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Choking of parallel streams

Reservoir S Nozzle A(z)
pl.s
Reservoir P .
T L M) =7
Ptp = Pt,s M,(z) =7 p
_________________________________________________________ This problem is inherently 2/3D. 1]
/_\ Can the streams and their choking be
> described with cross-stream averaged
* quantities (1D)?
p(.s r ----------------------------------------------------------------------------------- -:
Prp > Prs L p
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1D model definition

An extension of the compound flow theory with
friction between the streams and at the wall
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1D model definition

Reservoir S

] )i .8
Reservoir P
p[.y > Pt.s l;'lp - ]Tp.s
_________ P Smmaag

8 unknowns with 7 equations, so
we need an additional constraint.

Conservation equations in each stream:

{
‘ (ri;) =0
dx
1 1]
% (thiu;) = —x"l,-(—lp‘ + F;
da da
1
i (m;he;) =0

Definition of the forces:

= ——f,, (p U )
Pp T Ps :
h\» — f])s ( l 2 (“'I’ - ”ﬁ)z) ]1)5

Constraint on the cross-sections:

Ap(x) + As(z) = A(x)
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1D model definition: additional constraint

Reservoir S
pt,s

Reservoir P

Ptp = Pts

Nozzle A(z)
The solution for a single stream is invalid.

Mp:Mszl =) pp>ps

» The static pressure is uniform
across the streams.
| , Pp = Ps = Mp>M3
oM =pMaT p(2)
T There is no section where

both streams are sonic.

= How do parallel streams choke?
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From the conservation equations to explicit ODEs

Conservation equations in each stream:

a ..
E ('ﬁlt') =)
d l
. (miu;) = —A,—,;—i + F; i € [p,s]
1
(;_sr (mihe;) =0

Definition of the forces:

1 :
Fw = _Efw (psuf) [u!

1 Pp + Ps
Fps — §fps (P_ (UP =

us)'Z) lps

Constraints:

{ Ay(x) + As(x) = A(x)

pp(z) = ps(x) = p(z) = Choking?

In each stream:

Dividing
streamline

i € [p,s]

if 3=0.

de — \"" yM? ) pdx
| dpei _ F;
dx Db pA;
dTii _ 0
| dx
For the uniform static pressure:
ldp 1 [(dA
T — ;\'r“. .'\r NS
pder 3 (da: Ve )
1 — M? o« ing indi ”
8= Z A, i Compqund choking indicator
I. TM; Singular
i ‘
.-\'.”, — —fliz = (]_ - (’) — 1) i‘[j)

Ty \ A MEM? 2

) 1
Up — Us) | =
Pg/22




How do parallel streams choke?

Single stream:
Prs ldp 1 apldAdy 1 dA
pde  1—-M2\"" Adx _AI—M"' dx
vy M?
: _ dA
Pip > Prs Sonic: M =1 p 0
Double stream:
ldp 1 [dA
S E =2 (=24 N, + N,
pdz B (dx il ”)
f 1 — M2 dA
Sonic: 3 . A; IE prl — Ny — Nps
Parallel streams can choke with a subsonic Possible if: M, = M, =1 (single stream)
and a supersonic component. Or: M,>1 M,<1

[3] Pearson H., Holiday J.B., Smith S.F. A Theory Of the Cylindrical Ejector Propelling Nozzle. The Journal of the Royal Aeronautical Society, 1958. 9/22
[4] Bernstein A., Heiser W.H., Hevenor C. Compound-compressible nozzle flow. Journal of Applied Mechanics, 1967.



Effect of the friction forces

Reservoir S Nozzle

Pt.s

Reservoir P

Ptp = Pts

T

Parallel streams can become sonic in a convergent
section due to friction between the streams.

[2] Van den Berghe J., Mendez M.A., Bartosiewicz Y. An extension of the compound flow theory with shear and friction. In revision for JFM, 2024.

pdx [ \ dx
) 1 — M? dA
Sonic: 3 = . A; E prl — Ny — Nps
N fubu (4 1) M?
LV w - 9 ( +(r}1_ )I"s) <0

1. M2 — M 9 N 1
Ny = L ( £ : ) (u (up — us)z) - >0

2\ YM2M? 2 P
Dominant wall friction:
1A
|Nuw| > [ Nps| - (d— >0 (N, <0)
xr

(single stream with friction: N, <0, N,s = 0)

Dominant friction between the streams:

dA

| Nw| < | Nps| -
dx

<0
10/22
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Numerical solution

Set of ordinary differential equations in space:

ldp 1 (dA L dp; F; dT, dA; 1— M2\ 1dp

s i | — o P N L 4 _ = (A ——t)-F

pdex 3 (dfl? M p) pei dr pA; dx 0 dx ( yM? ) pdz
Boundary conditions:

Dt Prss Tips Thsy Apy As] (= 0) p is the only unknown at the inlet!
Solve with a shooting method:

. dA dA
Subsonic: 3 > 0 — 4+ Ny +Nps =0 — 4+ Ny + Nps <0

dx

dx

8=0 3=0

p(z = 0) too high p(x = 0) correct p(z = 0) too low

The singularity of the pressure equation if 5 = 0 is avoided using Taylor expansions. (2
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Axisymmetric RANS for comparison

Domain

Cosine shaped between [rt/2 , 21|

* Axisymmetric

Structured mesh (Gmsh)

* Wall-resolved (y* < 1)

