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Aula 5 - ESCOAMENTO COM MUDANCA DE AREA

Nessa aula discute-se os fendmenos que ocorrem em dispositivos simples de
aceleracao/desaceleracdo de um fluido. Os bocais convergente e convergente-divergente
sdo analisados. Nas notas de aula nimero 2 discutimos as equacdes para escoamento
isoentropico. A relagdo nimero de Mach — &rea foi deduzida e apresentada, a qual é

reproduzida abaixo:
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Bocal convergente

Considere um bocal convergente conectado a

um reservatorio com a temperatura e pressdo
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de estagnacdo igual a To e Pg

Na medida que a pressdao do ambiente P,np € diminuida a partir de Po, as seguintes

condigdes ocorrem:
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0 nimero de Mach (subsdnico) local é dado pela eq. (5.1)



Teoria do Escoamento Compressivel J. R. Sim&es Moreira 66

Enquanto o bocal estiver operando na regido | subsonica, tem-se:

PS =|:)amb>P*
M, <1

Isto ocorre até que a condicdo sbnica na saida seja atingida. A partir desse ponto, o
escoamento muda e a pressao na secdo de saida do bocal, isto €, Ps, permanece inalterada,
constante e igual a P*. Essa pressdo corresponde a presséo para M = 1. Diz-se, entdo, que 0
bocal estd blocado. O resto da expansdo de P* a P,m, Vai ocorrer fora do bocal, sendo

valida a teoria de Prandtl-Meyer, como esquematizado na figura abaixo.

m;’i/ P* > Fumé

{& famb

Em termos de vazdo massica, verifica-se que também vai permanecer inalterada na

situacdo sbnica, como ilustrado pelo diagrama abaixo.
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BOCAL CONVERGENTE-DIVERGENTE ou LAVAL

Como ja notado anteriormente, a condi¢ao supersdnica ndo pode ser atingida em um bocal

convergente simples. E necessario que uma secdo divergente seja adicionada.

!
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(gargan’>.)
De acordo com a relacdo nimero de Mach-area, 0 nUmero de Mach local é tdo somente
funcdo de razdo entre a area local e a &rea da garganta do bocal. Isto é vélido tanto para a

secdo convergente como divergente do bocal, como indicado de forma grafica a seguir.
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Note que, de acordo com a relagdo numero de Mach-area, sO existe uma solucdo
supersoOnica isoentrdpica possivel, cujas propriedades principais variam de acordo com a

figura abaixo.
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Para pressdes do ambiente diferentes da solucdo isoentropica o escoamento no bocal néo
admite solucdo isoentrdpica e ondas de chogue ou de expansédo sdo formadas para ajustar a
pressao de saida com a condi¢do ambiente. A préxima pagina indica diversas condicdes de
operacdo do bocal.
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Frc. 54 : Schlieren photographs of flow from a supersonic nozzle st different hack pres-

sures. ‘!be phowxrf:piu, from top to bottom, may be compared with Fig. 5.3, sketches

dog. 0k, rupe:uvv;ly. Reproduced from: L. Howacth (ed.), Modern Developiments in
Fluid ics, High S, .

Dynomics, iHigh Speed Flow, Oxford, 1953, A:eﬁ <

Fonte: Liepmann e Roshko
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EXEMPLOS DE APLICACAO

Determine as duas condicdes sonicas de operacao isoentrépicas para o seguinte bocal.

S6LvGoSt
TS0 oA 8o PIRS
C/M =/ AN
émgan//"-
Para % =3 das tabelas (ou do programa COMPQ)
Subsbnico Supersoénico
Ms 0,1974 2,6374
T% 0,9923 0,4182
0

F% 0,9732 0,0473
0
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Example 6-3

A converging-diverging nozzle with an area ratio of 3.0 is attached to a reservoir with
stagnation conditions of 500 kPa and 300 K. Identify the key pressures and back pressure
ranges for each region. Air is the fluid.

