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COMPARISON OF VARIOUS TURBULENCE MODELS
FOR EJECTOR NOZZLE CFD

The subject of this article is the application of various turbulence models to calculations of thrust-augmenting
ejector nozzles for jet engines by computational fluid dynamics (CFD). The goal is to justify the selection of the
turbulence model in CFD-calculations of thrust-augmenting ejector nozzles. The tasks addressed include:
searching for and analyzing information sources as for application of different turbulence models in CFD-
calculations of thrust-augmenting ejector nozzles; selecting a reliable and complete source of experimental da-
ta for digital simulation; constructing an axisymmetric model of the ejector nozzle and three meshes (coarse,
medium, and fine); establishing boundary conditions; estimating of uncertainty due to discretization using
Grid Convergence Index — GClI; verifying mesh independence; validating the calculation model’s accuracy;,
performing calculations using fourteen turbulence models; determining the accuracy ranking of these turbu-
lence models; and formulating recommendations regarding the application of the turbulence models for these
problems. The methods employed include: a search of relevant information sources on the Internet and analy-
sis based on operational experience in the aviation sector; the method of computational fluid dynamics; digital
calculation of Grid Convergence Index; and errors analysis. The following results were obtained: based on
the analyzed information sources, it was found that the majority of authors of available studies, devoted to
thrust-augmenting ejector nozzle, use different versions of k-¢ and k-w turbulence models. Based on the data
from NASA memorandum, a computational model of ejector nozzle was constructed; and its accuracy was val-
idated by three different methods (using GCI, by comparing the static pressure distribution along the nozzle
shroud, and by comparing the nozzle integral parameters). This model of ejector nozzle was applied to calcu-
lations using fourteen turbulence models. Through comparison with NASA, experimental data and multi-
criteria expert analysis of the obtained results, the best three turbulence models yielding the lowest errors (in
static pressure distribution along the nozzle shroud, and in calculations of the nozzle integral parameters)
were identified. Conclusions. The scientific novelty of the results obtained lies in the following: based on a
comparison of numerical simulation results of the ejector nozzle using fourteen turbulence models with NASA
experimental data, three turbulence models demonstrating the lowest errors rates were identified and recom-
mended for calculating thrust-augmenting ejector nozzles. Thus, turbulence models suitable for the develop-
ment of a design methodology for thrust-augmenting ejector nozzles for micro-turbojets were identified. The
goals and challenges of the following research in this field are outlined.

Keywords: gas-turbine engine; thrust augmenting ejector nozzle; thrust augmentation; entrainment ratio; pri-
mary nozzle; ejector mixing chamber.

inlet temperature (up to 1000 °C) [1]. When not great
thrust increase is required, redesigning of engine struc-

Introduction

In designing practice of aircraft power plants, a
situation often appears, when due to change in aircraft
performance or flight conditions, it is necessary to
search some ways of engine thrust increase. Problem of
thrust increase of small turbojets for Unmanned Aerial
Vehicles (UAV) is especially urgent because the same
engine can be selected for application in many objects
having considerably different use conditions. UAVSs use
very small turbojet engines, having static thrust below
1000 N at sea level. All these turbojets are usually simi-
lar in design: a single-stage centrifugal or diagonal
compressor delivering low overall pressure ratio (of up
to 4...5), and an uncooled turbine, which has limited

ture with changes of primary unit sizes can be economi-
cally unreasonable. One of technically simple and effec-
tive methods of thrust increase without changes of pri-
mary unit structure is ejector nozzle application.

A review of studies devoted to investigation of
thrust augmenting ejectors intended for gas-turbine en-
gines was presented in the article [2] by the authors of
this publication. In the article [3], the early performed
review of ejectors was supplement with the analysis of
studies on application of gas flow mixer development,
additional air intakes of secondary flow, analysis of
afterbodies air flow, and ejector application in other
fields of engineering.
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Computational Fluid Dynamics (CFD) models are
being used for ejector nozzle analysis since the second
half of 1970-th, when power computers were appeared.
Thus, for example W. L. Rushmore et al. (1978) [4]
presented 3D finite element computer code to analyze
ejector (for VTOL aircraft) and mixers (for turbofans).

Since then, CFD software is continuously im-
proved. Thus in 1990, C. G. Speziale et al. [5] presented
critical analysis of two-equation turbulent models (in-
cluding several versions of k-¢ and k- models). The
authors showed that, the k-¢ model has two major prob-
lems associated with it: 1) the lack of natural boundary
conditions for the dissipation rate (which caused to use
a variety of derived boundary conditions that are either
asymptotically inconsistent or numerically stiff) and 2)
the appearance of higher-order correlations in the bal-
ance of terms for the dissipation rate at the wall (which
can be a source of substantial inaccuracies and numeri-
cal stiffness).

In 1992, J. DeBonis [6] presented results of CFD
analysis of rectangular mixer/ejector nozzle for super-
sonic transport aircraft with the purpose of noise sup-
pression at takeoff mode.

In 2004, E. Jason [7] proposed a calculation meth-
od (whose main features are in-house numerical soft-
ware, axisimmetric statement, k-o turbulence model)
for rocket based combined cycle engine, using two ap-
proaches: 1) the subsonic airstream was choked before
mixing; 2) the exit pressure was specified. The author
presented results of systematic study of various ejector
designs using Newton-Raphson method to determine
Mach numbers of incoming air and exit flow.