Solver
rhoCentralFoam, OpenFoam v9
k-w SST turbulence model
No swirl
Second order in space
First order in time

Run to steady state

(Dimensions in mm)

10.0

62.5

125.0

[2] Van den Berghe J., Mendez M.A., Bartosiewicz Y. An extension of the compound flow theory with shear and friction. In revision for JFM, 2024.
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Axisymmetric RANS for comparison

Boundary conditions

Case p; p [bar] pj [bar] T; p, [K] p¢ s [bar] T; g [K] TT [%] [; [m] Wall Comments

1 3.0 1.2 300 1.5 300 n/a n/a slip inviscid
2 3.0 1.2 300 L3 300 1 6.65-10"% slip viscous
= 3.0 L 300 LS 300 1 6.65-107% no-slip  viscous
L Y J L J - -
Supersonic Subsonic Wavetransmissive Fo=0 Fp=0
primary inlet secondary inlet outlet Fo=0 F,#0
M, =12

Fo#0 F,#0

Post-processing
ra(x)

1. Dividing streamline from the mass flow rate: 1, (z) = / plz,r)u(x,r)2rr dr

JO
2. Averaging over the two cross-sections:

1 1 1
pi(x) = — / pdA; ui(x) = — / pudA; éri(x) = / per dA,;
A A; pPiAi J A A;

J A, pidi

N |

3. Equivalent Mach number: M., = (ﬂ—j + 1) ; (unity if  =0) 15/22
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2D flow fields

M, <1 . } Inviscid

2.0e+00
[ 1.5

—1 Ma

[ 05
0.0e+00

—— Sonic line
Dividing
streamline

* The flow field matches our qualitative prediction
* Developing shear layer in the viscous cases

* Developing boundary layer in the no-slip case
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1D results: inviscid case

Sonic section ---
Throat Throat

Primary 94 o B s s
- == Secondary 08 T . E ' | |
..... Equiva,lcnt "0.30 0.32 0.34 0.36 0.38 0.40

¢ Reference =/L H
0.8 1.0
This confirms the classic
isentropic compound
. . i 3,4
" choking theory. 3:4
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1D results: viscous case, slip condition

Sonic section ---

Throat Throat
2.0 \ 1.6 : v
] 15 i
181 Treees 1'4_”;”_’_’/
1 ’ *
1.6 4 [ e X ol * i o
E & ",0-::_,“.0_9 zl.& i
]. 4 ! ’.." ’,"" =] 1.2 :
L e :
@ ] RO 1.14 - - lerrEme
— g1 | AT\ heeeeneeett
E 1.2 : ’00 L0 ‘ ....... 'y sl —
1.0 4 ' = Primary 091 - catmmm==="" S
’r' ' — == Secondary 08 | i ‘ | |
0.8 . ._.-: '0'" I 7 Equivalent 0.30 0.32 0.34 0.36 0.38 0.40
st | ¢ Reference =/LH
0.61 ++* E
0.0 0.2 0.4 0.6 0.8 1.0
e/L | o
14 = T— The sonic section moves
aets T T T e e . .
Sl K osaataiess :es000ees AARRRSNARRRRS upstream due to friction
~ 1
01— , L . : . [2,5]
7% 5 % e & 15 between the streams.
z/L []

[5] Lamberts O. et al. The compound-choking theory as an explanation of the entrainment limitation in supersonic ejectors. Energy 2018. 19/22



1D results: viscous case, no-slip condition

Sonic section ---

Throat
2.0 ‘u
E
1.8 1 i
H
1.6 1 :
— 14 ' A AERENY,
< M .o“'"-oﬂ""”ﬂ
1 ¥ 4
R 30 P
104 ..,}0”4 = Primary
'y:(f!‘ === Secondary
051 o ': : rad i ----- Equivalent
1 dp 1 /dA 0.6 - 105, i ¢ Reference
. : ]
_——— = — —_— r T T 1 T T T 3
pdxr (3 (d:c + N + A”S) 0.0 0.2 0.4 0.6 0.8 1.0
A z/L [
'8 f— 0 _(la: —— —Nw — j\Tps Z] ] v? “““ T | —
< PRSI IS ST S S o o s o o o 8 S A S S 000 ¢
T, |
0.0 0.2 0.4 0.6 0.8 1.0
z/L [

[6] Kracik J., Dvorak V. Effect of wall roughness on secondary flow choking in supersonic air ejector with adjustable motive nozzle. IJHFF 2023.

Throat

— -

0.40

The sonic section moves
downstream due to friction
at the wall. [26]
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Conclusion

Reservoir S Nozzle A(x)
pt.s
) Fp <0
Reservoir P

Ptp = Pts

v

Can the streams and their choking be
described with cross-stream averaged
guantities (1D)?

* Uniform static pressure
* Inter-stream and wall friction

1d 1 /dA
i = ('— -+ Jl\‘ru' + -N'ps)

pdr B \ dx
Sonic: 3 =0 @ = —N, — Nps
dx

Choking of parallel streams
* Both streams are sonic

e A supersonic and a subsonic stream

Displacement of the sonic section
Upstream due to F, (inter-stream)
Downstream due to 7, (wall)
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Ongoing work

Application to ejector modelling

: pt,s : :
: Ptp > Pt.s ot P :
Two 1D inlets (single stream) 1D compound flow (double stream)

Challenges:

* Shocks at the primary outlet and in the diffuser

LY

r

\
* Calibration of the friction forces —
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