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ARTICLE INFO ABSTRACT
Editor-in-Chief: Prof. Nastia Degiuli To attain high-performance ejector configurations, an ejection characteristic testing
Associate Editor: PhD Tvana Marti¢ system was established initially to validate the reliability of the Realizable k-¢ turbulent

model. Subsequently, optimization investigations were conducted on lobed nozzle

Keywords: gjectors with various structural parameters. The effects of four key structural
Marine gas turbine parameters, including lobed nozzle expansion angle a, lobed nozzle width d, number
Lobed nozzle ejector of lobes in the nozzle n, and height of the square-to-circle section /, were

Eiecti . systematically studied. Furthermore, the CRITIC method was employed for multi-
jecting cooling performance . . . . . . . . .

objective evaluation to identify the optimal design configuration for the casing ejector.
Orthogonal test The research findings revealed that among the structural parameters, the lobed nozzle
CRITIC method expansion angle a exerted the greatest influence on the ejection coefficient and
pressure loss coefficient. The weights of the evaluation criteria were determined by the
CRITIC method as follows: ejection coefficient (49.38%) < pressure loss coefficient
(50.62%). The optimal design configuration determined by the CRITIC method
included a =45°,d =150 mm, n = 14, and A = 600 mm. The resulting enclosure design
ensures smooth airflow within the system, preventing the backflow of high-
temperature mainstream fluid and heating the enclosure. It also maintains a
temperature distribution in the typical cross-section that meets specified requirements.
Additionally, it facilitates improved mixing of mainstream and secondary fluid and
reduces exhaust gas temperature.

1. Introduction

Gas turbines are widely used in the maritime industry as efficient, energy-saving and environmentally
friendly power systems [1]. Enclosing gas turbines in a casing is a common practice to control engine
temperature and ensure safe operation [2]. In a gas turbine, compressed air enters the combustion chamber for
combustion and then drives the generator or propeller through a turbine. During this process, the gas
temperature is extremely high, requiring cooling to maintain normal turbine operation [3,4]. Additionally,
placing the gas turbine in a sealed casing results in elevated temperatures inside the casing due to heat
dissipation from the turbine unit and slight gas leaks from components such as gas pipes and flanges [5]. These
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elevated temperatures adversely affect the efficiency of the gas turbine. The casing also contains fire detection
systems, fire suppression systems, lighting systems, pipelines, and electrical instruments. Improper
temperature control of the casing can cause secondary heating of auxiliary equipment through radiative heat
transfer from the high-temperature surfaces of the gas turbine unit, leading to secondary damage and potential
risks to external personnel. Therefore, proper ventilation and cooling of the casing are crucial [6]. Injection
cooling is a commonly used cooling method that utilizes exhaust gas expelled from the gas turbine's exhaust
diffuser to extract gas from inside the casing [7-9]. The effectiveness of injection cooling is influenced by
various factors, including the structural parameters of the main jet nozzle, the shape and size of the mixing
duct, and their compatibility [10]. Accurate evaluation of the performance of injection cooling requires
comprehensive consideration of these influencing factors and an in-depth understanding of their impact. Only
through thorough research can well-designed injection cooling devices, matched with gas turbine power, be
developed to enhance gas turbine performance. Therefore, in-depth research and optimization of injection
cooling devices hold significant importance for the development of high-power marine gas turbines, providing
technical foundation. Currently, researchers have conducted experimental and numerical simulation studies
on the injection cooling mechanism of casings [11].