In 2007, Y.-H. Liu [8] presented results of numeri-
cal research of 12-lobed exhauster-ejector mixer using
3D-statement (domain of one period of lobed mixer was
considered, RNG k-¢ turbulence model, tetrahedral ele-
ments with sizes of 1 mm near wall and 3...5 mm in
other region, turbulence intensity of primary flow was
10 %, of secondary one was 5 %).

In 2010, S. Khalid et al. [9] considered mechanism
responsible for secondary flow entrainment and thrust
augmentation of a cylindrical shroud ejector of subsonic
mixed flow turbofan using 2D axi-symmetric CFD
analysis (Fluent 6.1, quad cell type of 6 mm, standard
k-g¢ turbulence model, implicit coupled density-based
solver (DBS)).

In 2011, D. Thirumurthy et al. [10] presented re-
sults of CFD investigation of ejector nozzle with chev-
rons and clamshells for supersonic cruise aircraft, using
three software: ANSYS Fluent 6.3, ANSYS CFX 12.1,
Rolls-Royce HYDRA-CFD (3D-statement; quadrant
90°; 2000000...3560000 cells; turbulent intensity of
primary flow was 10 %, of secondary one was 0.1 %;
k-o SST turbulence model; explicit coupled DBS).

In 2015, T. Luginsland [11] for the first time in
compressible statement investigated the role of the noz-
zle-wall thickness and the nozzle length on the vortex
breakdown on swirling-jet flows of a rotating nozzle.

In 2019, Z. Hoter et al. [12] presented results of nu-
merical study of a one sided flat mixer ejector nozzle with
the purpose to provide enough thrust and reduce noise of
supersonic passenger airplane during takeoff (Solidworks
Flow Simulation, k-¢ turbulence model used).

In 2020, Z. Dong et al. [13] considered ejector
mode of rocket-based combined-cycle engine operation
(ABSYS Fluent 17.0, RANS, SST-k-» turbulence mod-
el, implicit DBS).

In 2020, H. Huang et al. in article [14] considered
integrated ejector nozzle with tertiary door (SR-71-type)
under zero flight Mach number and low nozzle pressure
ratio (0.9...2.1) using CFD analysis (unfortunately the
authors have not specified the turbulence model used).

In 2021, H. Li et al. in article [15] define and com-
pare modes of the over-expanded, fully expanded and
under-expanded states for a steam ejector using 2D ax-
isymmetric CFD method (ANSYS Fluent 15.0, k-¢ real-
izable turbulence model with Enhanced Wall Friction
(EWF), DBS, turbulence intensity of primary flow was
5 %, of secondary one was 2 %.

In 2022 [16] and in 2023 [17], Z. Li et al. consid-
ered flat ejector nozzle (based on SR-71 nozzle) with
tertiary door in full-open and open-close position using
3D CFD analysis (ANSYS Fluent, unfortunately the
authors have not specified the turbulence model used).

In 2023, Z. Li et al. [18] considered four versions
of tertiary air inlets (having sector angle: 30°, 22.5°,
18°, and 15°) for supersonic ejector nozzle of SR-71
airplane using 3D CFD method (ANSYS Fluent, k-o
SST turbulence model, DBS).

In 2024, F. C. Nwoye et al. [19] presented results of
CFD investigation of the shear layer interaction, mixing, and
entrainment behavior of an ejector design for the different
streamlined profiles of the nozzle (ANSYS Fluent, k-< real-
izable turbulence model, pressure-based solver (PBS)).

In 2024, A. Vinz et al. [20] presented results of 3D
CFD investigations of boundary layer ingestion engine
integration concept aimed at modeling and evaluating
the inhomogeneous inflow into turbofans positioned on
either side of the rear fuselage in order to understand the
relationship between degree of embedding and total
aircraft thrust requirement (DLR TAU code, 3D,
Spalart-Allmaras turbulence model, implicit Euler
method in conjunction with LUSGS method).

In 2024, Y.He et al. [21] considered numerical
simulation of axisymmetric ejector nozzle integrated with
the afterbody of an aircraft, using axisymmetric 2D-
model (Fluent 6.3, DBS, k- SST turbulence model).

In 2025, S. A. |. Bellary et al. [22] presented re-
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sults of 2D CFD investigation of the pressure rise char-
acteristics of a shock train contained within a C-D noz-
zle representative of a supersonic combustion ramjet
(ANSYS, k-¢ realizable turbulence model, DBS).

In 2025, G. Scarlatella et al. [23] presented results
of 2D CFD and experimental investigation of advanced
nozzle concepts for retro-propulsion for vertical take-off
vertical landing reusable launch vehicles (ANSYS Flu-
ent 2022R1, k—w SST turbulence model, PBS).

It is clear from this brief review that in spite of
availability of lots of turbulence models, majority of
authors used for flow simulation inside ejector nozzles
various modifications of two models, namely k-g (six
publications from the considered ones) and k- (also six
publications). Although, there are a lot of other turbu-
lence models, they are not used for solving this prob-
lem. This indicates insufficiency of corresponding re-
searches and arbitrariness of choice of these turbulence
models by the authors. Thus, the goal of this work is
stated as comparison of various turbulence models and
justification of choice those, which are the most ade-
quate for gas flow simulation within an ejector nozzle.

