Ap)(A+AA),
Continuity: p(a+V)A =(p+Ap)a(A+AA)

Ap=pv(a+V) v<<a Ap=pva T, < 2L turning off time
a

A A A E
s=at:>AAs=A—ps=A—pat:>—pa:v a=_[—.
Ef Ef Er p
% X
ol | D
P e
Y y .
et | | | ¥
PL s
V L
RERRREE X
P a AD
Y o
_\v‘ I (X
[ I I I [T 1] [T 1]
P .
v Yy ——i—
LTI T T IR I e ¥
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23. Flow of viscous fluids, Navier-Stokes equation

Rheology
Shear stress versus strain rate (deformation rate)
. . dv d
curve 1: Newtonian fluid: 7, =p—>"= =,
dy dt

Non-Newtonian fluids:
d
curve 2: t=r1, +uw—y,

dt
Curves 3 and 4: t=Kk(dy/dt)".

-

|

=
v

a

t

dv

Differential momentum equation E =g +F, In case of inviscid fluid:

X

o, (x+dx) - o, (x)ldydz + [z, (y + dy) -, (y)|dxdz

B pdxdydz
+[t, (2 +dz)-1, (z)|dxdy}
Since o, (x+dx) =, (x)+ oo, dx =F, = l[‘%x " OTyx + 8TZXJ
OX p\ox oy oz
GX T X TZX
Oty oy | F=rov = v=Civ T Ok
p— oX~ oy~ oz

(|

= —Egradp
p
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ov ov ov ov 1( 0o, Ot, 01,
X y z O, +— + +
ot OX oy 0z plLox oy oz

Y
dx
,——\—”’,’
II |
I dy
/ II
dB-h I+ d
'61 ’,C’/V 7
"——1’
da 04 X

ov
dy = dov+ dp = 2t + Mgt |
oX oy

o, o o ey
'ny:},l. 8—X+E :Tyx‘ p:—§ GX+Gy+GZ .

y+dy
dy ov
oy, =pu— =2u—=
1x Hdt Max
o, =—p+2u—=——pndivv.
oV, ov, oV, ov, 1op 1|0 o, 2 .
+V, +V, +V, =0, ———+—1—|2un ——udivv [+
ot OX oy 0z poOX p|OX ox 3

6 aVy aVx 6 [avx avzj
+— Y —+— ||+ + .
oy oxX oy 0z 0z oX

Navier-Stokes-equation

u=const. and p =const.

ov, ov, ov, ov, lop (o°v, 0*v, 0%,
VRV, Y, R =g, Y|
ot OX oy 0z p OX OX oy 0z
ov ov ov ov o’v, 0°v, 0%
—y+vx—y+vy—y+vz—y:gy—1@+v L+ —L+—)
ot oX oy 0z p oy oX oy 0z
ov, ov, ov, ov, 1op (0°v, o°v, 0o,
FV AV RV, L=, V|
at 8 oy oz poz X' o @z
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aVx avy aVz
+ + =0
oXx oy oz
dv _av v?

priaiey grad 5 vxroty=g-— gradp + VvAV| Navier-Stokes-equation

AV = graddivv —rotrotv .

. . dv 1
Since divv =0 d_I: g ——gradp — vrotrotv if rot rot v = 0, rot v = O viscosity exerts
- P

no effect.

24. Developed laminar pipe flow
Cylindrical symmetry of developed pipe flow:v, =0, ? =0 (2D flow)
z

Tfe\

ﬁ%i =N <

r

dz
S S
r’np—r’n(p +dp)+2rndzr=0. = 2tdz=rdp = T_lrd_p_udvz
2 dz dr
dp/dz= const.
[av, _——jrdr LRI
m az
Ifr=R= v, =0 v, :—i%[R2 —rz]: v, >0 it 9P <o
4u dz dz
Friction loss over I: Ap'[Pa] G ar v, =P [R? 12| = 1 A
dz | 4l 2l
D2 Vv [
Ve = ApR >V=—2 VZEA—pRZ
4ul 2 8 ul
8uvl '
Ap'= I;l\zl . Wall shear stress: t,, = AFZ)—IR 2Rn I 1, = R nAp'
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25. Laminar and turbulent flows

