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Numerical Simulation of Flow Separation in a Thrust Optimized Parabolic Nozzle
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ABSTRACT: Complex flow separation in thrust optimized parabolic nozzles in the over-expanded
condition is one of the challenging issues of many numerical investigations. The correct estimation of a
thrust optimized parabolic nozzle performance extremely depends upon the accurate estimation of the
onset of flow separation. Literature review indicates that conventional Reynolds-averaged Navier—Stokes
turbulence models have a significant error in predicting the onset of flow separation in these types of
nozzles due to the overestimating of turbulent kinetic energy production. Recently proposed generalized
k-omega has made it possible to rectify numerical simulations based on governing physics and using
limited experimental results. In the present study, the flow physics in the LEA TOC nozzle has been
investigated with the numerical simulation approach. At the first, the significant error of conventional
Reynolds-averaged Navier—Stokes turbulence models is shown to simulate flow separation in this type
of problem. Then, the generalized k-omega parameters are modified based on the limited experimental
result of the LEA TOC nozzle, and the ability of this model has been evaluated to estimate the flow
physics under different pressure ratios. Numerical investigations show that generalized k-omega has a
high capability for accurately estimating the onset of flow separation at a wide range of nozzle pressure
ratios. Applying the corrected generalized k-omega has resulted in an improvement of about 30% in the
estimation of the onset of separation in the over-expanded LEA TOC nozzle compared to the k-o-SST
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1- Introduction

The contour of the Thrust Optimized Parabolic (TOP)
nozzles was developed by Rao in 1960 with the aim of
achieving the maximum thrust with the minimum nozzle
length. These nozzles are widely utilized for launch vehicles
that experience different operating environments from the
ground up to high altitudes because of flow separation delay
at high back pressure condition in lower altitudes. In low
altitudes, where the pressure at the exit of the nozzles with
a high expansion ratio is lower than the ambient pressure,
compression waves occur to increase the pressure in the
divergent part of the nozzle, which is mainly accompanied by
flow separation in this area. In this mode, the nozzle operates in
the so-called over-expanded condition. Numerical simulation
is an appropriate alternative to costly experimental tests if
it is sufficiently accurate. Also in addition to reducing the
number of experimental tests, it makes it easier to study the
physics of flow in different conditions. Accurately predicting
the location of flow separation in TOP nozzles under over-
expanded conditions is one of the challenging issues in
numerical simulation with Reynolds Averaged Navier Stokes
(RANS) methods, So in most studies, the location of the
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separation is predicted upstream or downstream of the actual
location. In a study conducted by Allamaprabhu et al. [1], the
weakness of RANS models were mentioned in accurately
predicting flow separation in TOP nozzles. Nabacheh [2]
examined the two nozzle models Truncated Ideal Contour
(TIC) and TOP during hot gas and cold nitrogen gas,
respectively. Their results had a significant error in predicting
the separation location according to other RANS turbulence
models. Recently, Fouladi et al. [3] and Fouladi & Farahani
[4] conducted a numerical and experimental study of flow
physics in TOP nozzles under both atmospheric and high-
altitude conditions. In their research, the k-w-SST turbulence
model has been used, and the weakness of conventional
RANS models has been pointed out in correctly predicting
the onset of separation in the TOP nozzles.

2- Problem definition and Numerical method

The details of the numerical method applied in this
research are presented according to Table 1. Ansys Fluent
software (version 19.3) was used for numerical simulation.
In the present problem, due to the high expansion ratio of
the nozzle and its performance in atmospheric conditions,
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Table 1. Details of the numerical method

List Content

Dimension 2-D axisymmetric

Equation of state Calorically perfect ideal gas

Solver Density-based

Time steady

Turbulence modeling Menter’s GEKO

Inviscid flux Roe
Spatial discretization:
gradient Least squares cell based

flow Second-order

Turbulent kinetic energy

First-order upwind

Specific dissipation rate First-order upwind

grid Triangular unstructured

[e} exp (Nguyen)
Spalart Allmaras
GEKO (Default)
RSM model
- k-e RNG With Correction
k-e RNG W/O Correction
- k-e Standard With Correction
k-e Standard W/O Correction
k-e Realizable With Correction
k-e Realizable W/O Correction
- k-w Wilcox With Correction
k-w Wilcox W/O Correction
- k-w-sst With Correction
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Fig. 1. Comparison of conventional turbulence models
with experimental results of Ref. [11], (NPR=22)

the interaction between the shock wave and the nozzle wall
boundary layer occurs, and subsequently, the flow in the
nozzle wall is separated. Therefore, the turbulence model used
should be suitable for estimating the separation onset. Menter
et al. [S] developed a new turbulence model family called
Generalize k-0 (GEKO) model with the goal of turbulence
model consolidation. GEKO is a two-equation model, based
on the k-® model formulation, but with the flexibility to tune
the model over a wide range of flow scenarios. This model
offers six free parameters — two of them aiming at wall
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Table 2. Details of the numerical method

Parameter Value
Csep 0.82
Cnw 0.5
Chmix -0.1485
Ciet 0.9
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Present study
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Fig. 2. Comparison of wall pressure distribution of the

present study with that of experimental result of Ref.
[6], NPR=23.9
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Fig. 3. Comparison of the wall pressure distribution of
the present study with that of the experimental result
of Ref. [11], NPR= 38

bounded flows, two for the calibration of free shear flows,
one coefficient to improve corner flow simulations (corner
separation), and finally a curvature correction term. It should
be noted that the last two parameters are specific to three-
dimensional flows.

