Design and performance evaluation of a high temperature
axisymmetric plug nozzle

Ahmed ABDALLAH ELHIRTSI*!, Toufik ZEBBICHE!

*Corresponding author
'Aeronautical Sciences Laboratory, Aeronautics and Space Studies Institute,
Blida 1 University, BP 270 Blida 09000, Algeria,
abdallah.elhirtsi.a@gmail.com*

DOI: 10.13111/2066-8201.2023.15.3.1

Received: 15 June 2023/ Accepted: 07 August 2023/ Published: September 2023
Copyright © 2023. Published by INCAS. This is an “open access” article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abstract: In this study, a method for designing supersonic nozzles with axisymmetric plugs at high
temperature has been proposed. The approach is based on the theory of Prandtl-Mayer expansion at
high temperatures using the method of characteristics. For this purpose, a code in FORTRAN language
was developed in order to obtain the nozzle design. Once the latter was obtained, we were interested in
the evolution of the thermodynamic parameters of the flow such as pressure, temperature, and Mach
number. The results achieved were confronted with those obtained for a perfect gas model. Regarding
the design parameters (length, section ratio, thrust coefficient and mass coefficient), we found that the
PG model gives very satisfactory results for values of M and T, below 2.00 and 1000 K, respectively.
As Mg and T, increase, this affects performance, requiring the use of our HT model to correct the
calculations. In order to minimize the weight of this nozzle, this research is investigating the truncation
of the Plug nozzle to increase its performances. All calculations were performed for air.

Key Words: Supersonic axisymmetric nozzle design, Plug nozzle, Prandtl-Meyer function, High
temperature, Method of characteristics

1. INTRODUCTION

In this work, we will focus on the study of the plug nozzle. This is an advanced rocket nozzle
that consists of a primary nozzle of a rather conventional shape and a plug that allows external
expansion. The main characteristics of this nozzle are its interaction with the external
environment, which avoids the separation phenomenon that affects a conventional profile
nozzle, and its influence on the pressure evolution along the plug wall [1]. The plug nozzle
concept was first developed by the Germans before World War II for aeronautical applications.
Rolls-Royce, Ltd proposed the plug nozzle concept for rocket propulsion in the United States
in 1950 [2]. Plug nozzles have a central body near the throat and the gas expansion process is
directly or indirectly regulated by the ambient pressure, the gas flow is regulated by expansion
waves from the flow deflection due to the surface of the plug [3]. The plug nozzle rocket
engine is considered as a better alternative for space propulsion, compared to conventional
nozzles [4]. Many researchers have been interested in the study of these nozzles. These studies
have focused on contour design [5, 3, 6], performance and parameters of the flow field [7, 8].
Among these studies, there are experimental studies [9] and experimental numerical studies
[10, 11, 12]. All these works considered that the gas is perfect and assumed that the specific
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heat Cp is a constant value that does not vary with temperature. For values of My = 2 and
Ty = 240 K, the results obtained are very satisfactory. For values of the output Mach number
ranging from 2 to 5, and the temperature increases up to the limit value of 3550K (air
application), which is the case for most acrospace applications, the results diverge from reality,
because the physical behavior of the gas changes, and it becomes calorically imperfect and
thermally perfect. In this case, the specific heat Cp becomes a function of temperature and the
energy conservation equation changes completely [13]. The appropriate model in this case is
the High Temperature (HT) model, which is below the dissociation threshold of the molecules.
It depends mainly on the stagnation temperature, which becomes an important parameter, in
addition to the parameters of the Perfect Gas (PG) model [13].

The objective of this work is to achieve two goals, the first of which is to determine a new
shape of axisymmetric supersonic plug nozzle (PN) giving a uniform and parallel flow at the
exit section at high temperature, in order to make corrections to the results given by the Perfect
Gas model [14, 15]. The second objective will be dedicated to the determination of the
parameters (Flow angle deviation at Critical condition 6%, Length of the plug nozzle/ Polar

radius at exit section A— Exit section/Throat sectlon =E Static pressure/Total pressure P— Static
E

temperature/Total temperature T— and Density p—) in the flow field points for the axisymmetric
) 0

plug nozzle.