Properties of turbulent flow

Transition depends on Reynolds number: Re = vdp = Re = 2300

u

T _ T
time-average: , V= % J. vdt fluctuating velocity: v' (V' = %J‘ vidt =0)
0

(!')2 ~ \/V‘x +V‘_y2+V'Z2

v

Turbulence intensity: Tu =

Apparent (Reynolds) stresses

<

w, o), dvy,) 0w, 1aﬁ+v[azvx+azvx+azvx} ”LJ

+ + =0x— 2 2 2 ’
ot OX oy oz p OX OX oy 0z Vi
8(_) oWV, vy 6 v,V
oy 0z

[UpVdA = ~[PdA+ [pgdV - [VpvidA
A A \% A

~[VpvdA = - [V, pv,dA - [V pv,dA.
A A A

[upvan~ | pplv? Joa+ [ogav - [olv v bia

A

p, = p(ﬁ) apparent pressure rise 1, = —p(v't v'n) apparent shear stress

dv?) aev) a(W):z[M P oy aj
p

OX oy oz OX oy 0z
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26. Boundary layers

e

= 7=

hatarreteg

o() o()__a()
v,=0—+*=0, , << ——
z oz Vy <<V, ox ay
v, ov, _dv v,
Vx +Vy :V—+V—2
OX oy dx oy
ov
%_{__yzo_
ox oy
Sy
6 £
—%
y U
7 X%
T=1,, = pfziaa\;xi 6avx =L, aa\;x , 1 [m] mixing length
y
u, =pl? Gg—x eddy viscosity
y

u = \/T—T’ [m/s] friction velocity
P

1In&+K where k=04, K=5
u K Vv

Vx _

. oV \Y u
in viscous sublayer 1=1, =u—= , |— AN

oy |u %
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Vs, T Ar

S 5

yr=2,7 y*=101 y+=407

Displacement thickness




39

Friction coefficient c'; = %o
BVZ
2
—92
1 ~ turbulensH
\‘\ |
~ <
Cﬂf \\\\\
-3 lamindaris  TNL
1074
104 ) 10° 108
VL
Re=YL
Y € y

Boundary layer separation




40

Separation bubble

Flow past cylinders

c,= PPy pressure coefficient

BV2
2
z
Re guparer=5. 7111
Re e =1.86110°
1 |
B0 90 120 180 240 200 360

AT TREE

\ /

* 7 A




Flow in diffusers

Horse-shoe vortex

Secondary flow

|
|

\

41
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27. Hidraulics

Bernoulli equation completed with friction losses

2 2

v v ,
p71+pl+pU1:p72+p2 +pU, +Ap

Dimensional analyses

Ap'zf(ﬁ,u, p,d,V)

[Q]=kg*m’s’ =Q,.Q,......Q,. =FQ,,Q,,.....Q,)=0 =TII,,I1, I1,,..IT,_, dimensionless
parameters = F(I1,,I1,,IT,,....IT,_,)=0:
IT = Ap™ ke s pke gk e

AP 1, _/d, i, —Re="2 .
A%

IT, =

Py
2

F(I1,,IT,,IT,) =0

T, — H}ZRGW
1=
§v2 Re
HZ:I/d lef(nz’na)

AP _ K(Re)g = Ap'zgv2 g%(Re) where A is the friction factor

In case of laminar flow in pipe Ap'= 8Lfv, where R = — :>Ap'=£v2 ﬁﬂ,
R 2 2 dvd

64
Since V—d =Re jApI:BVZ é}\’lam ?\’Iam =5
% 2 d Re
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Rough wall k[m] diameter of sand particles, relative roughness I1, :ﬁ , Where,

r=d/2 pipe radius. Re > 2300 Re<Re, —1.95Ig(Re /Ay J-0.55

1
v 7\'turb
0.316
VYRe
Moody diagram for determination of the friction factor A for pipes