Solution. The solution was obtained using COMPQ. A sketch of the problem is
provided in Figure 6-18a. Key pressures (1) and (3) correspond to the two isentropic
conditions. Using A/A* as input for case A of option IS yields

AJA* = 3.0 M, = 0.1974 M, = 2.6374
TJT, = 0.9923 TJT, = 0.4182
PJP, = 09732 PJP, = 0.0473
from which the key pressures are
P, = 486.6 kPa
Py = 23.65 kPa.

The situation for key pressure (2) is illustrated in Figure 6-18b. The normal shock occurs
at a Mach number of 2.6374, Case U of option NS of COMPQ produces

M, = 2.6374 M, = 0.5007
PP, = 7.9485.

The pressure downstream of the normal shock wave becomes

P,=PR = %%P. = (7.9485)(0.0473)(500) = 188.0 kPa.
I do

This is also the back pressure since the Mach number downstream of the shock wave
is subsonic. Table 6-3 presents the back pressure ranges associated with the various
regions. Given any back pressure for the conditions of this problem, the nozzle flow
region can be determined by consulting Table 6-3.

TABLE 6-3 BACK PRESSURE
RANGES FOR REGIONS

Region Back pressure range (kPa)
1 P, > 486.6
2 188.0 < A, < 486.6
3 23.65 < B, < 188.0
4 B, <23.65
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Example 6-4

For the nozzle and conditions of Example 6-3, find the exit Mach numbers and sketch
the salient characteristics of the flow field for back pressures of 100 kPa and 10 kPa.

Solution.

(a) Back pressure of 100 kPa

From Table 6-3, a back pressure of 100 kPa lies in region 3. Thus the nozzle is
choked, the flow is supersonic in the divetging portion, and an oblique shock is attached
to the lip of the nozzle. The flow field is sketched in Figure 6-19a. From Example 6-3,

the pressure in the nozzle exit plane is 23.65 kPa with an exit Mach number of 2.6374,
Across the oblique shock the pressure must increase from 23.65 kPa to 100 kPa, a
pressure ratio of 4.2283. Using casc PR of option OS of COMPQ, the oblique <hr ¢
angle and the deflection are

M, = 2.6374 0 = 47.38° 5 = 24.52°.

Figure 6-19b illustrates the shock angle and the deflection as well as the initial plume
angle of the flow as it leaves the nozzle.

(b) Back pressure of 10 kPa

Table 6-3 shows that this back pressure is in region 4. Hence the nozzle is choked,
the flow is supersonic in the diverging portion, and an expansion fan is attached to the
lip of the nozzle. The flow field is indicated in Figure 6-19¢. The exit plane Mach number
and pressure are 2.6374 and 23.65 kPa, respectively. The cxpansion fan must expand
the flow from 23.65 kPa to 10.0 kPa. The pressure ratio for the expansion is 0.4228,
from which case PR of option PM of COMPQ yields

Av = 11.359°
My = 3.208.

(n) Flow field schematic

Initial

(b) Overexpanded plume geometry
Initial plume boundary
M.
——
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Example 6-5

Given the conditions of Example 6-3, find the exit Mach number and pressure and
sketch the flow field for a back pressure of 250 kPa.

Solution. Table 6-3, constructed in Example 6-3, will be used here to determine the
region associated with a back pressure of 250 kPa. A back pressure of 250 kPa places

the nozzle flow in region 2, a normal shock standing in the diverging section.

This example will be solved first by using Eq. 6-38 and then by using an iterative
process. The “inlet" for the diverging nozzle will be taken as the actual throat of the

nozzle. The term C then becomes
coPAT 1 (05283)(500) 1 1
P A. VTIT, 250.0 3.0 vV.8333
M3 is obtained from Eq. 6-36:
Ll {1 +2.0(1.4 - 1)0.385827'*
1.4-1 !

= (.38582.

M:

so that
M3 = 0.1447, —5.1447.
With the exit Mach number and static pressure known,

B - B - 25

Fou =5 P = Bip = 0.9050

= 276.24 kPa,

so that
P, 276.24

POI 5m

= (.55249.