Vahidi et al. [12] employed forced ventilation and combined it with CFD numerical simulations to
identify potential gas leakage areas within the casing and designed baffles to optimize the flow field. An
experimental model was also established to validate the dilution of potential gas leakage areas inside the casing
and ensure the desired temperature of both the casing interior and the casing itself. Lucherini et al. [13] used
transparent organic glass for the shell and ventilation ducts of the experimental model to visualize the overall
flow, facilitating the study of gas leakage. The research results demonstrated a high consistency between
experimental and computational data, validating the accuracy and reliability of the CFD study conducted
during the design phase. Kowalski et al. [14] chose two different methods to simulate forced ventilation and
compared them with experimental data. The results indicated that using two independent outward momentum
sources better matched the experimental results, with gas leakage areas primarily concentrated around the
engine section. In terms of ejector structural design and optimization, Birk and Davis [15] studied the marine
multi-stage exhaust ejector system and designed ejectors named DRES Ball with a central body and E/D with
four nozzle ejectors. These devices were used to reduce infrared radiation in Canadian frigates and destroyers.
Magsood and Birk [16,17] conducted numerical and experimental research on curved ejectors, indicating that
the ejection rate initially decreases and then increases with increasing curvature angle. Increasing the swirl
angle can enhance the ejection rate but leads to pressure losses, suggesting the existence of an optimal swirl
angle. Subsequently, based on their previous study, Magsood and Birk [18] installed an ejector-style diffuser
at the rear of the ejector and investigated its impact on the ejection performance. The results demonstrated that
the ejector-style diffuser significantly improved the ejection performance for highly curved ejectors. In a study
conducted in 2017, Magqgsood et al. [19] explored the effectiveness of curved elliptical ejectors as infrared
signature suppressors, noting that the curvature and swirl of the ejector increased the wall temperature. Hu et
al. [20-22] revealed that rapid mixing occurred between the mainstream fluid and the ejected fluid at a distance
of 2 times the nozzle diameter, resulting in intense mixing phenomena. Nastase [23] compared the ejection
capabilities of two types of lobed nozzles, one without inclination and one with inclination, with a circular
nozzle of the same outlet area and volume flow rate. The research results indicated that the lobed nozzle
without inclination already exhibited superior ejection capabilities compared to the circular nozzle, and when
inclinations were added internally and externally, the ejection flow rate of the lobed nozzle could reach four
times that of the circular nozzle. Paul et al. [24] investigated the subsonic jet characteristics of a lobed ejector
through numerical simulations and examined the effects of lobe length, lobe penetration, and lobe count on
the injection performance. The study revealed that the centerline velocity decay of the lobed nozzle was
significantly faster compared to the Chevron nozzle, with peak Reynolds stresses occurring near the nozzle
exit. Sheng et al. [25] and Liu et al. [26] studied the effects of the spoilers on the injection coefficient, total
pressure loss, mixing efficiency, and temperature of the mixing duct wall. Their research indicated that the
impingement of the primary stream on the mixing duct was observed to depress mixing in the region off the
lobe peaks and decrease the pumping ratio and total pressure recovery coefficient. Chevron spoilers located
at lobe peaks can increase the spacing between the lobe peaks and the mixing duct and deflect the flow
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direction of the primary stream off the lobe peaks, thereby suppressing impingement of the primary stream on
the mixing duct. Sheng et al. [27] used numerical simulation to investigate the jet mixings of different
constructional lobed mixers comprised of lobed nozzles with and without a mixing duct. Their research
indicated that increasing the lobe angle can cause high-temperature mainstream oblique impact on the mixing
duct wall, which is not conducive to reducing the temperature of the mixing duct wall.

In summary, the ejector of the engine casing has become a widely studied subject for scholars both
domestically and internationally, involving multiple aspects of investigation. Scholars have conducted in-
depth research on the ejection mechanism of casing ejectors and made significant efforts in optimizing the
lobed structure [28]. However, there are still some unresolved issues. Firstly, there is no consensus on the
evaluation criteria for casing ejectors, which requires further exploration and discussion. Secondly, existing
studies on ejector performance mainly focus on the infrared suppressor [29-31] at the outlet of the power
device, with relatively limited research on the optimization of ejectors coupled with casing structures.
Therefore, in future research, it is necessary to address these issues to promote the development of the engine
casing field.

Based on this, this study conducts a systematic performance evaluation by introducing multiple objective
evaluation indicators such as ejection coefficient (EC), pressure loss coefficient (PLC) and temperature metric.
Furthermore, the key factors that significantly affect the ejection performance, such as lobed nozzle expansion
angle a, lobed nozzle width d, number of the lobed nozzle n and height of the square-to-circle section 4, are
identified and studied through orthogonal experiments to analyse the system performance under orthogonal
parameters. Further, an optimal casing configuration is determined through multi-objective evaluation, and
the typical temperature distribution of the selected scheme is verified to meet the design requirements.

2. Geometry and method

2.1 Physical model and boundary condition

The ejecting cooling system of a marine gas turbine is examined and a physical model is established as
shown in Fig. 1.

= OQutlet 7 72— Outlet

— Mixing duct

Lobed
Se(.:or.ldary nozzle _ Secondary
fluid inlet Square-to-circle fluid inlet R
section T cu
—» Mainstream Mainstream
fluid inlet fluid inlet
. » Gas turbine
enclosure
(a) Definition of structure (b) Definition of outlet and inlet

Fig. 1 Physical model

As shown in Fig. 1, an exhaust ejector with a lobed nozzle ejector in the gas turbine enclosure is
investigated in this study [28]. Since the exhaust plenum outlet is square, a square-to-circle transition section
is needed to connect the two parts of the exhaust plenum outlet and the lobed nozzle, and the same is true for
the connection between the mixing tube and the gas turbine enclosure. The parameters of the ejector as shown
in Fig. 2.
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A 4

