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Numerical characterization of shock separation in a laboratory-scale nozzle
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The purpose of this work is to perform a CFD study of the free shock separation (FSS) in an overexpanded nozzle. The original contraction
profile of the nozzle was numerically replaced by a set of curves, where the overall length was identical with the test-rig. For the baseline
case, the static pressure and the separation location exhibited a good agreement with the experimental measurements, provided by the DL]
The Error-function contraction profile has revealed a relative displacement of 1.38% on the separation location in the core flow direction. In
this case, there was an increase in the thrust coefficient, that has been improved up to 1.7% in comparison with the baseline nozzle design.
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1. Introduction Many authors focused on the sonic line curvature at the
throat region and how it could influence the flow pattern at

The supersonic nozzles find their application in several seghe nozzle exit. The investigations have concerned several

tors of the research and industry, such as aerospace, turb@yropean and US rocket nozzles and revealed the direct re-

machinery and refrigeration engineering [1-3]. The area ofation between the throat region flatness and the exit Mach
spatial propulsion is specifically potential since the nozzle is;ymber [9,10].
among the vital components of a launcher. Indeed, for noz-
zles with high area ratio, the specific impulse is improved
allowing therefore for payload enhancement and launchin
cost reduction [4-5]. However, the internal supersonic flow
is subjected to several instabilities as it operates under over- . :

: L g sure of the separation appearance, without any accurate pre-
expanding condmon_s f_or almqst all the mission steps [5]. ASdiction of its position. To overcome these difficulties, many
the flow develops within the divergent part of the nozzle, IO'investigations were oriented on the convergent and/or diver-

cal free (FSS) or restricted (RSS) separation may occur in'entdesi n aporoaché. the so-called passive techniques
ducing side loads, that can alter the structural integrity of the? gnapp g P ques.

nozzle as well as launcher performances reduction [4,6]. The investigations have continued with an interest to the
The physics of flow separation remains not fully under-transonic region curvature, with the works of Cuftsl al
stood despite the abundance of experimental and numericBt1l]- The experimentations have revealed the existence of
investigations on the effect of nozzle geometry (CV, DV, CV-2 limiting value for the CV-DV connecting arc radius, which
DV junction) on shock separation appearance [7]. The de@llowed for a quasi-1D flow on the throat region, ensuring
veloped models exhibited a lack of accuracy regarding théherefore an expansion flow without separation in the conical
prediction of the position of separation, while they provideddivergent.
few analyses on the flow pattern downstream the separation Applications of passive techniques on propulsion raised
zone. with some developed novel curved shapes, discussed by Ho
Attempts to correlate between divergent geometry anckt al. on the contraction part of nozzles [13]. In their investi-
flow morphology have been conducted for more than fiftygation, the authors have succeeded in simulating laminar and
years. The investigations on the method of characteristicgwiscid flows in simply convergent nozzles and have shown
(MOC) allowed for the prediction of the dynamic field in the that flat profiles of velocity at the exit section could be ob-
kernel zone, providing also a practical way for divergent walltained for different values of the flathess parameter. The in-
profile design [8]. vestigation focused on the shape of the sonic line at the throat

For several types of nozzle profiles, a variety of physical

‘criteria for the prediction of the flow separation have been nu-
erically provided and made available for the manufacturers

[11]. These attempts focused on the effect of stagnation pres-
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region, while quantifying the corresponding discharge coeferror function profile, which is written as:
ficient at the nozzle exit section.