1. Problem Statement
1.1. Physical Model

For the research of turbulence model influence on

Primary nozzle

Configuration Y

the results of numerical simulation, the nozzle, which is
presented in NASA technical memorandum [24], was
selected (which contains results of probably the most
extensive experiments of 28 configurations of ejector
nozzles, complete information about geometry, experi-
mental static pressure distribution along the shroud of
nozzles and their integral parameters and distinguishes
with reliable data). Although this memorandum was
aimed at characteristic investigation of thrust-vectored
axisymmetric ejector nozzles, it also contains 10 con-
figurations of unvectored nozzles. Among these 10 con-
figurations, the configuration 9 was chosen, which cor-
responds to the highest ejector area ratio to primary
nozzle throat area (0.62). Further, the regime was se-
lected for simulation, which corresponds the highest
corrected  secondary-to-primary  weight-flow ratio

i T - .
m\/;:& —0s —0.21 and minimal primary nozzle
mp Top

pressure ratio NPR =3.0, that is closer than others to
an aircraft subsonic flight mode.

As one can see, the ejector nozzle consists of three
parts (Fig. 1, a): outer cylinder, primary nozzle and
shroud. Due to presence in [24] of detailed information
about sizes of the nozzle elements, the sketch was plot-
ted using KOMPAS-3D v.19 with all sizes transfer from
inches to millimeters (Fig. 2).

Pl
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—tprimary- — -— ——
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b

Fig. 1. Configuration 9 of ejector nozzle (a) and locations of pressure sensors in its shroud (b) [24]
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Fig. 2. Sketch of configuration 9 of ejector nozzle in KOMPAS-3D v.19

1.2. Meshing Method

The ejector nozzle considered in this study is ax-
isymmetric, so 2D axisymmetric statement was used, to
save calculation time. To specify boundary conditions at
«infinite» distance far from the nozzle, the computa-
tional domain is large enough with a length of about
10L (2000 mm) in the airflow direction, and a radius of
about 2.4R (350 mm), where L=201.55 mm is the total
length of the nozzle, and R=145.03 mm is the middle
radius of the nozzle (Fig. 3).

2000

Fig. 3. Computational domain

Standard ANSYS Meshing software was used for
mesh generation. Three unstructured meshes were used
for mesh independence study, with quadriteral element
size equals to 25, 12, and 6 mm. In addition, each mesh
near all the nozzle walls was improved by setting In-
sert\Sizing\Element Size equals to 0.5, 0.25, and
0.12 mm correspondingly (Fig. 4).

1.3. Boundary Conditions and Solution Methods

Figure 5 shows the boundary types of the ejector
nozzle model. The free incoming flow, the top, and the

right boundaries were adopted as the pressure-outlet
boundary type (an attempt to use the pressure-far-field
boundary type with zero incoming flow Mach number
resulted in ANSYS Fluent crash during hybrid initiali-
zation). All the nozzle surfaces were set as nonslip insu-
lating wall.

C
Fig. 4. Three meshes: a— 25 mm; b — 12 mm; c— 6 mm

ressurc-outle

X1S

ressure-inlet

Fig. 5. Boundary types of ejector nozzle model
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The nozzle primary and secondary inlets were adopted
as the pressure-inlet boundary type. For the simulation,
the gauge total pressure, total temperature, turbulent
intensity, and hydraulic diameter were specified. The
values of the corresponding boundary parameters are
listed in Table 1. Actually, the incoming flow Mach
number was 0, ambient pressure was py =101325 Pa,

and ambient temperature was 288.15 K. The primary
nozzle pressure ratio was 3.0, and the secondary nozzle
pressure ratio was 1.118. The total temperature of the
primary flow was 300.0 K, and the total temperature of
the secondary flow was 294.44 K according to [24].

ANSYS Fluent 2024R1 software was used for the
numerical simulation. Pressure-Based Solver was used
(attempts to use Density-Based Solver resulted in diver-
gence in ANSYS Fluent). k-¢ realizable turbulence
model with Near-Wall Treatment\Scalable Wall Func-
tions was used for mesh independence calculation (fur-
ther some turbulence models were compared). Air (ide-
al-gas, which viscosity was calculated by Sutherland
three-coefficient method) was used as fluid. Coupled
scheme of the solver was applied together with second
order upwind scheme for all equations. In addition, re-
siduals were set to 0.0001. Finally, hybrid initialization
was used.

Table 1
Values of corresponding boundary parameters

Boundary\ Total pressure, Turbulent Hydraulic Total

Parameter atm intensity, % diameter, mm temperature, K
Primary inlet 3.000 10 128.58 300.00
Secondary inlet 1.118 1 63.16 294.44
Left, Top 1.000 1 409.94 288.15
Right 1.000 1 700.00 288.15

2. Model Verification and Validation
2.1. Estimation of Uncertainty Due to Discretization

In [25] long established procedure for estimation
of discretization error (using Grid Convergence Index —
GCIl) was proposed, and in [26] the procedure was de-
tailed. Just this procedure is used further.