(a) Lobed nozzle ejector (b) Lobed nozzle ejector outlet profile
Fig. 2 Definition of structural parameters

The ejecting cooling system's aerodynamic characteristics are investigated using an ideal gas as the fluid
medium. Considering the accuracy of the Realizable k-¢ model in simulating round hole jet flows, this
numerical simulation employs the Realizable k-¢ turbulence model [28]. The strength of FLUENT in
simulating turbulent lies in its provision of a multitude of advanced turbulence models and solution algorithms,
coupled with its powerful parallel computing capabilities, which together ensure the precision and efficiency
of the simulations. In this study, the pressure-based solver of FLUENT [32], with the coupling solution of
velocity and pressure is achieved through the SIMPLE algorithm [33]. The inlet and outlet boundary
conditions are specified as outlined in Table 1.

Table 1 Boundary conditions

Boundary name Boundary types and parameter settings
Boundary type Mass flow rate inlet
Mainstream fluid inlet Mass flow rate 31.4 kg/s
(High-temperature gas) Temperature 764 K
Airflow direction Normal
Boundary type Pressure inlet
Secondary fluid inlet Temperature 300K
(Ambient air) Gauge pressure 0 Pa
Airflow direction Normal
Boundary type Pressure outlet
Outlet
Temperature 300K
(Blended gas)
Gauge back pressure 1100 Pa

The gas turbine is divided as shown in Fig. 3, which is divided into 9 parts from left to right, numbered
1 ~9 in turn.

Fig. 3 Segment definition of gas turbine

Each part is set to a slip-free wall with an emissivity of 0.9 [28]. The temperature of each part is defined
in sections according to the state of gas turbine operation, and the specific temperature settings are shown in
Table 2.
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Table 2 Specific temperature settings

Number Name Temperature Number Name Temperature
1 Inlet section 350K 2 Low pressure air compressor 477K
3 High pressure air 589 K 4 Combustion 661 K
compressor
5 Aft combustion chamber 661 K 6 Transition section 589K
Power turbine 455K 8 Aft power turbine 455 K
9 Exhaust plenum 439 K — — —

2.2 Evaluation metrics

(1) Entrainment Coefficient (EC)
The EC coefficient is a dimensionless coefficient that indicates the suction capacity of the ejecting
cooling system, and is defined as follows:

n=G !
G, (1)

where G is the mass flow rate of the mainstream fluid, G is the mass flow rate of the secondary fluid.
(2) Pressure Loss Coefficient (PLC)

The PLC is a dimensionless coefficient which indicates the pressure loss in the ejecting cooling system,
and is expressed as follows:
M= Po1 — Poz (2)
q b
where Py; is the total pressure at the mainstream fluid inlet, Py> is the total pressure at the outlet of the mixing
tube, g is the dynamic pressure at the mainstream fluid inlet.

(3) Temperature Indicator (TT)

The air temperature, represented by a typical section inside the gas turbine enclosure, should be below
82 °C (355 K) [34]. It 1s important to note that achieving a substantial reduction in the temperature of the
immediate wall region is challenging solely through the application of cooling, owing to the elevated
temperature of the gas turbine walls. Therefore, the monitoring range does not include temperatures in the
area within 100 mm height of the gas turbine surface [28].

2.3 Validation of numerical simulation methods

To ensure the reliability of the numerical simulation algorithm presented in this investigation, we
constructed an ejection characteristic testing system for experimentation, as shown in Fig. 4. The system
comprises variable frequency centrifugal fan, flow control valve, rectification section, exhaust ejection
section, velocity sensor, smoke generator, and control system, along with other ancillary devices. The
enclosure of this system incorporates an exhaust ejector with a convergent nozzle ejector, as shown in Fig. 5.

As shown in Fig. 6, smoke was used as a visual medium in the experiment to facilitate the presentation
and evaluation of the ejection phenomenon. The fan frequency was set to the value of 40 Hz, and a high-
precision pitot tube anemometer was used to measure the velocity at the converging nozzle inlet and the
mixing tube outlet. The distribution of measurement points at the mixing tube outlet is shown in Fig. 7, with
each point measured three times. The experimental results are presented in Table 3.
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(a) Enclosure and ejector (b) Nozzle and mixing duct alignment

Fig. 4 Ejection characteristic testing system

Fig. 5 Convergent nozzle ejector

Fig. 6 Ejection phenomenon Fig. 7 Distribution of measuring points

Table 3 Experimental results

Fan Average fan

frequency  outlet velocity | Point 1 2 3 4 5 6 7 8 9
(Hz) (m/s)
40 22.57 Vfrln"/‘;‘)ty 3208 2611 2593 2967 2839 27.87 2337 2538 27.16