Similar analyzes were carried out by Brassatdl. on f(x) =a+bxerfn(z), 3
curved convergent profiles, composed of two circular arcs o
[14]. The analyses revealed the importance of the inflectiofvherea = 1;b = y; "7 — 1/er f[n(—1)};
point position on the value of the dynamic uniformity index 141
. . . . Z
at the convergent exit section. No analysis has been provided n= z z
on the flow pattern downstream the throat region. L+ (=1)Ex (I +1) x 2042

Th_e Influence of the converge.nt de§|gn parameters on thgndz = z/L,, is a reduced axial coordinate. Accordingly,
sonic line curvature was recently investigated by Gerehaf

L - the convergent wall can be represented by the parametric
[15]. For the case of an inviscid flow, the authors h|gh||ghtedcurve_ Verg W P y P !
the effects of the angle at the convergent inlet, the radius up- '

stream and downstream the throat on the curve flatness of 141 yi““’ -1
the Mach number distribution curve at the throat region. The ) =1+ (=" x
study was not interested on the morphology of the expansion erf[l i 2]
flow within the conical divergent. 41
Kumaret al. have investigated the flow configuration on X er z 4
W confi / : ) @
a curved convergent based on polynomial profiles [16]. The T+ (=i (+1) x 2

authors were interested in the minimization of pressure l0Ss&8 o 1a, — 0 for planar flows ands — 1 for axisymmetric

on an inert fluid flow, using several degrees of interpolationg, s ‘The expression above, represents a single, flexible, an-
with no analysis or mformatlon_ on flow separanon.. . alytic function that defines the contraction shape, where

The present stu_dy deals W'Fh a numerical prediction of aandLm, are the design data of the nozzle, and stand for
free shock separation (FSS) within an overexpanded eXPelpe controlling parameters. The latter parameter controls the

mental no_zzle. A preliminary control of the sepe_lratlon POSIflatness of the wall at the throat, where the wall becomes flat-
tion by acting on the convergent curvature was discussed. U‘Tfér asl increases

ing four profiles for the design of the convergent (error func-

tion), a comparative study is performed to seek for the con-

traction shape that reproduces the highest thrust coefficieid. Flow equations

while keeping the shock separation as far as possible from

the throat region. Favre averaged forms of the Navier-Stoke¥/ithin the calculation domain, the fluid is non reactive
equations are numerically solved by means of a finite voluméGN2), having constant thermophysical properties (specific
software. Turbulent viscosity transport is handled with theheat capacity, thermal conductivity). The mathematical for-

Spalart-Allmaras model whereas a Roe scheme is used fénulation of the principles of conservation of mass, momen-
the convective fluxes terms. tum and energy, associated with the physical properties for a

compressible axisymmetric, viscous fluid is expressed in the

. . . following form:
2. Contraction design formulation J

ou OF 1orG(U) S(U)
Over the years, many authors have been interested in methods Bt + Dz + Y ar (5)
of designing contractions for wind tunnels and nozzles. The
present work deals with a design formulation for the converwhere:
gent part, based on minimum length (MLN) techniques [13].

For inviscid and supersonic flows in a nozzle, a single func- P 2 Pl
tiony = f(x), provides the wall shape for the converging U= ) F= ;

tion, as: P platts Tar
sec ! ) pE (pE+p+011)UuL+Tmu7—CII

df (zev) df (x4, = 0)
cv) = \Yeh ); =0; =0;
fo) = Wen)s =1 .

Flam =0) =1 L ® ) o

Tth = = 1 Tey = — ) -

cv ct S 0 , G= puwQ’U'r +Tar ) (6)
To help ensure a planar sonic surface with a uniform velocity Sr PUat D O
' O (pE+p+O’rr)U+Txruac*QT

several derivatives of (x) at the throat, are set equal to zero:

i £(0) d+1£(0) The stress and heat-trar?sfe_r components are the sum of vis-
— = 0; — #0 y=12,..,01 (2) cous and turbulent contributions. Hence, the source term for
d? dzx the flow isS,. = p+0g¢. The thrust F generated by the rocket
With the constraints above, one seeks a function that also satozzle is the consequence of reaction force on the nozzle wall
isfiesdf (x)/dx < 0inthe—L., < z < 0, and suggests an which is caused by the flow momentum. For axisymmetric

Rev. Mex. Fis69010601
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configurations, the thrust can be expressed by the formula
below [17]: ‘