As it was mentioned beforehand, for mesh inde-
pendence verification, three meshes were generated,
with element size of 25 mm, 12 mm, and 6 mm, which
are defined as coarse mesh (index 3), medium mesh
(index 2), and fine mesh (index 1) correspondingly.

Step 1. Calculation of the mesh refinement. Us-
ing ANSYS Fluent software, we have got representative
mesh cell size for coarse, medium, and fine mesh as

2 )TZ

h=|—=)> (AA; :

NS

where N is the total number of cells used for computa-
tions; AA; is the area of the i-th cell (denoted as

2D _cell_volume in ANSYS Fluent).
So, they are, m:

h; =9.402-107%; h, =1.422-107>; hy =5.488-107,

corresponding decrease in mean cell sizes relative speci-
fied ones is caused by cell reducing near nozzle solid
walls.

Thus the refinement ratio from the coarse to medi-
um mesh is

I3y = h3/h2 =3.860 y
the refinement ratio from the medium to fine mesh is
I'21 :hz/hl =1.512.

Step 2. Calculation of the observed order of ap-
proximation. It is performed be means of iterative solv-
ing the following equation with respect to p:

1 |¢3—¢2|
In
In(ry; ) i d2 — |

p
5, —S
+IHL

: M)

1'32 —S

where ¢; is a key variable important to the objective of

simulation study; s = sign% . We adopt the nozzle
2~

thrust as this variable:
¢ = ri'ltotal(Vav - VO)+ Ae(pav _pO) ’

where my,; is the total mass flow via ejector nozzle;
v,y IS the average gas velocity at the ejector nozzle
exit; v, is the average air speed at the left boundary (it
is approximately equal to zero); A, is the shroud exit
area; p,, IS the average static pressure at the ejector
nozzle exit;

(101325 Pa).
From ANSY'S Fluent calculations, we have got, N:

po is the atmospheric  pressure

0y =624.710; ¢p =620.955; 3 =607.385.
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Solving the equation (1) in MathCAD, we get:

p=0.882.

So, the observed order of approximation is lower
than the specified one (second order scheme was used).
It can be explained, firstly, by application of unstruc-
tured mesh, using these calculations for which is not
correct (however, they are widely used) [26], secondly,
by limited resources of the used computer (which
caused rather big sizes of mesh cells). In addition, as it
was stated in [25]: «The agreement of the observed ap-
parent order with the formal order of the scheme used
can be taken as a good indication of the grids being in
the asymptotic range; the converse should not necessari-
ly be taken as a sign of unsatisfactory calculationsy.

Step 3. Calculation of the convergence condi-
tion. The convergence ratio is calculated as:

CR = $2—d1 _ 0.277,
3 -2

when CR<-1, it is oscillatory divergence; when
CRe[-1;0), it is oscillatory convergence; when
CR €[0;1), it is monotonic convergence; when CR > 1
it is monotonic divergence.

Thus, according to this procedure, monotonic con-
vergence is observed.

Step 4. Calculation of the Richadrson extrapo-
lation value. It is calculated by the following formula:

_ r§1¢1 -0

P _
5 —1

Pex —633.241 N,

but it is only expected to work well for cases of mono-
tonic convergence.

Step 5. Calculation of the differences. Error from
the coarse to medium mesh:

d2—d3

2

ey = =0.02185=2.185 %;

error from the medium to the fine mesh:

b=

1

=0.00601=0.601 %.

€17

Step 6. Calculation of the GCI. GCI for the
coarse to medium mesh:

1.25832

GCls, = =0.01192=1.192 %;

I3

GClI for the medium to fine mesh:

1.25821

GCly, = =0.01707 =1.707 %,

D1

which should not exceed (5...10) % for parametric stud-
ies and (1...5) % for detailed studies.

Thus, GCI values show the accuracy, which is
enough even for detailed calculations.

2.2. Verification of Mesh Independence

Distribution of static pressure ratio to the primary
flow total pressure (po, =303975 Pa) along the inner

wall of the ejector nozzle shroud (Fig. 6), from the nu-
merical simulation results of these three mesh models
are shown in Fig. 7 (origin of x coordinate and locations
of pressure sensors were shown in Fig. 1, b). It can be
seen that the results obtained by the coarse and medium
mesh calculations are very close, with an error of less
than 4.8 %; results obtained by the medium and fine
mesh calculations are also very close, with an error of
less than 1.6 %. So that when the size of mesh cells de-
creases from coarse to fine, the simulation results are
basically independent of the mesh size. Therefore, me-
dium mesh is used in the following calculations.

Fig. 6. Line (1) for static pressure distribution along the
inner wall of the ejector nozzle shroud and element (2)
of shroud exit area

2.3. Experimental Validation

Fig. 7 together with the static pressure distribution
along the inner wall of ejector nozzle shroud, obtained
by numerical simulation in this study, also shows the
pressure distribution according to results of NASA ex-
periments [24]. Excepting the first point (where the dif-
ference makes 0.7...4.1 %), the difference between cal-
culated and experimental values does not exceed 1.4 %
for coarse mesh; 1.1 % for medium mesh, and 0.9 % for
fine mesh.