Based on the exhaust ejection characteristic test mentioned above, models were created for the nozzle,
inlet duct, mixing tube, and ground, maintaining the same dimensions and spatial relationships as in the
experiment. The established model is shown in Fig. 8. Boundary conditions are the same as the experimental
conditions. As shown in Fig. 8, except for the ground, the boundary conditions for all other surfaces in the
computational domain were set as pressure-outlets, and Realizable k-¢ turbulent model was used for simulation
calculation. During the simulation, the airflow velocities at the test points were outputted, and the simulation
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results were compared with the experimental results. The comparison between numerical simulation and
experimental results is shown in Fig. 9.
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Fig. 8 Numerical simulation model Fig. 9 Numerical simulation and experimental comparison results

From Fig. 9, it can be observed that the trend of the simulation results is generally consistent with the
experimental results, with the absolute error rate of the four test points being 6.23%, remaining within 10%.
Therefore, the Realizable k-¢ turbulent model accurately predicts the actual velocity values, indicating that the
Realizable k-¢ turbulent model has a certain degree of reliability and can be used for the subsequent research.

2.4 Mesh independence verification

To ensure that the numerical simulation results are independent of the number of meshes, the original
model is used here as an example, and five different sizes of meshes were set at 4.95 million, 6.45 million,
7.51 million, 8.42 million, and 9.77 million. Analyzing the effect of different mesh sizes on the results of
numerical simulation, using the EC as an indicator as shown in Fig. 10.

0.230
0.225 +
Q
s3]
0.220
0.215
5 6 7 8 9 10
Numbers of grids (Millions)
Fig. 10 Mesh independence numerical validation results Fig. 11 Mesh and boundary Layer

It can be seen that the EC tends to stabilize when the mesh size exceeds 7.01 million, and there is no
significant change as the mesh size increases further. Therefore, considering the mesh density and
computational resources, we choose to set the mesh size to 7.01 million. Fig. 11 shows the mesh used in this
study. We refined the mesh and boundary Layer in areas with significant flow fluctuations to ensure that the
y+ range remained between 30 and 300 [35].
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3. Numerical calculation results and analysis

3.1 Mechanistic study of lobed nozzle ejector

In this section, different lobed nozzle expansion angles a, lobed nozzle widths d, number of lobes n and
heights of square-to-circle 4 of the lobed nozzle ejector will be compared and analyzed, and the mechanism
of the ejector will be investigated and summarized.

3.1.1 Angle of lobed nozzle

This section conducts a comparative analysis of lobed nozzle ejector structures with adjusting expansion
angles of a = 25°, 30°, 35°, 40°, and 45°. By keeping the outlet of the lobed nozzle unchanged and solely
adjusting its height, the expansion angle was effectively altered. Other structural parameters are d = 120 mm,
n =10, and # = 630 mm. These configurations are presented in Fig. 12 and the numerical simulation outcomes
corresponding to the different lobed nozzle angles are systematically compiled and displayed in Table 4 for
comprehensive assessment and comparison.

25°

(a) a =25° (b) a =45°
Fig. 12 Exhaust ejector structure

Table 4 Numerical simulation results for different lobed nozzle angles

Structure P; (Pa) P> (Pa) q (Pa) EC PLC
25° 2043.926 4246.129 210.919 0.1983 10.4410
30° 2059.712 4269.302 210.902 0.2191 10.4769
35° 2118.419 4622.414 210.226 0.2484 11.9110
40° 2141.619 4764.731 209.907 0.2657 12.4965
45° 2216.502 5170.030 209.108 0.2699 14.1244

-

j——_r

Fig. 13 Velocity field of the mixing tube inlet section

As can be seen from Table 4, with the increase of the lobed nozzle angle a, the EC increases and the
increase reaches 0.0716. The PLC gradually increases, with an increase of 3.6834, as the differential pressure
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(P>-P)) increases and q decreases slightly. As the expansion angle of the lobed nozzle is adjusted by lifting
and lowering the nozzle outlet surface, when the expansion angle increases, the leaf nozzle trough is concave
inwards, further compressing the flow area of the mainstream fluid, which will lead to an increase in the
mainstream velocity, as shown in Fig. 13.From Fig. 13, as the a increases, the mainstream flow velocity also
increases, and the entrainment ability is enhanced. The increase in the secondary stream flow rate causes the
low-speed recirculation area in the mixing duct to be weakened and destroyed, this phenomenon was also
confirmed in the study by Shi et al [28]. Therefore, the EC increases significantly.