4000 < Re <10° Blasius formula |1, =

0.1

A

0.06 1!

it i I i St i B a4
e Sh I S R k
te turbulence; fough pipes |

20

0.05

50

0.04

100

0.03
— 500

1000
2000

0.02

— 5000
10 000
20 000

0.01

|

|
4

|
1

|

|
—= 200

|

|

|

T

|

|

|
ml
~l

1

Wall shear stress

2 2
Ap'd—ﬂzgv2£ d—nzrodnﬁ = 1, :BVZ&
4 2 d 4 2 4

e

. . . 4A .
Pipes of noncircular cross sections: d = where A[mz] cross section, K[m]

wetted perimeter

Ap':%vz dik(Re) , where Re = vd,

e A%

Compressible flow in pipe

X dx
L
_dp:BVZd_Xkav:q_m>p:L = _dp_q RTA _J.pdp quRT;\‘ dx
2 D p RT 2pA° A’D
Since Re—VD 9D _ 4,0 , u=1(T) and T = const. A = Const.

v  pAv Apu
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pl_pZ
2

= plAplink

pi-P: _GnRTALpy _ pi—p;_ Pl
2 2A’D p? 2 2'D

Open channel flow

_2 1
Ah':v—dik , Where d, = ﬂ, introducing i = % slope of the channel bottom

29 d,

V= 2g%i:c dei,whereC=,/i—g Chézy equation, with A =0.02~0.03 Chézy

coefficient C = 28.

Losses in pipe components

Losses of development of pipe flow

' P2
APy, ==V
p dev 2 Qdev

laminar flow: (g, ., =1.2, turbulent flow: (., ., =0.05

Loss in Borda-Carnot extension

Ap'ge :%(Vl -V, )
Inflow loss
@
Ap'y, = %(Vl - 0)2 = %Vlz .
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Losses in valves

ﬁl&
szelep
Ay

A —_
tolozar 5~ o
A v Ay

— 2 2
A : A
oot ;%Vg(ﬁ_q ,qu[—Z—lj

Diffuser loss

Mg = (P2 =Py = (P2 =iy = 0-g) (v ~VE) m, diffuser efficiency

Losses in bends Ap', :%VZCb

-./_, ) - o " . ‘
1 LMo

Applications

Water supply system

pO gk

N

1]

Zgz hW

L
b

3

Known parameters: d /,,/, h;,h, D q{m—}, literature: ¢,,¢,,C, M-
S

AP

Calculation of pump head H= Zy— ZSZ) and performance P, =q, pgH
P9

2 Bernoulli equations:
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v2 V2
D P+ Py pUy =p—=+ P, +pUy + 34D, where D AP, =%V2(C1 +%le

2 2

v2 v
2) p7y+ Py +PU,, =p?2+ p, +pU, +ZAp',,, where

/ b4 b4 b4
ZApny :%VZ[FZXZ +Ck +Csz +Fs7\‘3 +Ck +F47\44 +Ck +FS7\,SJ+

+(1—nd)%(v2 —VE)+%V2D-
Considering that v, =v, =0, U, -Ug, = g(zny —zsz), U,-U, = g(h2 - hl), P, =Py, P, =P,
A=A, =..=A.

Apé =pny§ Pz =P —Po +pg(h2 _hl)_pg(zny _Zsz)+

s,
+%v2[8;| +C, +3C, +TKJ+(1—nd)%(v2 —vé)+%v§,.