ISSN 1814-4225 (print)
ISSN 2663-2012 (online)

10 .
ABIAIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOTI'IS, 2026, Ne 1(209)
P/Pgy,
1 /—
0.32

0.30 AK{

0.28 /

0.26

0.24

0.22

0.20%

-0.005 0  0.005 0.015 0.025

0.035 0.045 0.055 0065 X

Fig. 7. Comparison of static pressure distribution along the inner wall of ejector nozzle shroud for three different
meshes with experimental data: points — NASA experiment [24]; 1 — coarse mesh (element size=25 mm);
2 —medium mesh (element size=12 mm); 3 — fine mesh (element size=6 mm)

In the work [24], there given experimental values of
primary nozzle flow coefficient (0.9238) and the ejec-
tor nozzle relative thrust (0.9640). The primary nozzle
flow coefficient is a ratio of measured flow rate to ideal
one. We use formula from work [21] for ideal flow rate
via C-D nozzle:

kel
K 2 k-1
k+1

kRTy,

r'nip = pOpAthp

where popis the primary flow  total pressure
(NPR-p( =3.0-101325=303975 Pa); Ay, is the
primary nozzle throat area

(7R =7c(26.81-10_3)2 =0.002 mm?); k is the ratio
of specific heats (1.4 for air); R is the gas constant
(R =287 JI(kg:K) for air); To, is the primary flow

total temperature.

As the primary flow total temperature is not
known from the experiment, it is assumed equal to its
static temperature (Ty, T, =540 R =300K). Thus,

the ideal flow rate via the primary nozzle makes
m;, =1.602 kg/s. Multiplying it by the experimental

value of the flow coefficient for this mode, we get ex-
perimental value of the primary flow rate:

Mgy p = 0.9238-1.602 =1.480 Kgfs.

Then (assuming the total temperatures of the both
flows equal), the secondary flow rate equals

Mgy = rhex_p(l)\/_ =0.311 kg/s,

and the total flow rate via the ejector nozzle

Mgy =Mey p +Meyg =1.791 kg/s.

In the work [24], ejector nozzle ideal thrust is cal-
culated as a sum of ideal thrusts of the primary (F,)

and the secondary (F;) flows (F =F +F), each of

them is calculated by the formula:

k-1

. 2k 1]k
Nl I[WJ |
J

where j means the primary or the secondary flows (ex-
perimental value of the secondary nozzle pressure ratio

makes 1.118).
From these formulas, we get, N:

F, =602.64; F,=42.34; F =64497.
Multiplying the experimental value of ejector noz-

zle relative thrust by this ideal thrust, we get experi-
mental value of the ejector nozzle thrust:

F,, =0.9640F, =621.76 N.

Dividing this trust by the total flow rate via the
gjector nozzle, we get experimental value of average
flow speed at the ejector nozzle exit:

v =347.261 m/s.

exav — ex/mex

It is clear from the Table 2 that mistakes of calcu-
lations by ANSYS Fluent 2024R1 of the ejector nozzle
thrust (A ) does not exceed 2.4 %, of the average flow
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Mistakes of ejector nozzle parameter calculations

Table 2

Calculation\Parameter A, % A, , % Ay %
Mesh 25 mm 2.31 1.60 -0.42
Mesh 12 mm 0.13 -0.82 -0.48
Mesh 6 mm -0.48 -0.08 -0.22

speed at the ejector nozzle exit (A, ) does not exceed
1.6 %, and of the primary flow rate (A,,) does not ex-

ceed 0.5 % of their experimental values.

Thus, the numerical calculation results showed
good agreement with the experimental results; and it is
possible to assume that the simulation method used in
this study accurately enough simulates the internal flow
characteristics of the ejector nozzle.

3. Results and Discussion

Thus, the medium mesh (having element size of
12 mm and improvement near walls to 0.25mm) was
used for the following calculations. In addition after ini-
tial calculation (1000 iterations, even in case of no con-
vergence), adaptive mesh was applied, which allowed
decreasing of element size just in zones, where high pa-
rameter gradients were located. Next, the calculation con-
tinued (in case the convergence has already been
achieved during initial calculation, the residual for conti-
nuity equation was set 10 times less than it was before).

3.1. Comparison of static pressure distribution

Calculations with the same parameters using dif-
ferent turbulence models have been performed. Fig. 8
shows charts of static pressure distribution along the
inner wall of ejector nozzle shroud for different turbu-
lence models.

Table 3 shows roof-mean-square deviations and max-

imum ones of these numerical calculation results from
experimental points NASA [24]. «Accuracy priority» val-
ues show priority, with which there is a sense to use these
turbulence models for ejector nozzle calculations.

Fig. 9 shows the same charts for five turbulence
models having the highest priority.

3.2. Comparison of ejector nozzle parameters

Table 4 shows comparison of results of ejector
nozzle parameters calculations in ANSYS Fluent
2024R1 for considered turbulence models with experi-
mental values [24].

It is clear from the Table 4 that mistakes of ejector
nozzle thrust (Ar) calculations do not exceed 1 % for

the majority of the considered model. The following
models give greater mistake: k-¢ (Standard) — 6.77 %j;
Reynolds-Stress  (Stress-Omega) -  1.95%; and
Reynolds-Stress (Stress-BSL) — 1.50 %.