As the intensification of the inward concavity of the lobed nozzle trough leads to an increase in the
internal drag loss of the ejector, as shown in Fig. 14, so (P2-P;) increases and PLC decreases.

[ 4300

3860
I 3420
2980
2540
r 2100
1660
r 1220

780 N
-100 h

[Pa]

(a) o =25° (b) a =45°
Fig. 14 Pressure distributions inside the lobed nozzle

The temperature around the ejector outlet changes sharply, and observing the temperature distribution
can provide further understanding of the mixing of the flows. The temperature distribution of the mixing tube
inlet section as shown in Fig. 15.

740
[ 685
F 630
575

r 520
465

410
I 355
300

[K]

(a) a=25° (b) a =45°
Fig. 15 Temperature distributions of the mixing tube inlet section

As can be seen from Fig. 15, the vortex structure in the mixing tube wall region will absorb the
mainstream temperature and transfer to the enclosure, restricted flow passage will result in inadequate heat
dissipation within the wall region of the enclosure, and too large an expansion angle will increase the angle of
the wave peaks and valleys of the exit jets. This increases the contact area of the mainstream with the
secondary fluid, better blend to the mainstream, so that too large a lobe nozzle angle will be made to the
outside of the valley of the wave of the small temperature increase.

3.1.2 The width of the lobed nozzle

In this section, we compare and analyzed different widths d of the lobed nozzle ejector. The lobed nozzle
ejector with d = 80 mm, 100 mm, 120 mm, 140 mm, and 160 mm are compared. Other structural parameters
are a = 30°, n = 10, and 4 = 630 mm. The numerical simulation results for different lobed nozzle widths are
shown in Table 5.
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Table 5 Numerical simulation results for different lobed nozzle widths

Structure P; (Pa) P, (Pa) q (Pa) EC PLC
80 mm 2179.157 4933.634 209.569 0.2543 13.1435
100 mm 2118.857 4582.858 210.259 0.2299 11.7189
120 mm 2059.712 4269.302 210.902 0.2191 10.4769
140 mm 2029.192 4142.006 211.141 0.2133 10.0066
160 mm 2032.458 4069.025 211.284 0.2059 9.6390

As can be seen from Table 5, the EC decreases from 0.2543 to 0.2059 with the increase of the lobe
nozzle width d. When the P, decreases significantly, pressure difference between inlet and outlet (P>-P;)
decreases, and ¢ increases slightly, resulting in the PLC decreasing from 13.1435 to 9.639. The adjustment of
the width of the lobed nozzle will directly affect the mixing area of the main and secondary streams, when d
is increased from 80 mm to 160 mm, the main stream recirculation area increases significantly, while the
secondary stream recirculation area decreases. The location where the secondary stream decreases is the
location of the trough, as shown in Fig. 16. This is similar to the conclusion of reference [36]. When d increases,
the recirculation area of the secondary flow decreases and the EC decreases significantly.

250
188

125

(b) d =160 mm
Fig. 16 Velocity vector field at the outlet of the ejector

While increasing the main stream outflow area will reduce the resistance loss of the main stream inside
the inducer, and at the same time reduce the flow velocity. Therefore, the total pressure at the outlet decreases
significantly, as shown in Fig. 17, and the PLC decreases accordingly.

4500
[ 4000
r 3500
r 3000

2500
[ 2000
r 1500

1000
I 500

0

[Pa]

(a) d =80 mm (b) d =160 mm

Fig. 17 Pressure distributions inside the lobed nozzle

As the width of the lobed nozzle increases, the temperature in the nozzle outlet-mixing tube inlet region
decreases, most noticeably on the right side, and the heating effect of the high-temperature main stream on the
chamber will diminish, as shown in Fig. 18.
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(a) d =80 mm (b) d =160 mm
Fig. 18 Temperature distributions with different lobed nozzle widths

In summary, increasing the lobed nozzle width decreases the EC, but on the positive side it also
decreases the PLC and relieves the temperature rising inside the enclosure, caused by the high-temperature
mainstream reflux.

3.1.3 Number of lobes

Different number of lobes n are compared and analyzed. 4 structures of lobes with n = §, 10,12 and 14
are compared. Other structural parameters are o = 30°, d = 120 mm, and /4 = 630 mm. The numerical simulation
results are shown in Table 6.