2. MATHEMATICAL FORMULATION

Fig. 1 below shows the flow field in a 2D Plug Nozzle (Fig. 1a) and the Expansion Deflexion
Nozzle (EDN) (Fig. 1b). The PN has a central body and the EDN has an external wall which
must be determined to have a uniform flow parallel to the exit section. The design method is
an accurate method based on the Prandtl-Meyer expansion.

The plug nozzle is characterized by an inclination of an angle 8* with regard to the
horizontal, as seen in Fig. 2. This is different from other designs where the flow is horizontal
at the throat.

Lip wall > =
-~ >
Throat W' =—> > —=>—>—=> —> 4 Exit

Fl Exit Throat
i prepeinlefedagoy

X Central "5y , Symmetry Central Symmetry
> e aeeaee "
4 Flow space T_)
— — — — — —
J
(a) Plug Nozzle (b) Expansion Deflexion Nozzle

Fig. 1 — Type of plug nozzle geometry

The lip of the central body must be inclined at an angle ¥ to the vertical. Because the flow
deviation at the throat is not zero, the flow straightens from the angle 8 = 6™ at the throat to
the angle 8 = 0 at the exit. The flow must thus be accelerated by the nozzle shape from the
throat, where the Mach number is M* = 1, to the exit section, where the Mach number is ME.
This configuration results in a parallel and uniform flow in the exit area of the nozzle. The
expansion of the axisymmetric plug nozzle generates only an ABE transition area, which
represents a non-simple wave region for which a numerical solution is achieved [16].
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However, the zone AES is a uniform flow zone with an exit Mach number My (see Fig. 2 and
Fig. 3).

i i+r E

Central
Body

Fig. 2 — Geometry relationship between Mach lines and flow direction

Based on the Prandtl-Meyer expansion [13, 16], the flow calculation and the contour of
the HT plug nozzle are determined by

™
O =vg = fT F,(T)dT (1)
with:
_ Cp(T) |[2H(T)
and

a(T) = /y(T)RT; M(T) = /2M(T) (3)

The relationship that determines the inclination of the lip in reference to the vertical is
given by Eq. (4), [13, 16]. vy represents the Prandtl-Meyer function.

Y =90 —vg 4)
2.1 Discretization

The profile of the axisymmetric plug nozzle is determined simultaneously with the flow
calculation at the point of intersection of the characteristics in the transition region ABE. The
uniform flow values of the exit section My are identical to the known properties of the points
on the control surface AE. The shape of the mesh in the transition area is controlled by the
distance A, specified for the selected points on the uniform Mach line AE. Figure 3 illustrates
the calculating process and direction in the transition region.

Fig. 3 — Process of the discretization of the plug nozzle
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The following system gives the properties in positions A and B

Point A Point B
x4 =0
r,=0 (xb=xA—rCsin¢
Bi=G=0D% |Bm=ntrcoesé
P bp =0 (5)
¢ wm=0T-6 vg =0
M; = f(v) | My =1
po=sin? () L =t
t M; ,UB_;

avecci=1la(n+1)
2.2 Calculation procedure

The implementation of the MOC (Method of Characteristics) requires the introduction of a
fine grid in order to approximate each characteristic between two points by straight segments
because C~ and C™ are curved.

The characteristics of the following point (3) may be determined since a point in the
supersonic flow field is associated to two characteristics, one ascending C +(1) and the other

descending C™ (3. The point (2) of the control surface Ag, is determined by the properties given
by Eq. (6).

xz = xA + Ax COS”E
Yo, =14 + AxSinug

v, = g (6)

As illustrated in Fig. 4, the first step is to calculate the first characteristic, C, and determine
its corresponding location on the nozzle wall.

B

Fig. 4 — Calculation process of C~

The iterative methodology is based on the mean of the position and original properties of
the characteristics C~ () and C +(1) as well as the location and mean of the position and
properties of the point (3).

They will be utilized as initial conditions for their respective characteristics each time.