Mistakes of average flow speed at the ejector noz-
zle exit (A, ) calculations for the majority of the con-
sidered models do not exceed 5 % (excepting model
Reynolds-Stress (Stress-Omega), for which the mistake
is 6.94 %).

Mistakes of primary flow rate (A,,) calculations
for the majority of the considered models do not exceed
1 % (excepting model k-¢ (Standard), for which the mis-
take is 1.67 %).

Table 3
Mistakes of pressure distribution calculations
Roof-mean-square Accuracy | Maximal de- | Accuracy
Turbulence model . L L L
deviations, % priority viations, % priority
Spalart-Allmaras (Vorticity-Based) 3.46 8 3.24 8
Spalart-Allmaras (Strain/Vorticity-Based) 2.82 7 2.64 7
k- (Standard) 56.80 14 37.49 14
k-¢ (RNG) 4.05 10 3.57 10
k-¢ (Realizable) 3.96 9 3.49 9
k- (Standard) 2.77 6 1.68 6
k-o (GEKO) 1.73 2 1.11 2
k-o (BSL) 1.30 1 1.01 1
k- (SST) 2.02 5 1.32 4
Transition k-kl-o 14.40 13 10.66 13
Transition SST 1.90 4 1.25 3
Reynolds-Stress (Linear Pressure-Strain) 1.85 3 1.40 5
Reynolds-Stress (Stress-Omega) 7.33 12 6.98 11
Reynolds-Stress (Stress-BSL) 7.24 11 7.06 12
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Fig. 8. Comparison of static pressure distribution along the inner wall of ejector nozzle shroud for different
turbulence models: points — NASA experiment [24]; 1 — Spalart-Allmaras (Vorticity-Based); 2 — Spalart-Allmaras
(Strain/Vorticity-Based); 3 — k-¢ (Standard); 4 — k-g (RNG); 5 — k-¢ (Realizable); 6 — k-o (Standard);

7 — k-0 (GEKO); 8 — k-o (BSL); 9 — k- (SST); 10 — Transition k-kl-w; 11 — Transition SST; 12 — Reynolds-Stress
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Table 4
Mistakes of ejector nozzle parameters calculations
Model\Parameter Ap, % Ay, % Ay, %
Spalart-Allmaras (Vorticity-Based) 0.52 -3.06 -0.14
Spalart-Allmaras (Strain/Vorticity-Based) 0.49 -3.22 -0.14
k-¢ (Standard) 6.77 2.93 -1.67
k-¢ (RNG) 0.30 -3.11 -0.04
k-g (Realizable) 0.21 -2.52 -0.07
k-o (Standard) 0.98 -3.19 -0.36
k-o (GEKO) 0.65 -4.32 -0.06
k- (BSL) 0.93 -2.36 -0.37
K- (SST) 0.72 -4.54 -0.09
Transition k-kl-o 0.86 -0.70 -0.09
Transition SST 0.65 454 -0.07
Reynolds-Stress (Linear Pressure-Strain) 085 3.62 -0.19
Reynolds-Stress (Stress-Omega) 1.95 -6.94 -0.15
Reynolds-Stress (Stress-BSL) 150 3.62 0.15
Table 5
Priority analysis
Model Priorities
By pressure By thrust By speed By flow rate General

Spalart-Allmaras (Vorticity-Based) 3 1 2 1 7
Spalart-Allmaras (Strain/Vorticity- 2 1 2 1 6
Based)

k-g (Standard) 5 2 2 3 12
k-¢ (RNG) 3 1 2 1 7
k-¢ (Realizable) 3 1 2 1 7
k-o (Standard) 2 2 2 1 7
k-o (GEKO) 1 1 4 1 7
k-o (BSL) 1 2 2 1 6
k-o (SST) 1 1 3 1 6
Transition k-kl-o 5 2 1 1 9
Transition SST 1 1 4 1 7
Reypolds—Stress (Linear Pressure- 1 ) 3 1 7
Strain)

Reynolds-Stress (Stress-Omega) 4 3 5 1 13
Reynolds-Stress (Stress-BSL) 4 3 2 1 10

It is easy to see that the same models, which give
the highest mistake of ejector nozzle parameter calcula-
tions, are distinguished with the highest mistake of static
pressure calculation (see Table 3). Results, obtained by
transition k-kl-oo model looks strange enough: it gives

very high mistakes of static pressure calculation and very
low mistakes of ejector nozzle parameter calculations.

All five the best models by static pressure calcula-
tion (k-o (GEKO); k- (BSL); k-w (SST); Transition
SST; Reynolds-Stress (Linear Pressure-Strain)) give
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mistakes of ejector nozzle thrust (A ) and primary flow
rate (A,,) calculation less than 1%, and mistake of
average flow speed at the ejector nozzle exit (A, ) cal-

culation, which does not exceed 5 %.