Table 6 Numerical simulation results for different number of lobes

Structure P; (Pa) P> (Pa) q (Pa) EC PLC
8 2036.544 4342.777 213.1120 0.2352 10.8217
10 2059.712 4269.302 210.9020 0.2191 10.4769
12 2063.709 4263.774 211.0914 0.2058 10.4223
14 2076.702 4235.984 210.9599 0.1904 10.2355

As shown in Table 6, the EC decreases from 0.2352 to 0.1904 and the PLC decreases from 10.8217 to
10.2355 when the number of lobes is increased from 8 to 14. It is worth noting that the fluctuation in pressure
is within a small range. The expansion of the secondary fluid mixing area with fewer nozzles, leading to higher
mainstream flow rates. This enhances secondary fluid entrainment, consequently leading to an increase in EC.
However, this also leads to an increase in pressure loss since the number of recessed indentations in the nozzle
also increases. Fig. 19 shows the pressure description at the nozzle outlet for different nozzle numbers.
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Fig. 19 Pressure distributions with different number of lobes

As shown in Fig. 19, when the number of nozzles is increased from 8 to 14, the negative pressure zone
is weakened, so the ejection capability is reduced and the EC decreases significantly. The temperature
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variation around the ejector outlet can well validate this conclusion. Fig. 20 shows the temperature inside the
mixing tube at different number of lobes.

740
[ 685
630
575

r 520
I 465

410
I 355
300

[K]

(ayn=28 b)yn=14
Fig. 20 Temperature distributions with different lobed nozzle widths
As shown in Fig. 20, a decrease in EC correlates with a reduced effectiveness of the ejection cooling
process, especially in the region adjacent to the wall.

3.1.4 Height of square-to-circle

This section compares and analyses different square-to-circle section heights 4. Five structures of the
ejector are compared with 2 =570 mm, 600 mm, 630 mm, 660 mm, and 690 mm. Other structural parameters
are a = 30°, n =10, and d = 120 mm. The numerical simulation results are shown in Table 7.

Table 7 Numerical simulation results for different height of square-to-circle

Structure P (Pa) P> (Pa) q (Pa) EC PLC

570 mm 2122.172 4682.795 209.870 0.2302 12.2010
600 mm 2115.159 4616.049 210.107 0.2300 11.9029
630 mm 2059.712 4269.302 210.902 0.2191 10.4769
660 mm 2120.324 4556.828 210.398 0.2214 11.5804
690 mm 2119.225 4509.766 210.552 0.2219 11.6537

As can be seen from Table 7, both EC and PLC show a decreasing and then increasing trend with a small
range of variation. The / will affect the position of the lobed nozzle outlet, lower-lobed nozzle outlet surface
will promote mixing between the mainstream and secondary fluids, providing more space. Further into the
outer square rotating circle will compress the secondary flow recirculation area, but to enhance the velocity
as a compensation, as shown in Fig. 21. So that the EC and PLC tends to decrease and then increase, and the
reason for a smaller range of fluctuation is that the flow field does not undergo a large change.

Fig. 22 presents temperature variations in the crest and trough sections for various values of 4. Fig. 22
shows that changing / has a greater effect on the crest outlet of the lobed nozzle. This is attributed to the fact
that as the nozzle outlet continually approaches the inlet of the mixing tube, the edge of the main stream is
affected by the viscous effects of the secondary flow. This leads to a separation of the high-temperature gases,
which impinge on the surface of the outer square-to-circle, and partly occur in the reflux and vortex within
the inner part of the enclosure. When the nozzle outlet height exceeds this critical value, so that the high-
temperature mainstream completely rushed into the mixing tube, this reflux heating phenomenon has been
alleviated.
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Fig. 21 Velocity distributions with different height
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3.2 Orthogonal test

Orthogonal parameter designs were calculated for the four structural variables studied in section 3.1, as
shown in Table 8. The orthogonal table for the orthogonal tests conducted in this study and the numerical
simulation results for each test are shown in Table 9.

Table 8 Designed parameters

Objects Parameters
Lobed expansion angle o 30° 35° 40° 45°
Lobed width d 100 mm 120 mm 140 mm 160 mm
Number of lobes n 8 10 12 14
Ejector outlet heights / 600 mm 630 mm 660 mm 690 mm