This method is performed until the flow direction convergence conditions are satisfied (see
Fig. 5).
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7 Design and performance evaluation of a high temperature axisymmetric plug nozzle

Fig. 5 — Determination of the different characteristics C~ and C*

The MOC provides the following equations for the axisymmetric supersonic, non-
rotational, adiabatic flow of a perfect gas, defined as characteristics and compatibilities
equations [13, 15, 16, 17]:

1. AlongC™:
40 + v) = sinfsinu y
ycos(@ - ,Lt) (7)
d
k d—z =tan(f — u)
2. Along C*:
A —6) = sinfsinu dy
{ ycos( — p) (8)
d
k d—z = tan(6 + w)

Because the H(T) function is impacted by the parameter T, [16], the HT model is
primarily affected by the stagnation temperature TO of the combustion chamber. The
corresponding formulas to the HT model of the MOC are developed by modification of Egs.
(7) and (8) [16]:

Along C*:
Tit1 Cp(T) > Oit1 *i+1 sin @ sin u
f. [_ZH(T) VM (T)_l]dT-l_f. d6 _f. ycos(@—/,t)dx
Ti—1 0i-1 Xi—1 (9)
Tit1 Xi+1
L J- dy = J- tan(0 — u) dx
Ti-1 Xi-1
1. Along C™:

Oit1

(J-Tm [ Cp(T) ] J‘ f"i+1 sin @ sin u
- VM3(T) —1|dT + do = d
Tis 2H(T) () 0 1

————dx
i, Ycos(0+ )

Tit1 Xi+1 (10)
k f dy = f tan(6 + w) dx
Ti—1 Xi—1

It is important to use the proper approximations for evaluating the integrals in Egs. (9)

and (10), taking into consideration both the mathematical and physical properties of the

interval. Characteristics and compatibilities equations are common non-linear equations. The

application of the finite difference approach will be used to determine their solution [18]. The

mesh created assumes the characteristic that is between two points joined by straight line

segments. The predictor-corrector form of Euler's numerical integration approach is used [16,

19, 20]. The iterations of the Euler corrector algorithm are repeated until reaching the desired
accuracy €.
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3. THE PERFECT GAS MODEL’S ERROR

A comparison of the results obtained by the two models will be conducted. The relative error
for the PG model compared to the HT model for each design parameter can be calculated using
the following relation for each value of the stagnation temperature T, and the exit Mach
number Mg:

|(Parameter) ur — (Parameter)p
g(Parameter)% = |

(Parameter) yr 100 an
Where (Parameter)p; and (Parameter)yr are, respectively, the values of the
parameters that were estimated using the PG and the HT models.

4. RESULTS AND COMMENTS

The axisymmetric plug nozzle design results are presented in non-dimensional form for three
stagnation temperatures Ty = 1000 K, Ty = 2000 K and T, = 3000 K. For each parameter,
the ideal gas condition is given, with one application developed solely for air. The specific
heat function Cp and the universal gas constant of the perfect gas R for the air case are applied
in this application.

4.1 Grid in the characteristics

Figure 6 shows the grids in their characteristics by utilizing the many elements that have an
impact on the development of the grid.

Each variable has a significance that determines the design final. The nature of a
supersonic flow is determined by the conditions upstream. An initial calculation error (throat)
progressed, being fairly significant in the exit section. In addition, the errors resulting from
artificial viscosity in mathematical calculations. The chosen case assumes that Mg = 3.00 and
Ty = 2000 K.

When the grid in the expansion zone between the throat and exit section's Mach waves is
refined in Fig. 6, we can discretize this zone into N Mach waves (NC). Three examples are
given for instances (a), (b), (¢), and (d), using NC = 10, NC = 30, and NC = 50, respectively.
It is observed that when the Mach waves number NC increases, we obtain an excellent
representation of the main body. The refining in this region can then reduce the error. y*
represent the throat radius.