For more objective comparative analysis of turbu-
lence models, one of the simplest types of multicriterion
choice on the base of expert judgments [27] can be
used. Let’s introduce four levels (priorities) of subjec-
tive estimation of turbulence model applicability:
1 — the best; 2 — quite applicable; 3 — moderately appli-
cable; 4 — undesirable; 5— not-applicable. Within the
Table 5, corresponding model estimations by separate
indexes, and also general estimation, obtained as a sum

Mach Number

2.34
211
187
164
1.40
14T
094
070
0.47
023

0.00
contour-2

Static Pressure
IPa]
303153 97

275066 2!
248978 6:
218890.80
190803 08|
16271534
134627 63
106539 91
7845218

50364.46

2227673
contour-1

of the levels, are shown (all the separate indexes were
taken with equal weighting coefficients).

Thus, any turbulence model from those, which are
marked within the Table 5 with semi-bold font, can be
assumed for the following research.

3.3. Fields of Mach number and static
pressure inside the ejector nozzle

Fig. 10,a shows field of Mach number, and
Fig. 10, b shows field of static pressure inside the con-
sidered ejector nozzle for one of the best k-o (SST)
turbulence model, which obtained the highest priorities
by three indexes of the four ones.

Fig. 10. Fields of Mach number (a) and static pressure (b) inside the considered ejector nozzle
for k- (SST) turbulence model
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Conclusions

1. It was not possible to find justification of choice
of turbulence models for the CFD-analysis of thrust
augmenting ejector nozzles within available literature.

2. Majority of authors of available researches, de-
voted to study of thrust augmenting ejector nozzle, use
different versions of k-¢ and k- turbulence models.

3. Digital data from NASA experiments [24]
(which contain complete information about geometry,
experimental static pressure distribution along the
shroud of nozzles and their integral parameters and dis-
tinguishes with reliable data) has been selected for accu-
racy comparison of different turbulence models within
this study. Axisymmetric model of the ejector nozzle
has been constructed and boundary conditions have
been set in accordance with data.

4. For mesh independence study, calculations in
ANSYS Fluent 2024R1 have been conducted using
three unstructured meshes having sizes of primary ele-
ments of 25, 12, and 6 mm and mesh improvement near
nozzle walls to 0.5; 0.25 and 0.12 mm corresponding-
ly. For estimation of uncertainty due to discretization,
long established procedure using Grid Convergence
Index — GCI has been used.

5. Mesh independence has been verified by means
of comparison of calculation static pressure distribution
along the inner wall of ejector nozzle shroud for three
different meshes with experiment [24].

6. Accuracy of the calculation model has been val-
idated by means of comparison of calculation integral
parameters of ejector nozzle (thrust, average exit flow
speed, and primary flow rate) with experimental
ones [24].

7. Calculations with fourteen turbulence models
were performed for the considered model of the ejector
nozzle using medium mesh (with following application
of adaptive mesh). Comparison of roof-mean-square
and maximal deviations of calculation static pressure
along the inner wall of the ejector nozzle shroud with
their experimental values gave an opportunity to dis-
cover priority of these turbulence models by accuracy.
Three turbulence models, which gave mistake of thrust
calculation more than one per sent, have been rejected
on the base of comparison of calculation integral pa-
rameters of ejector nozzle (thrust, average exit flow
speed, and primary flow rate) with its experimental val-
ues.

8. On the base of multicriterion expert analysis of
the obtained results, the best three models have been
discovered: Spalart-Allmaras (Strain/Vorticity-Based),
k-o (BSL), k-o (SST) and also seven models having
acceptable level, which give mistakes of ejector nozzle
thrust and primary flow rate calculation less than 1 %,
and mistake of average flow speed at the ejector nozzle

exit calculation, which does not exceed 5 %. Thus, just
these models can be recommended for the following
researches of thrust augmenting ejector nozzles.
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MOPIBHSIHHSI PI3BHUX MOJEJIEA TYPBYJEHTHOCTI JIJISI JOCJIJKEHHSA EXKEKTOPHUX
COIIEJI METOJ0OM OBUYMCJIOBAJILHOI TJIPOAUHAMIKH