As mentioned in the review of references, most researchers
have made significant errors in predicting the location of
separation. Therefore, in the present study, with the aim of
correctly predicting the onset of separation by altering the
separation parameter (C_gep) by using limited experimental
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results, the suitable value of this parameter is achieved.

3- Results and Discussion

Firstly, in order to evaluate the performance of
conventional RANS turbulence models, the LEA _TOC nozzle
was analyzed under atmospheric conditions, and the Nozzle
Pressure Ratio (NPR) was equal to 22.8. Fig. 1 shows the
results of dimensionless static pressure distribution along the
nozzle wall with different RANS models (Spalart Allmaras,
RSM, Standard-k-e, Realizable-k-e, RNG-k-¢, k-o-Wilcox,
k-o-SST, and GEKO). As can be seen from Fig. 1, the use
of RANS models has failed to accurately predict the actual
separation location. Therefore, in order to achieve the correct
results, the parameters of the GEKO turbulence model are
changed. Appropriate values of GEKO model parameters for
simulation of the desired nozzle are obtained with the results
of an experimental test at a pressure ratio of 22.8 according
to Table 2.

To evaluate the accuracy of the GEKO model with the
parameter values specified in Table 2, numerical simulations
in different pressure ratios were performed and compared
with the experimental results of Nguyen [6]. A comparison of
nozzle wall pressure distribution has been done in 2 different
pressure ratios of 23.9 and 38. In these two pressure ratios,
there were different physics of separation patterns (FSS and
RSS). In the diagrams of Figs. 2 and 3, it can be seen that in
both separation patterns, the numerical results have acceptable
accuracy. According to the pressure curves obtained from
numerical simulation, it is clear that the pressure ratio of 23.9
belongs to free shock separation, and also in the pressure ratio
38, the RSS separation pattern is established, which causes
severe fluctuations in the pressure profile at the end of the
nozzle wall.

4- Conclusions
In this research, the numerical study of flow separation
was conducted in the LEA-TOC nozzle. At First, RANS

turbulence models were evaluated, and their weakness was
shown in the estimation of separation onset in this type of
nozzle under over-expanded conditions. After that, the
GEKO turbulence model was examined. It was shown that
by applying the separation parameter (Cmp) equal to 0.82,
the numerical results were in good agreement with the
experimental available data. The utilizing of the GEKO
model with the new coefficients has discounted the error of
about 30% in estimating the separation onset with respect to
the base k-o-SST model.
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Fig. 2. Experimental test bed [23]
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Fig. 4. Nozzle wall pressure distribution for the six mesh grids
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Fig. 5. Flow Mach number at centerline of nozzle for the six mesh grids
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Fig. 7. Comparison of the results of conventional turbulence models with experimental
results (NPR=22) [23]
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Fig. 8. Wall pressure distribution at NPR=22.8, in three discretization accuracy
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Fig. 10. Effect of near wall parameter on NPR=22.8
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Table 3. The values of the GEKO turbulence model parameters in the present study
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Fig. 15. Comparison of wall pressure distribution of the present study and experimental results [23] in NPR=18.9
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Fig. 16. Comparison of wall pressure distribution of the present study and experimental results [23] in NPR=23.9
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Fig. 17. Comparison of wall pressure distribution of the present study and experimental results [23] in NPR=25

0.1
Present study

o] experiment

oe\m i 0 0 0 e

0 2 4 6 10 12 14

8
XIR,
YA Comas )3 [TF] @50 (02,55 S g polo Baiod 00923 JLikd @ o g llin NA S0

Fig. 18. Comparison of wall pressure distribution of the present study and experimental results [23] in NPR=38

Yeono



Ve o8 B AAD domis Vo) Lo d o)lad OF 053 yusS el CSilSlo puvtine 3

Mach Number

05 1

1.5 2 25 3 35 4 45 5 55

NPR=12

NPR=15.5

NPR=18.9

NPR=23.8

NPR=24.5

NPR=18.9

ol bohd o Flo das (401504 UG

Fig. 19. Mach number contour and streamlines

01d (pSake Slupd z9e g ol Elo Suwd (b (s gse
Zlsel b &y zlgel Jlslo JSG yuis > Lihae i ol ) il o
sob 4 FF/0 )L Cond U iy jLid l38l oS Ll e T glileS
Slaps g 4 e ol o8l g 0ad i Jbd by kbl S
sl 00 S 3
NGO X W S I SRV ST VA FC ISR R TSIV Y L
oS gl lid i B aS 00,5 o alas Mo )Lid _ou ya5 iulj8l g, 4o

O 3 o g Ml WS S5 53 s g 3l Jitme (568 VY ]

2 wgee flg 03)S 058y il (lps oo 4 (BB laye
Jib S 3 o Sl Jlis b &S 5k 4y 5 I3 J36 31 glgel jLs L
b 4 glgel JLdle JEnl g lid cows ()38l L Ll el 8,
@y S (o0 C8 o glo S Cuow 4y (B laus 290 3y 0 Joro
alads 93 YY/A jLid Cons (o a5 33,5 o odalio YA ISU5 j0 &S (g0
(B Gl zae D)5 31 0 Jgl o)l dgn g Zlael sl j> Al
)55 5 5l 50 pgd Aldw alai g Al o ' goils Flo Ssd g Flo Ssd

2 Cap Shock

Yoo

1 Annular mach disk



Ve o8 B AAD doxis Vo) o d 0)lod OF 093 «yusS ool CSilSlo i 4y it

0151r | Increasing Approach |

0.1

PIP,

0.05

NPR=24.5
NPR=28

JiU dhdso jLid o o0 i l381 0l 58 43 0,la0 4L 29545 .Y JSUS

Fig. 20. Wall pressure distribution in the process of gradually increasing the nozzle chamber pressure
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