038 0,8
0,6 0,6
0,4 0,4
0,24 * 0,2
-k> >
N =, 0,01
-0,2 -0.21
0,4 -0:41
-0,6 - -0,6
_o 8 T T T T '0,8 T T T T
00 0,5 1,0 15 2,0 0,0 0,5 1,0 15 20
x/y* x/y*
(a) NC = 10 and A,= 0.1 Large grid (b) NC = 30 and A,,= 0.1 Moderate grid
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(¢) NC = 50 and A,= 0.05 Rather grid

(d) NC = 50 and A,= 0.01 Fine grid
Fig. 6 — Contour and mesh of nozzle for My = 3.00 and Ty = 2000 K

It is obvious that a greater number of points NC provides excellent presentation of the
plug nozzle contour (Fig. 6d). The ratio of the sections is used to control the results, which is
always correct because the flow at the nozzle exit is uniform and parallel. It should be noticed
that design parameters depend on the pitch A, and the volume of characteristics NC. The
refining of the grid is due to better convergence and higher resolution.

Figures 7-10 show the temperature effect on the plug shape for different exit Mach number
Mg (Mg = 1.5, 2.00, 3.00 and 4.00). C,, represents the coefficient of the mass of the structure.

0.15

0.10
0.05-

*

2 0.00-

>

-0.05

-0.10

-0.15 T T T T
-0.04 0.00 0.04 0.08 0.12

x/y*

Fig. 7 — Temperature effect on the plug shape giving
ME = 1.5

M:=3.00
PG

2 —— 1000 K|
3 —— 2000 K|
4 —— 3000 K|

09 12 15
x/y*

0.6 1.8

Fig. 9 — Temperature effect on the plug shape giving
Mg = 3.00
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>
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2o/
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Fig. 8 — Temperature effect on the plug shape
giving My = 2.00

0 2 a 6 8
x/y*

Fig. 10 — Temperature effect on the plug shape
giving My = 4.00
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Table 1 — Numerical results of Plug Shape for Fig. 7
ME = 150 i ‘E Cmass CF
y* A*
PG 0.13365 | 1.17592 | 1.53604 | 0.09103
To =1000K | 0.13472 | 1.18438 | 1.54739 | 0.09729
T, =2000K | 0.13539 | 1.18981 | 1.56881 | 0.10203
T, =3000K | 0.13563 | 1.19167 | 1.64006 | 0.12373
Table 2 — Numerical results of Plug Shape for Fig. 8
Mg = 2.00 L As Cnass Cr
y* A*
PG 1.22333 | 4.22003 | 13.49941 | 0.75008
To = 1000 K | 1.29684 | 4.47133 | 14.30399 | 0.80023
Ty = 2000 K | 1.45267 | 4.99581 | 15.97384 | 0.88816
T, =3000K | 1.51574 | 5.20999 | 18.23161 | 0.98652
Table 3 — Numerical results of Plug Shape for Fig. 9
ME = 3.00 i ﬁ Cmass CF
y* A*
PG 1.22333 | 4.22003 | 13.49941 | 0.75008
To =1000K | 1.29684 | 4.47133 | 14.30399 | 0.80023
Ty = 2000 K | 1.45267 | 4.99581 | 15.97384 | 0.88816
T, =3000K | 1.51574 | 5.20999 | 18.23161 | 0.98652
Table 4 — Numerical results of Plug Shape for Fig. 10
ME = 4.00 i ﬁ Cmass CF
y* A*
PG 4.37544 | 10.6470 | 43.46563 | 1.13114
To =1000K | 4.69795 | 11.3912 | 46.35709 | 1.19075
To = 2000 K | 5.80648 | 13.8615 | 58.73796 | 1.37478
To = 3000 K | 6.57013 | 15.5141 | 65.02532 | 1.44654
The different design parameters (iso-Mach, pressure ratios Pi, temperature ratios TL, and
0

densities pﬂ) of the axisymmetric plug nozzle are shown in the contours of the flow fields
0

obtained numerically by our calculation code and the numerical simulation (Fig. 11-14).

Figures 11b, 12b, 13b and 14b show the wall Mach number, wall pressure ratio, wall
temprerature ratio and wall density comparison between the numerical method (FORTRAN
code) and the simulation for Mgy = 3.00 and T, = 2000 K. The results show a good similarity.