Option NS of COMPQ yields
M, = 0.5263
M, = 23709
P/P, = 6.3914.
The shock is located at

A _ A
At A 2.3396.

The iterative process requires a series of region 2 computations. The usual
procedure is to assume an upstream Mach number M, (or an area ratio A,/A7) from
which F./F,, can be found. Then

Ac _ A AT _ AP
A Al A AR,
which defi .es the exit Mach number M, and P./P.,. Finally, F./P,, can be cxpressed as

L
Poy PPy

When the assumed value of M, yields the correct value of F./F,,, which is known, the
iteration has converged. For this problem, the iterative sequence is given in Table 6-4.
The iteration yields the same results as evaluation of Eq. 6-38. Once the Mach number
is found by the iterative process, the remaining parameters are computed as in the first
solution.
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TABLE 6-4 |TERATIVE SEQUENCE FOR EXAMPLE 6-5

M, PP,  A.A? M. P/P,, P.IP,,
130 09794 29382 02018 09720  0.9520
200 07209 21617 02804 09469  0.6830
232 05745 17235 03630 09130  0.5295
248  0.5071 1.5213 04227  0.8844  0.4485
240  0.5401 1.6203 03909  0.9000  0.4860
236 05572 16716 03765  0.9068  0.5053
238 05486  1.6458 03836  0.9035  0.4957
1.

2.37 0.5529 6587 0.3800 0.9052 0.5005

DIFUSORES - SECAO DE TESTES SUPERSONICAS

Ja foi visto como se pode obter um escoamento supersdnico com uma variagdo simples de
area. Entretanto, existem formas mais eficientes (custo mais baixo) de se obter um
escoamento supersdnico usando ndo um bocal simples, mas uma combinacdo de
dispositivos como vai se mostrar nessa sec¢do. Considere que se deseja obter um nimero de

Mach igual a 3. Quatro possiveis configuracdes sdo analisadas.

Configuracdo (1) — bocal convergente-divergente simples

/c)v = pe =labn
/"’“J’, Solucéo Isoentrépica (M. = 3)
S | Secab A, P
@ ,] { de ,4,‘)% F:4,2 (] 39236,7
% P, =36,7 atm

Ae

. E preciso 36,7 atm para alcancar um M. = 3 na regido de saida do bocal .

Configuracdo (2) — bocal convergente-divergente simples com sec¢do de saidas estendida.
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’c)v'; la/;;,:/‘z_;_
N T, ¥ R & & o
p LU oo Me =3
/OMO-G(L
}Z, R chogue /vmm/(

Das referidas tabelas

P, =36,73x 1 x1=3,56 atm
10,33

P, =356 atm

tabelas isoentropicas M, = 3

.. Pela introducéo de uma secéo reta com formacdo de onda de choque normal na secao de

saida foi possivel obter M, = 3 reduzindo a pressédo de P, =36,7 atm para P, =356 atm.

Configuracdo (3) — bocal convergente-divergente simples com difusor acoplado.

S i
/% 4 M<<1

Y vy WSS o o sk P, =latm

l HEAD e ferbs ] oncla P, =P,
’ e (‘lf:a?vc’.
/Uo7

P P
P0=—°><E><—2><Pw P, =P,

F\)e P, P,

tabelas: 1so choque iso

L 1 1-304am
1033 117

P, =3,04 atm

P, = 36,7 x

Pela introducdo de uma se¢éo divergente na regido de saida da secéo reta, pode-se diminuir

ainda mais a pressdo de estagnacao de alimentacdo. Esta € a configuracéo (4)
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Configuracdo (4) — bocal convergente-divergente simples com se¢des convergente, reta e

divergente na saida.

Subsonic flow
o

|‘,,//

Supersonic flow

A,l = A* (nozzle throat) A,2 (diffuser throat)

Razdo: Ondas de choque
obliquas sdo, em geral, menos
irreversiveis, o que implica em
menor perda de pressdao de
estagnacéo.