F= /(deA)V+/pdA (7) Ambient Pressure
Adiabatic Wall el \
The thrust is generated by two parts of the rocket engine,

namely the combustion chamber and the divergent nozzle Pressure Inlet
The important parameter for rocket design is the thrust coef- 1, .putent
ficient C'r which is the contribution of the nozzle to the total Viscosity

Y 9

Symmetry Axis

thrust. It is written as follows [17]: Ratio=1
F FIGURE 2. Sketch of the nozzle and the far field box with boundary
Cr = A conditions.
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4. Test facility and experimental data “g z:zz
The test data were obtained at DLR’s cold flow test facility g 1500 %,}\

P6.2 in Lampoldshausen, Germany [18,19]. A dry gaseous =

nitrogen is used and stored in high pressure tanks outside theg '°°F / N

facility. The advantage of nitrogen compared to air is the ab- 500 | o

sence of water vapour that tends to condense. The inert gas . M}” f\
flows across a cylindrical settling chamber and cross-section : .
constriction before it accelerates in a convergent- divergent 50— F———F—"5x 5 T
nozzle to a supersonic velocity (Fig. 1), according to an op- Reduced axial coordinate (X/L,,)

erating NPR25.25 [19,20].
FIGURE 3. Grid refining impact on the nozzle wall stress.

5. Numerical computations

5.1. The computational domain and grid generation 5.2. Boundary conditions

The computational domain consists of half of the DLR nozzle . . ) )
with its real dimensions, attached to a far- field inflow “virtual AS & working fluid, dry gaseous nitroge¥y, is used, stored
box”, making it possible to capture possible oblique shockdn high pressure tanks ab6.25 bar and 283 K. The nitrogen
(Fig. 2). It is important to stress that the baseline simulatior|OW accelerates in a convergent-divergent nozzle to super-
considers a directly replicated contour of the nozzle converSOnic velocity and exits the nozzle to an ambient pressure
gent, as it was featured in the experimental facility [18]. ~ @nd temperature of 1 bar and 270 K respectively. Owing to
The nozzle inflow was filled with a structural grid con- small velocities of the surrounding air, the acceleration from
taining 200 x 200 cells in both axial and radial directions. the ambient state to the nozzle inlet was assumed to be isen-
The turbulent boundary layer was resolved by a graduall);mpic- Hence, Mach_number, static pressure and s_tatic tem-
fine mesh wher&+ < 1 was ensured. On the box-nozzle Perature were analytically calculated at the nozzle inlet sec-
interface, a conformal mesh was built with a cell coarseningion [21,22]. According to the experiments, the nozzle walls
in the axial direction. A mesh sensitivity analysis was per-Were (;onS|d§red to be ad!aba'uc. For the outflow boundaries,
formed on finer grids, and has revealed that the nozzle waf! vqnables |n'c'lud|ng static pressure were extrapolated to the
stress fluctuations did not excea® (Fig. 3). ambient conc_jmons. The nozzle centerline was treated as a
symmetry axis.

settling chamber constriction bending tube nozzle extention

N2-inflow

5.3. Turbulence modelling

The standard turbulence model used in the simulations is the
FIGURE 1. Sketch of horizontal test section of DLR P6.2 [20]. Spalart-Allmaras model [23].
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FIGURE 4. Spatial contour of the Mach number.

FIGURE 6. Spatial contour of the axial velocity near the separation

. . zone.
5.4. Discussions
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Reduced axial coordinate (X/L ;)
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The used CFD solver is based on the compressible Favre !

averaged Navier-Stokes equations, associated with turbulent

closures. The spatial discretization is a second-order accurate
both for the viscous and inviscid terms, where the latter are 0.8

Present model

\ ® Measurements [19]

computed based on a Roe scheme [24]. .