The pressure ratio first falls rapidly at the nozzle throat expansion region until it reaches
a value of 0.097432, then it continues to fall in the expansion part, and then it finally stabilizes
at the tip of the nozzle, approaching the value of the atmospheric pressure at the tip of the
nozzle at a value of 0.024394.

We note that in the divergent part, the number of Mach increases until reaching the value
of the nozzle exit Mach number at the exit.

We notice that the number of Mach at the exit of the plug nozzle is M = 3.0. Figures
11a, 12a, 13a and 14a show the Iso-Mach, iso-pressure, iso-temerature and iso-density
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contours for a plug nozzle that works in the design Mach number obtained by our FORTRAN

code.

It is visualized using Tecplot visualization software. It is noted that the flow increases
from M = 1 in the throat until M = design Mach.

Mach Number 3.2 1 —— Numerical sim_ulation‘ 2
2.88 2 —— Fluent simulation 1
: 2.8
.75 -
2.63 =
2.50 8 244
2.38 £
2.26 2 504
B
1.88 = 1.6
1.76
L.63 1.24
151
= 0.8 , : : :
- 0.0 0.4 0.8 1.2 1.6
L4 x 1 y*

(b) Comparison results between the numerical
and Fluent simulation

(a) Numerical results of the iso-Mach number curves

Fig. 11 — Variation of Mach number along the wall of the axisymmetric plug nozzle for My = 3.00 and Ty =
2000 K with the results of the FORTRAN program

0,6

P/PD 1—— Numerical simulation
0.51 2 —— Fluent si ion
l .48 0,51
0.45
0.41 0,4 -
0.38 o
0.35 E 0,3+
b 032 o
i 0.28
0.25 0,2
0.22
0.19 0,14

0.15
0.12
0.09
0.06

0.8 1,2

x/y*

0,0 0.4 1,6

. . P
(a) Numerical results of the iso-Pressure 7 curves
0

(b) Comparison results between the numerical
and Fluent simulation

Fig. 12 — Variation of P/Po along the wall of the axisymmetric plug nozzle for Mg = 3.00 and Ty = 2000 K with
the results of the FORTRAN program

0.9 1—— Numerical simulation

T/TO 2 —— Fluent simulation

0.84
0.81
0.78
0.75
0.72
0.70
| 0.67
0.64

0.8+

0.7+

0.6

TITy

0.5
0.61

0.58
0.55
0.52
0.49
0.46
0.43

0.4

0.3 T T T
0.0 0.4 1.2 1.6

(b) Comparison results between the numerical

. . T
(a) Numerical results of the iso-Temperature — curves ! :
To and Fluent simulation

Fig. 13 — Variation of 7/7o along the wall of the axisymmetric plug nozzle for Mg = 3.00 and Ty = 2000 K with
the results of the FORTRAN program
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RR 0.8 1 Numerical simulation|
. 0.59 2 Fluent simulation
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0.38 S 04
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0.31
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0.24
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. pild Y 0.4 08 1.2 1.6
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(a) Numerical results of the iso-density R = pﬁ curves (b) Comparison results between the numerical
0

and Fluent simulation

Fig. 14 — Variation of p/po along the wall of the axisymmetric plug nozzle for Mg = 3.00 and Ty = 2000 K with
the results of the FORTRAN program

Figure 15 illustrates the variation of the flow deflection angle along the wall of the
axisymmetric plug nozzle.

We note the existence of a point of inflection closer to the throat of the nozzle noted 8*
(where M = 1), then increases along the wall until reaching the maximum value 6,,,, at the
point of deviation and decreases to 8 = 0 at the exit section where the flow is uniform and
parallel (where M = Mp).

In this case, the nozzle gives high efficiency and low losses.
60 3,2

1—PG 12 3 4
2 — 1000 K|
50 - 3 — 2000 K| 2,8
e 4 — 3000 K
5S40+ 2,4
g 52
>
230 E
b :2,o~
2204 3]
=4 ©
< = 1,64
10+ 1—PG
1,2 2 — 1000 K
0- 3 — 2000 K
‘ ‘ _ 12 34 08 4 — 3000 K
0.0 0.5 1.0 1.5 2.0 ’ o’o 0’4 0’8 1’2 1,6 2’0
le* x/y*

Fig. 15 — Variation of the angle of deviation 8 along Fig. 16 — Variation of the Mach number along the
the wall for Mz = 3.00 wall of the plug nozzle for My = 3.00

Figure 16 shows the variation of the Mach number M along the wall of the axisymmetric
plug nozzle for different values of the generating temperature T as well as the case of an ideal
gas, for an imposed exit Mach number My = 3.00.