Table 9 Numerical simulation results

Number A B C D Combination EC PLC

1 1 1 1 1 A1BiCiD, 0.2722 13.1094
2 1 1 2 2 A1BCD2 0.2404 11.4095
3 1 2 3 4 AiB>C3D4 0.1676 8.8524
4 1 2 4 3 A1B2C4Ds 0.1878 10.1315
5 1 3 1 3 AiB3;CiD; 0.2464 10.4957
6 1 3 2 4 AB3CyDy 0.1893 8.8382
7 1 4 3 2 A1B4C3D, 0.1962 10.3238
8 1 4 4 1 A1B4C4D, 0.2468 10.5749
9 2 1 3 4 ArB1C3D4 0.2044 10.8959
10 2 1 4 3 A,BC4D; 0.2196 11.9714
11 2 2 1 1 AxB,C D, 0.2815 12.8011
12 2 2 2 2 AoBCoDy 0.2281 11.2330
13 2 3 3 2 A>B3C3D, 0.2292 11.0725
14 2 3 4 1 A;B3C4D;y 0.2548 10.6815
15 2 4 1 3 A»B4CiD; 0.2471 11.3831
16 2 4 2 4 AxB4CoDy 0.2080 9.2625
17 3 1 3 1 A3BC3D;y 0.2523 13.0819
18 3 1 4 2 A;B1C4D2 0.2433 13.3114
19 3 2 1 4 A3;B2CiDy 0.2766 12.6187
20 3 2 2 3 A3B>CoDs 0.2464 11.6713
21 3 3 3 3 A3B3C3Ds 0.2245 10.7923
22 3 3 4 4 A3B3C4Dy 0.2101 9.1533
23 3 4 1 2 A3B4CiD; 0.2851 14.2300
24 3 4 2 1 A3B4CyDy 0.2636 12.6445
25 4 1 1 4 A4B1CiDy4 0.2187 11.8308
26 4 1 2 3 A4B1CoD; 0.2454 12.0495
27 4 2 3 1 A4B,C3D; 0.2897 14.2007
28 4 2 4 2 A4ByCyD; 0.2600 14.2256
29 4 3 1 2 A4B;CiD; 0.2517 11.5837
30 4 3 2 1 A4B;CoDy 0.2818 10.7054
31 4 4 3 3 A4B4C3Ds 0.2447 11.0572
32 4 4 4 4 A4B4C4Dy 0.2540 11.2272
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3.3 Multi-objective evaluation based on CRITIC method

To further increase the number of samples and improve the optimization-seeking accuracy, the genetic
aggregation algorithm in WORKBENCH response surface analysis was used to predict the above numerical
simulation results, and finally, 5000 results for different structures were obtained. In the following section,
the CRITIC weighting method will be used to analyze the weights of two evaluation metrics.

The CRITIC weighting method is an objective weight assignment method proposed by Diakoulaki [37].
It utilizes the variability and conflict of evaluation metrics to comprehensively measure the objective weight
of metrics [38]. This method is particularly suitable for multi-attribute and multi-objective decision-making
scenarios. The steps of the integrated model construction of the CRITIC weighting method are as follows:

1. Suppose there are n samples for evaluation, each assessed using m evaluation metrics. This forms a
raw data matrix of the evaluation metrics:

X Xy,
X=| i i 3)

X el X

nl nm
The notation x;; represents the value of the j-th evaluation metric for the i-th sample in the original data
matrix, which consists of n samples and m evaluation metrics.

2. As the evaluation matrix PLC in this study is as small as possible. Therefore, the PLC matrix is
reversed and normalized:
! ‘xm X X;
x, =&  J , (4)
X

max 'xmin

3. The variability of matrices is expressed in the form of standard deviation:

()

where S; shows the standard deviation of the j-th matrix.
4. Conflict of matrices is expressed by correlation coefficient:

R =2(1-1), ©)

where 7;; denotes the correlation coefficient between evaluation matrices i and ;.
5. Amount of information:

»
C/:S/Z(I_G/):S/XRN (7)
i=1

where the larger C; is, the greater the role of the j-th evaluation matrix in the overall evaluation matrix
system, and the more weight should be assigned to it.

6. Objective weights:
In summary, the objective weights W, of the j-th matrix are:
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W, =—
Y (8)

J=1

This section uses the CRITIC evaluation method to perform a multi-objective comprehensive evaluation
of the calculated results. The evaluation results of the CRITIC evaluation method are shown in Table 10 and
found the optimal structural parameters on this basis, due to the limitation of space, this study takes the top 5
and last 5 solutions as examples, and the specific optimization results are shown in Table 11.

Table 10 Calculation results of the weights

Evaluation Metrics ~ Variability of indicators ~ Conflicting indicators Information volume Weight (W)
EC 0.193 1.82 0.351 49.38%
PLC 0.198 1.82 0.36 50.62%

Table 11 Predictive results of CRITIC method

NO o d n h EC PLC SCORE
1 45 150 14 600 0.2816 10.8141 0.7778
2 44.375 150 8 600 0.2846 10.9603 0.7581
3 30 155 14 600 0.2797 10.8456 0.7578
4 43.125 150 8 600 0.2773 10.8985 0.7483
5 41.875 150 8 600 0.2763 10.8664 0.7353
4996 30 105 8 622.5 0.2608 14.3191 0.4006
4997 30 100 12 626.25 0.2492 13.7802 0.4001
4998 30 100 10 626.25 0.2577 14.1918 0.3991
4999 30 100 11 626.25 0.2510 13.9246 0.3952
5000 30 100 11 626.25 0.2538 14.0642 0.3947

As can be seen from Table 11, after the evaluation of the CRITIC method, the structure of the optimal
solution with a =45°, d =150 mm, n =14, h = 600, where the EC reaches 28.16% and the PLC is only 10.8141.
The overall score reaches 0.7778.