For the nozzle geometry (baseline) used in the exper-

imental tests [19], the numerical simulation shows a free _os
shock separation which locates upstream of the exit section g-_”

of the divergent nozzle. The flow pattern is followed by the % a
appearance of a Mach disc downstream the separation zone™ o4

‘,.»\

(Fig. 4), which is commonly a well-known trend of an over-
0.3

Y. N

expanded flow.

Across the nozzle centerline, the Mach number exhibits 0.2
a monotonous evolution in the convergent part of the noz-
zle, with a throat valué/,;, = 0.87 slightly lower than unity
(Fig. 5). Hence, the flow at the throat region does not meet
a fully sonic condition. In the downstream of the throat, the

N

Lz [T [ [ H

0.1

%F %m0 om 05 0.7 1
Reduced axial coordinate (X/L,,)

increasing of Mach number continues with a steep slope, un-
til the exit section of the nozzle, where the predicted valuer|gure 7. Static pressure evolution along the nozlle walls.

M, = 5.13 shows a relative underestimation-60.39%, in

comparison with the design Mach number.

nozzle exit section (Fig. 6). The flow separation exhibits an

The spatial contour of the axial velocity clearly shows gpjique shock followed by a normal shock in the vicinity of
afree shock separation (FSS)inthe upstream region of thgyi; section. A strong shear region is clearly depicted in the

55 l ‘ ‘
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a'5 [ | X Experiments[20] /

—

I~ /'
35k

/

Mach number
N,
~N

25k /
2:

N

Reduced axial coordinate (X/L,)

FIGURE 5. Centerline Mach number evolution.

0.5 -0.25 0 0.25 05 0.75

1 1.25

post-separation zone where an intense recirculation occurs.

The evolution of the predicted wall static pressure recov-
ers a slight recompression upstream of the nozzle exit which
physically reveals a local flow separation (Fig. 7). Accord-
ingly, the comparison between the numerical values and the
local measurements on the nozzle wall is fairly satisfactory.

The location of the separation point can be predicted ac-
cording to the axial wall shear stress evolution (Fig. 8). A
steep decay of the corresponding curve reveals a relaxation
of the boundary, which separates upstream the divergent exit.
The curve reaches a zero value and becomes negative owing
to the pressure gradient effects. The predicted separation lo-
cation(X/Lqg;, = 0.7294) is quite close to the experimental
value, with a relative deviation 6£0.53%.

It is important to stress that an intense recirculation zone
is developed in the vicinity of the divergent wall, right down-
stream the separation point. An oblique shock is initiated
with the formation of a sliding line that splits between the
core flow and the backflow (Figs. 9, 10).

Rev. Mex. Fis69010601
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FIGURE 8. Shear stress evolution along the divergent wall. Reduced axial coordinate (X/L,,)
e E— ——= FIGURE 10. Iso-Mach lines around the separation zone.

I3

1.6 has the effect of altering the value of the thrust coefficient Ta-

ble I, in comparison with the adaptation (ideal) case, where
the nozzle inflow expands up to a pressure equilibrium state
with the far-field flow.

Table | depicts several thrust coefficient values, with re-
gards to the condition$y, p.) at the nozzle exit. In the
present model, the thrust coefficient value is obtained from
: a cell-volume weighting of the heat capacity, ) and the
= static pressuréP.), across the exit section. As it was ex-
= pected, the adaptation condition highly overestimates the nu-

merical thrust coefficient with a discrepancy with exceeds

1.8
1.7
169,

1.5

14

1.3

Reduced radial coordinate (r/R )

B e e SN
072770767 T0g TT0B4TT0BET 0BT V006 T

=
1

Fadiresd axial soprinate {Xil 5 34%. It is worthy noticing that an indirect calculation of the
FIGURE 9. Sketch of the flow recirculation in the post-separation “€xperimental” thrust coefficient was performed, using the
zone. design Mach number value, provided by Statlal[20]. The

Accordingly, the spatial contour of the Mach number -

clearly shows the different zones around the separation ‘
K Error function (I=1)

(Fig. 10). s s Frror fusmction (1=3)

In comparison with the available exper!mental data, the =+ e g;:;}f;zz:;: ﬁ:’j i
numerical values for the Mach number exhibit a good agree- i*\:;\ e  DIRTIC[19]
ment, with a relative deviation less thard2% for the oblique ~
shock and less tham5% for the reflected shock. The triple
point is also accurately recovered, with a relative error of
1.11% compared to the measurements.