We notice that the length difference between PG and HT Model is 6.43% for T, =
1000K. We also note that this percentage increases as T increases until it reaches a percentage
equal to 21.95% at Ty = 3000K.

Figure 17 and 18 respectively illustrate the evolution of the temperature and pressure
ratios along the contour of the axisymmetric plug nozzle for different values of the generating
temperature T, for an imposed exit Mach number Mg = 3.00.

It can be seen that the temperature ratio is maximum at the throat. This ratio allows us to
appropriately choose the constructive material resistant to this temperature.

The pressure ratio is used to determine the pressure force exerted on the nozzle wall. This
ratio is also used to study the distribution of radial and tangential stresses in order to determine
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the strength of the material. There is a sudden drop in pressure which will be completely

transformed into thrust energy (to determine the thrust coefficient Cr).
1,0 0,6

1—PG 1—PG
2 —— 1000 K| 2——1000 K
3 — 2000 K 0,5+ 3——2000K
0,8 - 4 — 3000 K| 4 ——3000K
0,4
=
20,3+
o
0,2
0,1
0,0 12 3 4
0,21 : : . . . . : :
0,0 0,4 0,8 1,2 1,6 2,0 0,0 0,5 1,0 1,5 2,0
x/ y* x/ y*

Fig. 17 — Variation of the temperature along the Fig. 18 — Variation of the pressure along the wall of the
wall of the axisymmetric PN for Mg = 3.00 axisymmetric PN for Mg = 3.00

Figure 19 illustrates the variation of the length of the axisymmetric plug nozzle versus the
exit Mach number My and the temperature T.

It is observed that the length of the plug nozzle increases not only with the increase in the
exit Mach number M, but also with the increase in Ty,.

It is concluded that more the nozzle delivers a higher exit Mach number, longer than the
length of the plug nozzle becomes.

For T, equals 3000 K, there is a difference in the length of the plug nozzle between PG
and HT model estimated at 18.41%.

8

; 1P(ﬁ)0 K 1.6 1 —— Perfect Gas 2
3 —— 2000 K 3 2 —— High Temperature
64 — 3000 K i)
¥>, .
S 4 = 4
3 1,4
2] 1,3 ;
(b)
‘ : ' 1,2 . . . : . .
1.0 1520 25 3.0 35 4.0 o 500 1000 1500 2000 2500 3000
Me To (K)

Fig. 19 — Variation of the length of the axisymmetric plug nozzle. (a) Versus the exit Mach number Mg, . (b)
Versus the temperature T,

Figure 20 shows the variation of the mass coefficient C,,,¢s of the axisymmetric plug
nozzle as a function of the exit Mach number My for different values of the temperature T,
and for the perfect gas case.

It should be noted that the difference between the PG curve and the HT curves obtained
for the different temperatures Ty is negligible for an exit Mach number lower than 2.00.

This difference becomes considerable and increases more when the exit Mach number Mg
increases.

It is concluded that more the nozzle produces a high exit Mach number, the greater its
mass. We also note that the curves corresponding to the PG model and to a temperature Ty =

1000 K are almost coincident for all the values of Mg. Thus, it can be concluded that the PG
model can be used for T less than 1000 K.
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80 18

1—PG 1 —— Perfect Gas
2 —— 1000 K 2 —— High Temperature
3 —— 2000 K 4 174 2
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V] T T T T T T 13 T T T T T
1,0 1,5 2,0 2,5 3,0 3,5 4,0 o 600 1200 1800 2400 3000
M. To (K)

Fig. 20 — Variation of the Mass coefficient C,, s of the axisymmetric plug nozzle. (a) Versus the exit Mach
number Mg . (b) Versus the temperature Ty

Figure 21 shows the variation of the thrust coefficient exerted on the profile of the nozzle
with an axisymmetric plug nozzle as a function of the exit Mach number My for different
values of the generating temperature T, as well as for the case of an ideal gas.