3.4 Validation of optimization results

The multi-objective evaluation is performed by CRITIC method, and the optimal solution is obtained.
The optimal solution obtained from the prediction is verified by numerical simulation. A comparison of the
results is shown in Table 12.

Table 12 Validation results of numerical simulations

NO a d n h EC PLC
Initial Model 30 120 10 630 0.2143 10.8642
Optimization Results 45 150 14 600 0.2816 10.8141
Numerical Simulation Validation 45 150 14 600 0.2798 10.6800

As can be seen from Table 12, the optimized structure well improves the EC while reducing the PLC,
comparing the Optimization Results and Numerical Simulation Validation, the EC error is 0.6% and the PLC
error is 1.2%, which verifies the accuracy of the genetic aggregation algorithm while further ensuring that the
effectiveness of the optimized structure. A comparative analysis of the flow field and temperature distribution
inside the enclosure assembly is performed and the initial lobed nozzle ejector to verify whether the
temperature meets the design requirements. Fig. 23 shows the temperature distribution of a typical section
within the gas turbine enclosure, and Fig. 24 shows the flow depiction of the exhaust system.
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Fig. 24 The flow depiction of the exhaust system

From Fig. 23, it's evident that the temperature surrounding the nozzle outlet is notably high.
Furthermore, Fig. 24 highlights a significant issue prior to optimization: a pronounced high-temperature
mainstream refluxing into the interior of the enclosure within the mixing tube. This design leads to inadequate
mixing, with the high-temperature mainstream still concentrated predominantly in the middle of the tube.
Additionally, the vortex edges are small and dispersed, failing to effectively reduce the temperature of both
the high-temperature mainstream and the ejected secondary stream upon mixing.

Fig. 24(b) demonstrates the substantial improvements post-optimization. The temperature around the
nozzle noticeably decreases, and the reflux within the mixing tube undergoes improvement. Moreover, the
fluid flow evolves to form four symmetric and complete vortices, significantly boosting doping efficiency
while reducing both the temperature and temperature differential of the exhaust gas. Notably, the maximum
temperature at the typical cross-section inside the enclosure drops from 576.26 K to 348.86 K, meeting the
design requirement of maintaining temperatures below 355 K.

4. Conclusion

This study aims to achieve an optimized design of the exhaust ejection ejector for marine gas turbines
by investigating the impact of structural parameters of the lobed nozzle ejector to obtain a high-performance
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configuration. Parameters such as lobed nozzle expansion angle («), lobed nozzle width (d), number of lobes
in the nozzle (n), and height of the square-to-circle section (4) are analyzed. An orthogonal experimental
design is employed for this purpose. Subsequently, the CRITIC method is utilized for multi-objective
evaluation to determine the optimal design structure for the lobed nozzle ejector.

(1) To validate the reliability of the turbulent model, an ejection characteristic testing system equipped
with a convergent nozzle ejector was designed and constructed. Comparative analysis between experimental
results and numerical simulations revealed that the Realizable k-¢ model accurately simulated the actual
velocity, with an absolute error rate of 6.23%.

(2) The lobed nozzle ejector can achieve a larger ejection coefficient (EC) while maintaining a low-
pressure loss coefficient and preserving the overall pressure at the exhaust ejector outlet. Among the four
parameters, the ejection coefficient (EC) and the pressure loss coefficient (PLC) are most significantly
influenced by the lobed expansion angle a, and least affected by square-to-circle section heights 4. However,
if /1 1s too small, it can cause the high-temperature mainstream reflux into the enclosure

(3) According to the CRITIC method, the weight (W;) of the pressure loss coefficient (50.62%) is slightly
higher than the ejection coefficient (49.38%). Applying the CRITIC method, the optimal solution is obtained
corresponding to a lobed nozzle expansion angle a = 45°, lobed nozzle width d = 150 mm, number of the
lobed nozzle n =14, height of the square-to-circle section # = 600 mm. The maximum temperature of the
typical cross section inside the enclosure is reduced from 576.26 K to 348.86 K.
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