With such flow recirculation in the post-separation zone,
the exit stream is no longer parallel to the nozzle axis. Conse-
guently, a radial gradient of the exit velocity is noticed, which

4

(=]
[=-]
L7
~y
7 Aes

Reduced radial coordinate (r/R ;)
=
4
b
aE
N, »
| ,.
¥
i1l
7\

F Chamber

=
s

Throat
02
TABLE |. Thrust coefficient values for several exit conditions. I
cases Adaptation Design point [20] Present model L T T S Y
Thrust Reduced axial coordinate (X/L_)

coefficient (CF)  1.5701 16538 1.0299 FIGURE 11. Convergent wall profiles for severavalues.
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FIGURE 12. Centerline Mach number evolution for several conver-

gent profiles. FIGURE 13. Sonic line curves distribution in the throat region.

numerical calculation of the thrust coefficient also underesanalysis revealed that curvatures of the convergent variants
timates the design value by more thar37%. This ten- become nearly identical, for values of the flatness coefficient
dency was expected, since the provided design Mach numb@reater thar = 5 [21].
value, was derived under ideal (thermodynamic) flow consid-  In the convergent part of the nozzle, the use of several
erations [20,24,25]. variants induces small changes of the centerline Mach num-
In the following calculations, geometrical variants of the ber (Fig. 12). Indeed, one notice an increase in the Mach
TIC-DLR nozzle will be generated according to the contrac-number values as well as the flathess parameter is high,
tion profiles. The baseline da{@.y,, Din, De, Lev, Laiv) specifically in the throat upstream region. The contraction
will be replicated from the original geometry and kept un-variant with/ = 1 coincides perfectly with the baseline (ex-
changed. The convergent shapes will be approximated by perimental) profile. It is an important to mention note that
set of Error function profiles (Fig. 11). the profile variant withl = 4 recovers exactly a sonic con-
Itis worthy noticing that the design parameté&rthe only  dition (Mach = 1) at the geometrical throat of the nozzle, in
factor which controls the flatness of the generated profilescontrast to the other variants for which the flow remains sub-
For high! values, the contraction variants exhibit a strongsonic. However, the supersonic core-flow in the divergent
inflection at the central region, while their flattening at the part of the nozzle, remains slightly sensitive to the contrac-
geometric throat, is highly improved Fig. 11. A sensitivity tion profile variants, with nearly identical exit Mach numbers.

4500 g T i T T 500 r
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4000 F Errorﬁmcn.ou (=1) || [ = = = Error function (I=2)
[ — = = = Error function (1=2) 400 — S Error function (I=3)
- 3500 i _______ Error function (I=3) H i .-'h-..‘ | —=ssmmsamms Error function (1=4)
E E ——— — Error function (I=4) E I \ &‘,_ e Buiseline contraction profile
@ 3000F ———sp—— Baseline contraction [ | ; 2 B Q, @ el
g - i} E - \ Bl X stow
2500 F - s ¥
F :;l 0 200 \ o
- B [
& s000f ,’i' 8 I %
% 5 ot - | “-
2 ek ) i 100 | S
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= 1000 f il 5w N A
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FIGURE 14. Flow separation location (SL) for several contraction profiles.
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é N profiles
I 0.92
-1.54e - i
=g o 5 upstream zone of the separation enlarges, allowing therefore
a4 Y ) | an improvement the nozzle thrust.
07 T0ETT0S T T2 T3 oo Figure 16 depicts several thrust coefficient values with re-
Reduced axial coordinate (X/L,,) gard to separation locations. It is worthy noticing that the pro-
FIGURE 15. Mach number contour (baseline-topl&= 4-bottom ~ file variant with/ = 1 provides almost the same thrust as the
contraction profiles) near the separation. baseline case. This insignificant discrepancy was expected