It should be noted that the influence or the effect of the temperature T on the thrust
coefficient Cr is negligible when the exit Mach number My, is less than 1.50; but beyond this
value, the difference between the curves of the HT model gradually increases with increasing

M;.
1,6
1—PG 4 0,95 1—— Perfect Gas
2 —— 1000 K 3 2 —— High Temperature 2
3 —— 2000 K
1,2 {4 —— 3000 K f 0,90 -
20,84 w 0,85
o 08 o
0,80 -
0,4
(a) 0,75 1
0,0 T T T T T T v r T T T (b) T
1,0 1,5 2,0 2,5 3,0 3,5 4,0 0 500 1000 1500 2000 2500 3000
Mc x/y*

Fig. 21 — Variation of the thrust coefficient Cr of the axisymmetric plug nozzle. (a) Versus the exit Mach number
Mg, . (b) Versus the temperature T

. . . . A . .
Figure 22 shows the variation of the section ratio (A—f) of the axisymmetric plug nozzle as

a function of the exit Mach number My for different values of the generating temperature T,
as well as for the case of a perfect gas.

Note that the evolution of the section ratio (%) is identical to that of the length of the

nozzle as a function of the exit Mach number My for the case of an ideal gas and for the case
of the HT model.

It should also be noted that the four curves are almost coincident at low values of exit
Mach number; i.e. up to about My = 2.00; but, from this value of Mg, the differences between
the four curves become larger and larger.

It can be concluded that if the exit Mach number My, is less than 2.00, we can use the PG
model instead of using our HT model.

INCAS BULLETIN, Volume 15, Issue 3/ 2023



15 Design and performance evaluation of a high temperature axisymmetric plug nozzle

16 4

1—PG 5.2 1 —— Perfect Gas 2
2 —— 1000 K| 3 472 —— High Temperature
3 — 2000 K
1244 — 3000 K ) 5.0
2 481
< 4,6
441
42 1
4,0 ®)
1,0 15 20 25 30 35 40 o 500 1000 1500 2000 2500 3000
Mg To (K)

Fig. 22 — Variation of the section ratio % of the axisymmetric plug nozzle. (a) Versus the exit Mach number M, .
(b) Versus the temperature T,

4.2 The error induced by the Perfect Gas model

The specific heat Cp constant, which yields acceptable results for low T, and Mg, is taken into

account while developing the perfect model (PG).
In accordance with this investigation, a distinction between the PG model and our HT

model outcomes will be shown.
It is possible to determine the error provided by the PG model relative to our HT model

for each parameter.
For the length (%), section ratio (‘:—f), mass coefficient (Cyy,qss), and thrust coefficient (Cr),

Fig. 23-26 show the evolution of the relative error versus M.

A relative inaccuracy of € = 15.315% for length, ¢ = 15.529% for section ratio, € =
15.490% for mass coefficient, and € = 16.147% for thrust coefficient will be produced by
the usage of the PG model, for instance, if T, = 2000 K and Mg = 3.00.

The adoption of the PG model when Ty < 1000 K or My < 2.00 interprets the error as
being weak (less than 5%) for lower values of Mg and Tj,.

50 1 Error compared to HT model for Tg =1000 K 50 1 Error compared to HT model for Tg =1000 K|
2 Error compared to HT model for Tg =2000 K 2 Error compared to HT model for Tg =2000 K
4043 Error compared to HT model for Tg =3000 K 40 3 Error compared to HT model for Tg =3000 K
3 - 3
30 < 30
S =
= 2 & 2
> =
= 20 QS 20
e
& &
10+ 10
1 1
0 T T T 0 T T T
1 2 3 4 1 2 M 3 4
Mg E
Fig. 23 — Variation of the relative error given by the =~ Fig. 24 — Variation of the relative error given by the
length of the PG and HT models versus Mg Mass coefficient of the PG and HT models versus
Mg
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Fig. 25 — Variation of the relative error given by the =~ Fig. 26 — Variation of the relative error given by the
section ratio of the PG and HT models versus Mg thrust coefficient of the PG and HT models versus
Mg