P. IO. Ilykanos

IIpeameTom BHBUYEHHS B CTATTi € Pi3HI MOJEI TYpOYJEHTHOCTI Y 3aCTOCYBaHHI 0 PO3PaXyHKIB €KEKTOPHUX
cornen, IPU3HAYCHUX JUTS TiBUIIICHHS TATH PEaKTHBHHUX JIBUT'YHIB, METOJIOM OOUYKCITIOBAIBHOI TijpoauHamiku. Me-
TOI0 € OOIPYHTYBaHHs BHOOPY MOIENi TYpOYJICHTHOCTI JUIi TaKuX 3aaad. 3amadi: MOIIYK 1 aHaJi3 JITepaTypHUX
JOKEpeT 1010 BUKOPUCTAHHS pi3HUX Mojeneil TypOynentHocTi B CFD-po3paxyHkax €KEKTOPHUX COMET JJIs IMija-
BUIICHHS TATH; BUOIp HaJIHHOrO i MOBHOrO JDKepenaa eKCIEePHMEHTATbHUX JaHUX JUTS YHUCIOBOTO MOJIEITFOBAHHS,
Mo0y/I0Ba BiCECUMETPHUYHOI MOJEIIi €KEKTOPHOr0 COIUIA 1 TPhOX CITOK (Tpy0oi, cCepeHboi i TOHKO); 3aJaHHs rpa-
HUYHUX YMOB; OIIHIOBAHHS MOMIJIKM JUCKpPETH3AIlil 3 BUKOPUCTAHHAM iHJEKCY ciTKoBOi 30ixkHocTi — Grid Conver-
gence Index — GCI; miaTBepmKeHHsT CITKOBOT HE3aJIEKHOCTI; MiATBEPPKEHHS TOYHOCTI PO3PaxyHKOBOI MOIEINI; PO3-
PaxyHKH 3 BUKOPUCTAHHSM YOTHUPHAJIIATH MOJEIeH TypOyIeHTHOCTI; BUSBIICHHS MPIOPUTETY TOYHOCTI LUX MOJIE-
nel TypOyNeHTHOCTI; (pOpMYITIOBaHHSI pEeKOMEHJAIN 100 BUKOPUCTAHHS MOjeNneil TypOyJeHTHOCTI AJsl TaKUX
3aj1a4. BUKOpHCTOBYBaHUMH METOIAMU €: TIOIIYK BiJIIOBITHUX JKepes y Mepexi Internet Ta ix aHai3 BUXOASYH 3
BJIACHOTO JIOCBily poOOTH B aBialliliHii raay3i; MeTol 00YHCIIOBAIBHOI MIPOANHAMIKH; YUCIIOBI PO3PaXyHKH 1HJIe-
KCY CITKOBOI 301KHOCTI i aHami3 moxubok. OTprMaHO HACTYIHI pe3yabTaTH. Ha ocHOBI 3HaiineHux mkepen iHdo-
pMarrii BUSIBJICHO, IO OLIBINICTh aBTOPIB HASBHHUX TOCHTIHKCHb, MPUCBAYCHUX TOCIIIKCHHIO SKEKTOPHHUX COIEI
JUTSI THIBUIIICHHS TSATH, BUKOPUCTOBYE Pi3HI Bepcii Mozeneit TypOymenTHocTi K-¢ Ta k-. Ha ocHOBI manux 3 Memo-
pauaymy NASA noOynoBaHO pO3paxyHKOBY MOJIENb €KEKTOPHOIO COILIa Ta TPhOMA PI3HHUMHU CIoco0amu (3 BUKO-
pucrannsiv GCl, NOpiBHSHHSAM PO3MOMALTY CTATHYHOIO THCKY MO OOWYaiilli coruia Ta MOPIBHSHHSAM IHTErpajbHUX
napameTpiB coIuia) MiATBEp/pKeHO ii ToyHicTh. Ha OCHOBI Li€l MOJIeNi eXKEKTOPHOrO COMIa BAKOHAHO PO3PaXYHKH 3
BUKOPHCTaHHAM YOTHPHAALATH MOJeNell TypOyIeHTHOCTI Ta IIUIAXOM IIOPIBHAHHS 3 €KCIIePUMEHTATbHIMH JAHUMHU
NASA i GaratokpurepiallbHOr0 €KCIEePTHOrO aHali3y OTPUMaHHX pe3YJbTATIB BUSBICHO TPU HAWKpalll Mo
TypOyJICHTHOCTI, 110 JAI0Th HAaliMEHII MOXUOKK (PO3IMOALTY CTATUYHOrO TUCKY 1O OOMYaiflll coruia Ta po3paxyHKy
IHTerpaJlbHUX MapaMeTpiB coiuia). BucHoBku. HaykoBa HOBU3HA OTpUMAaHHUX Pe3yJIbTATiB IMOJATa€ B HACTYHOMY:
Ha MiJICTaBl MOPIBHSHHS PE3YJbTATIB YUCIOBOTO MOJIEIIOBAHHS €KEKTOPHOrO COIUIA 3 BUKOPUCTAHHSM HOTHUPHA-
LT MOZeNed TypOyJIeHTHOCTI 3 eKcriepuMeHTanbHIMU AaHuMU NASA BUSIBICHO TPU MOJieNi TypOYIEeHTHOCTI, 1I0
JAl0Th HAalIMEHII ITOXUOKH, 5K MOKHA PEKOMEHIYBATH Ul PO3PAaXyHKIB €KEKTOPHUX COIMEIN JUISl ITiABUILECHHS TS-
ri. TakuM YHMHOM BHSIBIEHO MOJIENi TypOyJIeHTHOCTI, SIKi MOXXHAa BHKOPHCTOBYBATH IUIS PO3POOJIECHHS METOIUKHU
MPOEKTYBAHHS €KEKTOPHOr'0 COILIA JUIS MiJBHILCHHS TATH MiKpO-TypOOpeakTHBHUX ABUryHiB. HamiueHo Mety Ta
3a/a4i MOAAIBIINX AOCIIPKEHb Y il ranys3i.

Karwou4oBi ci1oBa: eXeKTOpHE COIUIO YISl MiJBUILEHHS TSTH; TAra COIUIA; 1HIEKC CITKOBOI 301KHOCTI; MOeNi
TypOyJIEHTHOCTI; TOXHUOKa CIIPUYMHEHA IUCKPETU3AIIEI0; PO3IIOILIT THCKY IO OOUYAMIII.
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