since this variant exhibits the same patterns for the sonic line

Focusing on the throat section, the radial evolution of theand the separation location as the baseline profile. The con-
Mach = 1 lines is represented in Fig. 13. Itis quite clear thatraction profile withl = 4 shows a relative improvement of
the baseline profile as well as the variants wite= 1 and  +1.7% on the thrust coefficient, compared to the baseline
[ = 2 recovers a sonic Mach numbgy/ = 1) on the nozzle case. The thrust coefficient is this overexpanded case still re-
axis, downstream of the geometrical throat. Here, the flonmains below its ideal value, obtained for the adaptation exit
in the vicinity of the wall becomes sonic upstream the throatcondition.
Consequently, the flow through the throat develops into both
subsonic and supersonic slices. In fact, this is not the case )
for the variants with — 3 andl = 4 where the sonic veloc- ©- Conclusion
ity is reached right upstream the throat, into the whole radi
slice. The specific case whefe= 4 remains the most inter-
esting profile in which the sonic line exhibits the most verti-
cal pattern. In the same context, contraction profiles variatio
has a direct repercussion on the flow separation location (S r
Ihe axial shear stress disrbution along the nozzie ialls anfi2@: Provided by the nozzle testrig

g the nozzle walls an ! : . ;

provides the flow separation point, which is still located up- The m(‘aun conclusions of this CFD analysis can be drawn
stream of the divergent exit section. It is noticed that the sepf—’ls follows:
aration point moves to the divergent e?<it direqtion as well as 1. There was a good agreement between numerical results
the profile ﬂ{;\tpess increases. The variant which cprresponds for the baseline case, and the DLR measurements.
to [ = 4 exhibits the most important SL, representing there-

a!A set of contraction curves were investigated numerically in
the aim to control the shock waves and the separation loca-
IIlion in an overexpanded nozzle. In this direction, wall static
essure, separation location, Mach disk and shock struc-
re were validated and compared with the DLR experimental

fore a relative displacement &f1.38%, in comparison with 2. The flatness of the contraction was more pronounced
the baseline contraction profile. in the vicinity of the throat, with the increase of the
This behavior is also depicted in spatial contours of the parameteti).

Mach number, for the baseline (top) and the varianst 4
(bottom) contraction profiles (Fig. 15). The figure below 3. The contraction profile with = 4, was the most in-
clearly shows that both the oblique and normal shocks for the teresting specific case, which recovers a quasi- straight
error function profile(l = 4) are located downstream their sonic line and moved the separation location (SL) to-
baseline location. wards the exit direction.

As the flow separation location moves downstream with
the increase of the contraction profile flatness, the core-flow 4. It was stressed that the contraction profile witk: 4
is believed to be an “undisturbed” region of the expanding showed a relative improvement #fL.7% on the thrust
stream. Consequently, the flow momentum increases as the  coefficient, in comparison to the baseline profile.
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A Cross sectional area v kinematic viscosity
Cy Thrust coefficient T Viscous stress tensor
D diameter Subscripts
F nozzle thrust a ambient
| flatness coefficient ch chamber
Lev convergent length e exit
Laiv divergent length th throat
M Mach number w wall
P static pressure Abbreviations
R radius CFD computational fluid dynamics
r Radial coordinate CVv convergent nozzle
T static temperature Cv-DV convergent-divergent nozzle
Uy axial velocity DLR German Aerospace Center
U, radial velocity DV divergent nozzle
X axial coordinate FSS free shock separation
‘& Wall Yplus MLN minimum length nozzle
Greek symbols MOC method of characteristics
y Specific heat ratio NPR nozzle pressure ratio
1 dynamic viscosity RSS restricted shock separation
p density SL separation location
o normal stress tensor TIC truncated ideal contoured nozzle
Acknowledgements

The authors would like to acknowledge the financial support of the DGRSDT, the General Direction for Scientific Research
and Technological Development, Algeria.