Continuity equation: vd? =v, D?. Re _vd
\%

Flow in pipe connecting water tanks

3
Known parameters: d / {,. Calculation of qv[m—}
s

o S |

% V5
p?1+pl+pU1=p72+p2+pU2+ZAp'
Considering p, =p,and p, =p,, U=0z2és2,=0, z,=H, v, =Vv, =0 ésa
209 =007 ( G 4, 4 5001 = iy pa =BV G S

2
V:\/Z p.—Po +pgH

P (G + G 4D+

A
V=
\ B+CA
d’

. v'd
assuming A'= V'= Re'=— = A'"-t.... =V
\%
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28. Aerodynamic forces and moments

al
|
|
I
|
|
I
I
|
|
I
|
|
|
|
I
I
|
|
I
I
I
a

= =
pno \g \g
= | =
g \? I
~ (==
- = A == S
O I= \§ =1
—> <] | e —
I—= AT
= | ==
= =
& @
Inviscid fluid: \92\ =‘El‘ Since p, =p, =p.., V, =V;, = |L|=[l]. =, +1,=P,-P,-R,, =
R, =0
Aerodynamic force acting on cylinder
. . F ..
f(Fd V., P, u,d,ﬂ): 0 Dimensionless parameters: I, =C, = d drag coefficient,
P2
—v:/ud
2

Hz=Re=v°"OI

Reynolds number, II, :g relative length
Y

I, :gzoo 2D flows = I1, = f(I1,), ¢, =f(Re)

.

If Re is small, F, ~pv_,
In case of larger Re F, ~Vv?
Effect of laminar-turbulent BL transition.
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Karman vortex street:

00
—_——
£
2D flow, £:>oo Cy=2. F :(ﬁf _Eb)gt =Cy = P —Po _Po P :Epf —pr
t BVZ sz
2 7 2 7

Comax =1 Cy =0.7 = C,, =-13

3D effects: §=oo,10,1 cda =2, 1.3, 1.1. In case of circular cylinder ¢, =1.2, 0.82 és
0.63 (Re=109).

Lift and drag on airfoils

I
™

Cyp =——— pitching moment coefficient

Pv2 An
2
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Lift and drag coefficients as function of angle of attack

Ct | /h=co

c Cf

84 Ce —Cp, Cf—CL
CLmx =1.2~1.8, dco/da=2r[rad],

Adverse pressure gradient can cause boundary layer separation

Drag acting on a prismatic bluff body

Cp =Cp —Cpp + 4%6} . Drag = forebody drag + base drag + side wall drag

//t=0and //t=5 c,= 1.1 and 0.8.
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Base pressure coefficient as function of angle between the undisturbed flow and
the shear layer connecting to BL separation line.

0
¢
o A
p
S~

\ i
-1 \

\\

Reduction of forebody drag by rounding up of leading edges.

I/t=5 ¢, =0.8=0.2

29. Similarity of flows

v
/ Ym

lo

Characteristic velocities, lengths, times of full scale prototype and model: vo and
1

_ "~ 0m

/
Vom, lo and 10m,t0 =—% and ton =
VO Oom

sz(i,l,i,L] and 2. :F(L,L,L,LJ,
Vo by Ly o 1 PV Ly Ly o 1t

Conditions of similarity:

2 2 2 Lo f
%HX%Hy%HZ Ny _ g, —1P 2 Yx L9 Vs 0 Y multiplied by —2
ot ox oy oz p OX ox2 oy oz Ve
%) 1% 2] L[]
\ \ V, V, . . .
o) ,Vx \Vo), _Oxlo \P% J, v °2 +. dimensionless NS equation
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Two flows are similar if

a) they are described by the same dimensionless NS equation, i.e.

4 ‘ v % % Vo !
9lo S om — Fr— 0 Froude number, =—"—=Re=—"-" Reynolds
Vo Vom NI IS Volo  Vomlom v

number, Re,, =Re Fr =Fr

m

b) the initial and boundary conditions are the same in dimensionless form (e.g.
geometric similarity of prototype and model).

t
to =lo/vo, L 1) =

om

t, = % , f[1/s] frequency Str = L Strouhal number
V0

Dimensionless parameters as ratios of forces acting on unit mass
2

inertial force: F ~ Vo

0
field of force: F; ~ ¢

(P—po)s _ (P—po)
pressure force F, ~ ;’ 0 _ 0

pﬁo pﬁo
Vo ls _ Vo
o ply 5
2
surface tension force: F. ~ 25_03 - %
€0 p€0 pﬁo

Fr Volly Vol

_T
Fs  w, /3 v

/F vile Vv
Froude number: Fr~ |+ = -2 0 _-_ 0
Fo g A9l

Fo_(p=po)lplts PP
F, viie, pV?