In plug nozzles, the wall section is substantially constant and therefore it contributes only
a few percent to the total thrust. For reasons of optimization, these nozzles must be truncated
in order to increase their performance. One of the main advantages of the plug nozzles is that
their performance is not dramatically changed if the plug is truncated at even a small fraction
of its length. Indeed, the ending part of the plug (like in the case of conventional nozzles) is
fairly flat and its contribution to thrust is a small fraction of the overall nozzle thrust, as the
force acting on the plug wall is nearly perpendicular to nozzle axis.

Figure 27 shows the coefficient of the mass gain and the loss of thrust coefficient
calculated by the computation code from axisymmetric plug nozzle, truncated to any section
from the exit section to the throat.

— o
] Truncated Plug nozzle

100 100
80 ~ 80
§ | \ \
% 60 N Cmass Gain (%) o =
o ] \Q 2
2 ]
g a0 ~ 40 o
E 1 \qoemon T )
20 AN D 20
° 0
° 20 40 60 80 100
x [ y* (%)

Fig. 27 — Representation of the gain in mass and the Cr loss of a truncated axisymmetric plug nozzle for My =
3.00and Ty = 2000 K

INCAS BULLETIN, Volume 15, Issue 3/ 2023



17 Design and performance evaluation of a high temperature axisymmetric plug nozzle

Table 5 summarizes the performance of the truncated nozzles at the cross sections
between 0% and 30% with respect to the length of the nozzle (%).

Table 5 — Effect of the stagnation temperature T, on the axisymmetric plug nozzle design for My = 5.00

Trancated L Gain % | Less %

Nozzle at y* (Crnass) (Cr)
0% 1.5438| 0.0000 0,0000
5% 1.4667| 4,4665 0,4715
10% 1.3894| 9,1548 0,2210
15% 1.3122| 13,740 0,5613
20% 1.2351| 18,312 0,3860
25% 1.1579| 22,890 0,1937
30% 1.0807| 27,487 0,3590

5. CONCLUSIONS

The purpose of this research is to investigate the impact of stagnation temperature on flow
characteristics and the design of an axisymmetric plug nozzle at high temperature (HT model).
For the first time, a computer code written in FORTRAN program is used for a perfect gas
(PG model) and was developed for the high temperature case (HT model). For values of M
and T lower than 2.00 and 1000 K respectively, the PG model gave very satisfactory results.
As Mg and Ty increase, this affects performance, requiring the use of our HT model to correct
the calculations. This computer code gives results for any gas encountered in nature. The
Cp(T) and y(T) values of the gas are combined to use the HT model. By eliminating all of the
interpolation constants of the function Cp (T) except the first one, we can obtain the relations
of the perfect gas from the relations of the HT model. The PG model thus turns into a special
case of our HT model in this situation.

The application was made on the air. It was found that the design and parameters of the
axisymmetric plug nozzle are significantly influenced by the functions Cp(T), R, and y(T).
But our HT model requires more calculation time for the results to converge than the PG model
needs for the same precision. If an inaccuracy of less than 5% is acceptable, a supersonic flow
may be studied using the PG relations if the stagnation temperature is less than 1000 K for
any value of the Mach number, or when the Mach number is less than 2.00 for any stagnation
temperature up to around 3500 K.

For several stagnation temperatures TO, the error between the HT and PG models is calculated
for various parameters (length, exit section, thrust coefficient, and mass coefficient). For Ty =
2000 K and Mg = 3.00, the PG model yields relative inaccuracies of € = 15.315% for
length, € = 15.529% for section ratio, € = 15.490% for mass coefficient, and € = 16.147%
for thrust coefficient.

This error increases in proportion to the temperature. We can create an extension that uses the
stream-lines approach in space to calculate the physical characteristics of a plug nozzle design
at high temperature of any arbitrary 3D section, such as applications for square or rectangular
forms [18].
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