1. S. Gilham, P. Ivey, and J. Owen, The Transfer of heat by Self- 7. A. Hadjadj, Y. Perrot, and S. Verma, Numerical study of
induced flow in a rotating tubd, Turbomach116(1994) 316, shock/boundary layer interaction in supersonic overexpanded
https://doi.org/10.1115/1.2928367 nozzles, Aerospace science and technolog® (2015) 158,

2. C. H. Lee, M. Louni, and N. Syred, Centrifuge design for sub- https://dor.org/10.1016/).ast.2015.01.010

micron particle separatiofEnergy R and 017 (1995) 51. 8. J. C. Restrepo, A. F. Bofios-Acosta, and J. R. Sdes- Mor-
eira, Short nozzles design for real gas supersonic flow us-

ing the method of characteristicApplied Thermal Engineer-
ing 207(2022) 118063https://doi.org/10.1016/].
applthermaleng.2022.118063

4. E. Martelli et al, Flow dynamics and wall-pressure signa- o B M. Argrow and G. Emanuel, Computational analysis of the

tures in a high-Reynolds-number overexpanded nozzle with  transonic flow field of two-dimensional minimum length noz-
free shock separatiodpurnal of Fluid Mechanic$95 (2020) zles,J. Fluids Eng.113(1991) 479.

A29, https://doi.org/10.1017/jfm.2020.280 ) . .
10. J. G8tlund and B. Muhammad-Klingmann, Supersonic flow
separation with application to rocket engine nozzlégpl.

3. M. Al-Ajlouni and A. Al-Hamdan, Engine exhaust operated
ejector for vehicle air conditioningMutah Journal for Re-
search and Studiek7 (2002) 119.

5. P. Caisscet al., A liquid propulsion panoramacta Astronau-
tica 65(2009) 1723. Mech. ReV58 (2005) 143https://doi.org/10.1115/

6. G. Daviller et al, Prediction of Flow Separation and Side- L.1634407 |
loads in Rocket Nozzle Using Large-eddy Simulation, Inter-11. R. Stark, Flow separation in rocket nozzles, a simple criteria, In
nationalJournal of Computational Fluid Dynamic34 (2020) 41st AIAA/ASME/SAE/ASEE Joint Propulsion Conference &
622, https://doi.org/10.1080/10618562.2020. Exhibit (2005) p. 3940https://doi.org/10.2514/6.
1/86540 . 2005-3940 .

Rev. Mex. Fis69010601


https://doi.org/10.1115/1.2928367�
https://doi.org/10.1017/jfm.2020.280�
https://doi.org/10.1080/10618562.2020. 1786540�
https://doi.org/10.1080/10618562.2020. 1786540�
https://doi.org/10.1016/j.ast.2015.01.010�
https://doi.org/10.1016/j. applthermaleng.2022.118063�
https://doi.org/10.1016/j. applthermaleng.2022.118063�
https://doi.org/10.1115/ 1.1894402�
https://doi.org/10.1115/ 1.1894402�
https://doi.org/10.2514/6.2005-3940�
https://doi.org/10.2514/6.2005-3940�

12.

13.

14.

15.

16.

17.

18.

19.

NUMERICAL CHARACTERIZATION OF SHOCK SEPARATION IN A LABORATORY-SCALE NOZZLE 9

R. Cuffel, L. Back, and P. F. Massier, Transonic flowfield in a
supersonic nozzle with small throat radius of curvatuAA
Journal7 (1969) 1364https://doi.org/10.2514/3.

5349,

T.-L. Ho and G. Emanuel, Design of a nozzle contraction
for uniform sonic throat flowAIAA journal 38 (2000) 720,
https://dol.org/10.2514/2.1019 !