viscous force: K ~pv

Reynolds number: Re ~

Euler number: Eu~

F. _Cleglp  C

Weber number: We ~ > =—
Fr Vol l, PVoly




52
30. Flow of compressible fluids

Energy equation

dm=v dA dtp

inviscid fluid, steady flow, no field of force, no heat transfer
d

VZ
— || —+c,T |pdV =—| vpdA,
dtv[z Vjp l_p_

where CV|:kgLK:| constant-volume specific heat, ¢, T +B =h=c,T,
p
h [J/kg] az entalpia, Cp [J/kg/K] constant-pressure specific heat

2
%
- +c¢, T =Const.| along streamline

Static, dynamic and total temperature

VZ

T+—=T, =Const.
2c,

2
where T (or T, ) [K] static temperature, T, =2V—[K] dynamic temperature, T,[K]
C
p
total temperature.

Energy equation = total temperature is constant along a streamline (steady flow
of inviscid fluid)

Bernoulli equation for compressible gases

No viscous effects, and no heat transfer = isentropic flow:
P Py

c . . . .
——=const.=—- ,x :C—p ratio of specific heats (isentropic exponent)
P P1 v
k-1
2 2 Py

Bernoulli equation: Va— Wi _ —_[ P V5 =V} +£& 1—(&] "
) k=1p, | (p,

2 Tk
Velocity along a streamline: |v, = V12 +—K1RT1 1—(&j *
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k-1

P p_zzﬁzp;T:RK:L:(&jK
T P

P const. = P2 and p, =

P1 P2 RT, P pr RTTpy

1

1
© T |« T K
P2 _ [&j P2 _ (—ZJ . Inserting |- = [&j in * expression we obtain:
P1 P, P1 T T

2K T 2xR C
Vﬁ:vf*a“{l‘?j' 1 Zek T Vet the
v V2
equation c,T, +7l =c,T, +?2 )

k-1

Discharge from a reservoir: v = 2—K1RTt 1—(&] ’
K= P

Speed of sound

[
? Af—-—-+|—+=— /Ae
- - Bt —P
v ‘ Ae Ly == } — L
~N a—dv=—=— g =—u
d\/t 1 a LfflffJ ><
p | X
i g
dp |
Jol 7 ; d X
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Additional conditions for similarity of flow of compressible fluids:
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k = identical and Mach number Ma = —2 = identical
a0

Propagation of pressure waves

v<a 0 V=0
‘ N :
a., b.,
t

. at a
Mach cone sihno=—=—=
vt v

1
Ma

energy



Release of a gas from a reservoir
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in point of inflexion v = a, i.e. Ma =1
Since q,, =va=—j—pA=const. at q,, =va=—3p
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—A=const. (at v=0 and p=0) A— .
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At —3—5 = max. the cross section A is the smallest (throat, critical area): Laval

nozzle
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Simple discharge nozzle

p, <p, if p./p, > 0.95 p=const. = v= E(pt_pe)
P
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if p_/p, = 0.53 (in case of k=14), Vv =a =.kRT where T" =0.833T,.
if p./p, < 0.53 the process is same as in case of p,/p, = 0.53. (p” =0.53p,. )

if p,/p, < 0.95 p # const. = V= 2—'<1RTt 1-
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Flow in Laval nozzle
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o/ if Ma<1, in case of dv/v > 0 = dA/A < 0. At dv/v<0) dA/A>0
B/ If Ma>1, in case of dviv>0 = dA/A>0

v/ if dv/iv>0, and dA/A = Ma=1.

o/ if dA/A=0 and Ma =1 the velocity is extreme.
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Two isentropic solutions: points B and D.