D. Brassard and M. Ferchichi, Transformation of a polynomial21-

for a contraction wall profile]). Fluids Eng.127 (2005) 183,
https://doi.org/10.1115/1.1852492

E. M. Germer and C. H. Marchi, Effect of Convergent Section
Contour on the Sonic Line in Rocket Engine Nozzlggerosp
Technol ManalO (2018) e3218https://doi.org/10.
5028/jatm.v10.924

M. Kumar, R. Sahoo, and S. Behera, Design and numericak2.

investigation to visualize the fluid flow and thermal charac-
teristics of non-axisymmetric convergent nozZlmgineering
Science and Technology, an International Jour@al(2019)
294, |https://doi.org/10.1016/].jestch.2018.

10.006 .

H. Tian et al, Numerical and experimental investigation
of throttleable hybrid rocket motor with aerospike noz-
zle, Aerospace Science and Technolddy6 (2020) 105983,
https://doi.org/10.1016/.ast.2020.105983

H. Kronmiller et al,, Cold gas subscale test facility p6. 2 at
dir lampoldshausen, In International Symposium on Propul-

sion for Space Transportation of the XXist century (Palaisos

des Congress, Versailles, France, 2002) pp. [hts://
elib.dlr.de/1561/

R. Stark and G. Hagemann, Current status of numerical flow
prediction for separated nozzle flows, In 2nd European con-

20.

23.

24.

ference for aerospace sciences (EUCASS), (Brussels (Bel-
gium)2007)https://elib.dIr.de/49262/

R. Stark and B. Wagner, Experimental study of boundary
layer separation in truncated ideal contour nozzl8bock
Waves 19 (2009) 185, https://doi.org/10.1007/
s00193-008-01/4-6

M. Nedjari, E. Mahfoudi, and A. Benarous, Prediction
numérique du coefficient de pousspour une tuyere surde-
tendue, In Third International Conference on Energy, Mate-
rials, Applied Energetics and Pollution ICEMAEP2016 (Uni-
versi€é des Feres Mentouri Constantine, Constantine, Algeria,
2016) p. 195/http://hdl.handle.net/123456 789/

132965 .

M. Nedjari, A. Benarous, and A. Benazza, Analyse du
décollement libre dans une tage sur-étendue: Effet des
parangtres de conceptionln Mechanical French Congress
(CFM), (Brest, France2019).

X. He, F. Zhao, and M. Vahdati, A Turbo-Oriented Data-Driven
Modification to the Spalart-Allmaras Turbulence ModsEME
J Turbg (in press) (2022) 80456.

P. L. Roe, Characteristic-based schemes for the Euler
equations, Annual review of fluid mechanicd8 (1986)
337, https://doi.org/10.1146/annurev.fl.18.

010186.002005

S. A. Khanet al., Investigation of the effects of nozzle exit
mach number and nozzle pressure ratio on axisymmetric flow
through suddenly expanded nozzlésternational Journal of
Engineering and Advanced Technology (IJEAT) IS3R019)
570.

Rev. Mex. Fis69010601


https://doi.org/10.2514/3.5349�
https://doi.org/10.2514/3.5349�
https://doi.org/10.2514/2.1019�
https://doi.org/10.1115/1.1852492�
https://doi.org/10.5028/jatm.v10.924�
https://doi.org/10.5028/jatm.v10.924�
https://doi.org/10.1016/j.jestch.2018.10.006�
https://doi.org/10.1016/j.jestch.2018.10.006�
https://doi.org/10.1016/j.ast.2020.105983�
https://elib.dlr.de/1561/�
https://elib.dlr.de/1561/�
https://elib.dlr.de/49262/ �
https://doi.org/10.1007/s00193-008-0174-6�
https://doi.org/10.1007/s00193-008-0174-6�
http://hdl.handle.net/123456789/132965�
http://hdl.handle.net/123456789/132965�
https://doi.org/10.1146/annurev.fl.18.010186.002005�
https://doi.org/10.1146/annurev.fl.18.010186.002005�

