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Abstract

:

The combustion characteristics of a hydrogen-fueled supersonic combustor featuring a large cavity length-to-depth ratio (i.e., 11) were examined by performing experimental trials while varying the fuel injector positions and equivalence ratios. During these trials, flame chemiluminescence images were acquired simultaneously from the side and bottom of the combustor under Mach 2.0 inflow conditions. The flame was observed to stabilize inside the cavity under all conditions. Proper orthogonal decomposition (POD) and dynamic mode decomposition (DMD) analyses of sequential flame chemiluminescence images demonstrated the important effects of oblique shocks induced by fuel injection and heat release on flame stabilization. Because fluctuations in the locations of the flame and of the intense heat release zone were not observed and no dominant frequency was identified in POD and DMD analyses, the present configuration was evidently able to suppress combustion instability. The present research provides preliminary guidance for exploring the feasibility of using cavity combustors with large length-to-depth ratios in scramjet engines.
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1. Introduction


Scramjet engines are promising candidates for efficient air-breathing propulsion at high flight Mach numbers; however, it is challenging to achieve flame stabilization and efficient combustion in such engines because the residence time of the flow in the combustor is on the order of milliseconds [1,2,3,4]. To resolve this problem, a cavity flame holder has been proposed as a means of achieving robust flame holding and stabilization. Huellantel et al. [5] first demonstrated the feasibility of utilizing a flameholding cavity structure in conjunction with supersonic flow in the 1950s. Following this initial work, various aspects of cavity-based supersonic combustors were investigated, such as flame stabilization modes [2,6,7,8,9,10,11,12,13,14,15,16] and oscillation characteristics [11,12,17,18,19,20,21,22,23,24,25]. The simplified structure, improved flameholding characteristics and lower total pressure losses of cavity-based supersonic combustors have resulted in the application of these units to supersonic combustion scramjet engines.



There has been a substantial amount of research concerning the mixing and stabilization characteristics associated with supersonic flow in recent years, and the transverse injection of fuel from a wall orifice has been shown to be a simple yet effective means of enhancing mixing. Ben-Yakar et al. [26] experimentally investigated the mixing characteristics of hydrogen and ethylene transverse jets. Their results demonstrated that an ethylene transverse jet penetrated deeper into the freestream than a hydrogen jet at the same jet-to-freestream momentum flux ratios. This difference was attributed to variations in the large-scale coherent structures present in the jet shear layers. Because they provide reduced drag force, cavity flameholders featuring small length-to-depth ratios have received special attention. As an example, Choi et al. [27] numerically assessed the flow characteristics of a supersonic combustor with transverse hydrogen injection and reported that the intrinsic unsteadiness induced by shear layer instability, shock waves and fuel injection generated oscillatory flow, although a dominant frequency was not observed in the case of a reacting flow. Liu et al. [9] investigated the unsteady characteristics of an ethylene jet flame ignited by a pulse laser by simulating reactive flows in a scramjet combustor using a high-accuracy LES. The heat released during the associated chemical reaction was found to play an important role in the variation of the temperature field within the cavity. The configuration of the cavity is also a key parameter affecting both mixing and stabilization during supersonic flow. Huang et al. [13,14,15] analyzed the effects of the equivalence ratio and the injector position on transitions between flame modes and also assessed the effects of backpressure on the mixing process. Ouyang et al. [24,25] experimentally examined the effects of cavity parameters and the equivalence ratio on combustion oscillations in scramjet combustors and determined that the distance between the ethylene injector and the cavity played an important role in the onset of combustion instability. With advances in combustion diagnostics and the use of statistical methods, more detailed information has become available. Micka and Driscoll [21] discovered two distinct combustion stabilization modes for a system based on hydrogen injection upstream of a cavity and investigated the transition between these two modes using pressure measurements. On the basis of high-speed CH* chemiluminescence, shadowgraph analyses and pressure measurements, six typical combustion modes were reported to occur in a scramjet model combustor within the relatively low frequency of 100–500 Hz using the proper orthogonal decomposition (POD) and dynamic mode decomposition (DMD) methods [11]. Further investigation demonstrated that vortexes formed by boundary layer separation and temporal thermal choke produced oscillations between the jet wake flame and the cavity shear-layer stabilized ram combustion [12].



The research described above was primarily conducted using cavities with length-to-depth ratios of less than 7, and there have been very few studies regarding the flame stabilization of cavities with large ratios. Li et al. [28] experimentally investigated the effects of cavity geometry on the combustion processes in a Mach 2 supersonic flow and found that a large length-to-depth ratio promoted combustion. Tian et al. [29] applied five non-intrusive measurement techniques simultaneously to obtain more comprehensive information regarding the combustion characteristics in a cavity combustor with a length-to-depth ratio of 11. Xiong et al. [30] also studied the ignition and combustion characteristics in the same cavity-based supersonic combustor at low stagnation temperature and pressure.



The above discussion indicates that, although the flow structures and combustion characteristics of cavity-based scramjet engines have been investigated for several decades, certain phenomena, as well as the flameholding and oscillation combustion mechanism, have not yet been fully elucidated. This is especially true with regard to flameholding and oscillation combustion characteristics at large length-to-depth ratios. On this basis, the present study performed a series of comparative experiments using different injector positions and various equivalence ratios in a cavity-based supersonic combustor with a length-to-depth ratio of 11, and POD and DMD analyses were applied to chemiluminescence images captured using a high-speed camera at 20 kHz. The results of the present research were compared with previous studies to investigate the effects of the length-to-depth ratios on the flameholding and oscillation combustion characteristics. Additionally, the effects of oblique shocks induced by the fuel jet on flameholding and combustion instability were also examined.




2. Experimental Setup


Experimental investigations were carried out on a direct-connected supersonic combustion facility within the China Aerodynamics Research and Development Center. During these trials, a high enthalpy airflow with a stagnation temperature of 950 K and stagnation pressure of 0.82 MPa was obtained by employing a hydrogen-fueled heater. Make-up oxygen was added to maintain a 21% O2 mole fraction, the molar composition of the airflow at the isolator entrance was 21% O2, 12% H2O and 67% N2, and the Mach number was 2.0.



Figure 1 provides a diagram of the combustor and the associated data acquisition system. In this apparatus, a cavity with a depth of 11 mm and a length of 121 mm was connected to the downstream of the isolator. There were two fuel injection positions, as shown in Figure 1. The first injector (K1) was located at the isolator 15 mm from the cavity step; the second injector (K2) was situated on the top wall of the cavity at an axial position 25 mm from the cavity step. Hydrogen was injected vertically into the airflow by ten holes (each with a diameter of 1 mm) at specific positions according to the experimental requirements. Three quartz windows were installed to allow chemiluminescence images to be captured: two on the side walls and one on the bottom of the cavity. More detailed descriptions of the experimental system can be found in prior publications [30,31]. As shown in Figure 1b, the data acquisition system comprised a high-speed camera (IX i-speed 720, Essex, UK) and two fiber-based endoscopes (FBEs) combined with two 50 mm f/2.8 Nikon prime lenses (Tokyo, Japan), allowing simultaneous observations of the combustion process in the cavity from two perspectives. The FBE1 faced the side wall quartz window; the FBE2 faced the window on the base of the apparatus. Chemiluminescence images of the combustion products were captured at a framerate of 20 kHz. The field of view of FBE1 was limited to the region indicated by dark shading in Figure 1a to ensure the frame rate. The parameters applied during the experimental trials are summarized in Table 1.




3. Results


3.1. Chemiluminescence Images


In accordance with the research of Schefer et al. [32,33], the chemiluminescence signal of hydrogen–air flame mainly comes from H2O*, which is generated in an exothermic process; therefore, the chemiluminescence signal here is used to reflect heat release. Figure 2 shows the instantaneous, averaged and standard deviation of side-view flame chemiluminescence images acquired under different conditions. From both the instantaneous and averaged images, it is evident that the flame zone was located within the cavity in each trial. In the case of Φ = 0.2, the intensity of the averaged image acquired with hydrogen injected from the upstream injector was greater than that acquired with the injector inside the cavity. This result indicates that the hydrogen underwent more vigorous combustion when injected from the upstream position at a given equivalence ratio. This same phenomenon was also reported by Tian et al. [29] and was attributed to improved fuel–air mixing [30]. The standard deviation images show the variation in the chemiluminescence as a function of spatial positions, which are indicative of regions of heat release fluctuations. As seen, a uniform degree of variation in chemiluminescence signals (and presumably heat release) occurred within the cavity.



Figure 3a presents the averaged flame brush extracted from the chemiluminescence images, from which it is apparent that the flame expanded into the mainstream with increases in Φ when using the K1 injector. In addition, the flame brush obtained in conjunction with the K2 injector exhibited greater distortion compared with the K1 cases. Figure 3b shows the outermost edges of the standard deviation images and demonstrates that the outermost edges with higher Φ values tended to expand into the mainstream. Because the standard deviation varied according to the region where the flame was located, the edges of these standard deviation images became more representative of the flame location over time. In the trials using the K1 injector, the flame was located within the cavity in conjunction with a Φ value of 0.1; however, at Φ = 0.2 and 0.3, the flame zone expanded to the isolator. Recent research [34] performed using the same cavity-based supersonic combustor identified two oblique shocks that had a significant effect on both the flow field and combustion. One of these shocks was induced by the fuel jet that appeared near the fuel injector, while the other resulted from the heat released by combustion in the cavity and typically appeared downstream of the first shock. The intensity of each shock was proportional to the equivalence ratio. The edges in Figure 3b show the same locations as the first oblique shock observed in previous Schlieren measurements [31]. On the basis of these results, the expansion of the flame zone was due to the decrease in the mainstream velocity resulted by a strong shock wave formed in the large equivalence ratio case. Fuel–air mixing was also enhanced and the flame expanded to the mainstream and isolator.



The previous research results summarized in Table 2 establish that the flame stabilization mode can be classified as either inside the cavity, in the cavity shear layer, in the fuel jet wake or oscillating between the above three types of stabilization. In addition, it is obvious that the type of stabilization changes with variations in both the equivalence ratio and air stagnation temperature at low length-to-depth ratios (such as in the range of 4–5). In general, increasing the equivalence ratio tends to cause the flame stabilization mode to gradually transition from inside the cavity to within the cavity shear layer and finally to the jet wake flame; however, for the present cavity flame holder with a length-to-depth ratio of 11, there was no transition, such that the flame stabilization mode was constantly located inside the cavity as the equivalence ratio was increased. Instead, the flame zone expanded and gradually developed into the main flow with increases in the equivalence ratio, as seen in Figure 2 and Figure 3a.



Figure 4 provides data regarding the overall flame chemiluminescence intensity values obtained from 2000 images for each trial. It is evident that the intensity values obtained from FBE1 increased along with Φ. In addition, at Φ = 0.2, the intensity obtained using injector K1 was greater than that from K2. As strong shocks were generated from the K1 injector accompanied by heat release, the combustion proceeded in association with a lower mainstream velocity and enhanced fuel–air mixing. The heat release thus became more intense. The data obtained from FBE2 exhibit a similar trend to that from FBE1.




3.2. POD and DMD Analyses


POD and DMD analyses have been successfully applied in both experimental and numerical studies and have been used to assess the dynamic behavior of flame structures and combustion instability [11,12,36,37,38,39]. In the present study, the combustion characteristics under various conditions were investigated based on time-resolved flame chemiluminescence data. Specifically, sequential images of flame chemiluminescence were decomposed into the summation of POD and DMD modes. The characteristic frequencies that appeared during combustion were processed using the fast Fourier transform (FFT) for POD modes. The POD modes were ordered based on relative energy and low-rank POD modes occupied a majority of the overall energy. In contrast, the characteristic frequencies of the DMD modes were dependent on the eigenvalues.



Figure 5 and Figure 6 present the first four POD modes for FBE1 and FBE2, respectively. The 0th POD mode was identical to the mean flame structure shown in Figure 2, while the subsequent modes represented overlying fluctuations. The data in Figure 5 demonstrate that, for the four conditions in the present research, the first eigenmode was associated with fluctuations inside the cavity and within the shear layer, although the exact mode shapes were quite different for different operating conditions. The fuel jets and corresponding flow fields were the primary causes of these differences. In the case of the K2 injector, although there was only a single oblique shock near the leading edge caused by heat release, the flow field after the strong shock was relatively stable because of the high heat release rate. In addition, the separation of coherent structures at the injector is evident for modes 2 and 3. During trials using the K1 injector, the intensity variations of the two oblique shocks from fuel injection and heat release had an apparent effect on the flame structures. As noted above, the intensities of both shocks were proportional to the equivalence ratio and so, for Φ = 0.1, the intensity of the induced shocks was so weak that the corresponding flow field after the shocks was unsteady and the mixing effect was minimal; therefore, the POD mode distribution was distorted and some unexpected small individual regions emerged, confirming that the spatial position of the flame fluctuated greatly. In contrast, the POD modes became more regular with increases in the equivalence ratio (i.e., for Φ = 0.2 and 0.3), leading to stable, coherent flame structures.



A similar effect was also observed in the POD modes obtained from FBE2. In Figure 6, the distribution is seen to have separated structures along the mainstream flow direction (as indicated by the black dotted lines) in conjunction with the first mode at Φ = 0.2 using K2 and Φ = 0.1 using K1. In contrast, increasing Φ to 0.2 and 0.3 with the K1 injector induced the separated structures along the mainstream flow direction appearing in the second and third modes, respectively. With the reduced effect of the shock waves (i.e., Φ = 0.2 for K2 and Φ = 0.1 for K1), the flow and flame stabilization characteristics inside the cavity became closer to those previously reported for a non-reactive supersonic crossflow over a cavity [34]. At a relatively large length-to-depth ratio, this crossflow was found to exhibit two recirculation zones, one of which was located near the leading edge inside the cavity while the other was situated near the ramp as performed in [34] and summarized by Ben-Yakar et al. [17].



Figure 7 shows the FFTs of the primary POD modes and the DMD power spectrum for hydrogen injected from the K1 injector with Φ = 0.3. No dominant frequency and coherent structures are observed from the PSD and DMD mode distributions. The frequency spectra exhibit a broad distribution. Similarly, the other three cases investigated in this work did not generate a dominant frequency, suggesting that any periodic vortex shedding or acoustic modes did not couple with the reaction. The results are also consistent with the cavity surface pressure measurements in our previous works [29,40]. Conversely, the dominant frequencies associated with supersonic combustion generally appear in cavities with low length-to-depth ratios, as shown in Table 3, and are concentrated in the frequency range of 5–500 Hz [11,12,18,20,21,22]. A few studies have also found higher frequency oscillations in the kHz range [12,23], which were primarily attributed to the so-called thermal choke.



Based on the analyses in Section 3.1 and Section 3.2, it is apparent that a cavity flame holder with a length-to-depth ratio of 11 provides advantages in flame stabilization. Specifically, the flame was stabilized inside the cavity over a wide range of equivalence ratios (i.e., 0.1–0.3), indicating that the flame was more stable because the direct impact of inflow variations was much weaker compared with a flame stabilized in the cavity shear layer and jet wake. In addition, designs for thermal protection would be simplified with this arrangement because of the fixed location of the flame, and the probability of combustor damage from pressure fluctuations resulting from flame position variations would be much lower; however, it is worth noting that, although the flame was fixed inside the cavity, the location of the intense heat release zone might fluctuate within the flame zone, especially for a cavity with a large length-to-depth ratio, as is discussed in the following section.




3.3. Temporally Resolved Flame Dynamics


The temporal variations of the flame demonstrated the instantaneous fluctuations of both the flame structure and intensity and Figure 8 summarizes the changes in the flames obtained using the K1 and K2 injectors for Φ = 0.2 obtained from FBE1. Interestingly, these two sequences of images show completely different structures. In the case of the K1 injector, the shear layer was relatively smooth, whereas the K2 injector generated a highly distorted shear layer and the effect of the jet on the flame structure was remarkable. As an example, a recirculation zone was formed near the leading edge of the cavity upstream of the K2 injector. This leading edge functioned as a step and was followed by transverse injection that created a large recirculation area with hot gases serving as a continuous ignition source [17].



To further illustrate the distribution pattern of the intense reaction and the effects of the fuel jets on the combustion characteristics of the cavity-based scramjet combustor, the mean intensity values for specific regions were calculated. In this process, the cavity was divided into three regions according to the FOV of FBE1, as shown in Figure 9.



The averaged chemiluminescence intensity was calculated by summing the intensity of each region and then dividing by the flame area in that region to exclude the effect of flame area variation. It is considered significant that regions ① and ② exhibited the highest mean intensity values in conjunction with the K2 and K1 injectors, respectively, as shown in Figure 10. This result suggests that a relatively long distance was required for the mixture of fuel and air to achieve optimal combustion. In addition, the location of the highest mean intensity was closer to the upstream position when using the K1 injector as compared with the K2. This result indicates that better mixing and a more suitable flow field possibly resulted from shock waves induced by the fuel jet from the K1 injector and from heat release.



The relative magnitudes of the heat release rates in the three regions remained unchanged over time for all four cases in the present research, confirming that fluctuations in the location of the intense heat release zone inside the cavity can be excluded from the design considerations for cavity-based supersonic combustors with large length-to-depth ratios.





4. Conclusions


The combustion characteristics of a cavity-based supersonic combustor with a large length-to-depth ratio of 11 were experimentally assessed, and the combustion inside the cavity exhibited specific behaviors. The flame was determined to be stabilized inside the cavity over a wide range of equivalence ratios, and the oblique shocks induced by fuel injection upstream of the cavity and heat release were found to play an important role in flame stabilization. The vertical injection of fuel from upstream of the cavity and relatively high equivalence ratios enhanced flame stabilization and promoted combustion. Compared with cavity-based combustors with low length-to-depth ratios, the present configuration was found to be advantageous in terms of suppressing combustion instability. Further studies visualizing the flow field while simultaneously acquiring flame images would provide a better understanding of the flame stabilization process.
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Figure 1. (a) Schematic of the combustor; (b) schematic of the measurement system. 
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Figure 2. Instantaneous, averaged and standard deviation images of flame chemiluminescence. 
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Figure 3. (a) Averaged flame brush; (b) the outermost edge of standard deviation images. 






Figure 3. (a) Averaged flame brush; (b) the outermost edge of standard deviation images.



[image: Aerospace 09 00214 g003]







[image: Aerospace 09 00214 g004 550] 





Figure 4. Overall intensity of flame chemiluminescence in different cases. 
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Figure 5. The first four POD modes of chemiluminescence images captured by FBE1. 
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Figure 6. The first four POD modes of chemiluminescence images captured by FBE2. 
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Figure 7. Power spectrum density of FFT for POD mode coefficients, power spectrum of DMD modes for hydrogen injected from K1 injector under Φ = 0.3 together with the first four DMD modes of chemiluminescence images captured by FBE1. 
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Figure 8. The temporal variation of flame chemiluminescence in K1 and K2 injector cases, Φ = 0.2. 
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Figure 9. Schematic of the three regions. 
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Figure 10. Averaged chemiluminescence intensity in different regions of the cavity with (a) the K1 injector and (b) the K2 injector. 
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Table 1. The experimental parameters used in the present study.
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	Case
	Injector
	Injection Pressure (MPa)
	Equivalence

Ration(Φ)





	1
	K2
	0.3
	0.2



	2
	K1
	0.15
	0.1



	3
	K1
	0.3
	0.2



	4
	K1
	0.4
	0.3
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Table 2. Flame stabilization modes previously investigated and reported in the literature.
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	Authors
	Fuel
	Mach Number
	L/D
	Operating

Conditions
	Flame Stabilization Mode





	Yuan et al. [10]
	Ethylene
	2.5
	4
	Φ = 0.258

Φ = 0.291

Φ = 0.376

Φ = 0.411
	Inside the cavity

In the cavity shear layer

Oscillation

In the jet wake



	Nakaya et al. [11]
	Ethylene
	2
	5
	Φ = 0.070

Φ = 0.076

Φ = 0.150
	In the cavity shear layer

Oscillation

In the jet wake



	Micka and Driscoll [21]
	Hydrogen
	2.2
	4
	T0 = 1000–1100 K

T0 = 1000–1300 K

T0 > 1350 K
	Inside the cavity

Oscillation

In the jet wake



	Wang et al. [35]
	Hydrogen
	2.52
	4, 7
	T0 = 1486 K
	In the jet wake

Inside the cavity/

In cavity shear layer










[image: Table] 





Table 3. The oscillation characteristics reported in the literature.
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	Authors
	Fuel
	Mach Number
	L/D
	Dominant

Frequency
	Comment





	Choi et al. [27]
	Hydrogen
	3
	4
	None
	



	Lin et al. [22]
	Ethylene
	2.2
	3.9
	100–400 HZ
	The upper bound is dictated by the shock-flame coupling mechanism and the lower bound by the injector–flame interaction.



	Allision et al. [20]
	Ethylene
	2
	5.9
	340 HZ
	An instability in which acoustic waves are reflected and convected between the shock train and flame front.



	Micka and Driscoll [21]
	Hydrogen
	2.2
	4
	5–20 HZ
	The frequency of the oscillation between the modes.



	Wang et al. [23]
	Hydrogen
	
	7
	15–20 kHz
	Both the frequency and intensity of the pressure oscillations shift to higher levels compared to cold flow.



	Ouyang et al. [25]
	Ethylene
	2.1
	4, 5, 7
	40–140 Hz
	The dominant frequency fluctuates slightly with the variation of the length to depth ratios.



	Nakaya et al. [11]
	Hydrogen

/Ethylene
	2
	5
	Low: 50–500 Hz

High: kHz
	The dominant frequency increased with increasing equivalence ratio.
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
=
K2 (@ =0.2)
s o |
K1 (0 =0.1)
4 § 4 | 3 4
K1 (@ =0.2)

L g ]
K1 (@ =0.3) ‘






media/file18.png
|K2
K1 I
|I |: ]

Nl“‘

25 mm 36 mm 36 mm





media/file3.jpg
Instantaneous images ~ Averaged images  Standard deviation images

K1 (®=03)






media/file19.jpg
Intensity

F (b)

—0
—Q
—0
K@-03
1000
K1@-0n
100 L
0.00 0.02 0.04 0.00 0.02 0.04
Time (s)

Time (s)






media/file7.jpg
x108

Intensity

o KI1_FBE1
o K2_FBE1 o
[ © KI_FBE2 "
o K2_FBE2
o
| )
)
=]

— . ]
0.10 0.15 0.20 0.25 0.30

Equivalence ratio





media/file10.png
+ &
K2(@=02) - —
‘ ‘
K1 (@ =0.1)

-

K1(®#=0.2)

—

First Eigenmode

".S

S

Second Eigenmode

Third Eigenmode

Fourth Eigenmode





media/file14.png
101
10°1f

2 103F

10>

200
0150 F
O L
2100 | L—bMD |
a [
= L
<50 | _
L I‘lntl"_lgrnmudL Be:undngq.nmudd. l'hlrdLlHanudd. l-nu:thllgtnnu:utr : . . . o ..
10’ 102 10° 10

f (Hz)





media/file11.jpg
v L g |l
My

Fourth Eigenmode.

mode

5

Second Eigenmode

First Eigenmode





media/file6.png
— K2 (@ =0.2) -—--- K1(®@=02) = —aa- K1 (@ =0.2)
--------- K1 (® =0.1) — — K1 (@ = 0.3) — — K1 (@ =0.3)






media/file15.jpg
KI@=02) t=0ms





nav.xhtml


  aerospace-09-00214


  
    		
      aerospace-09-00214
    


  




  





media/file16.png
K2(@=0.2) t=0ms

K1 (@=0.2) t=0ms





media/file2.png
L

-

25 mim K2
i ¥

2Imm —»

1llmm Fre=20°X%

N

(a)

Cavity

(b)

High speed

camera

\





media/file20.png
Intensity

10,000F ()

—oF (b) —®
—o0] 5
K1(®=0.3) K2 (@ =0.2)

100 4**‘1' S akit

w*mm’ K1@=02 f

l}‘ v “‘b‘-'n'

K1(®=0.1)

100 M 1 2 1

0.00 0.02 0.04 0.00

Time (s)

0.04






media/file5.jpg
— K2(@=02)
- K1 (P =0.1) —






media/file1.jpg
(a) (b)





media/file12.png
S

‘--——-

&

-

K1 (2 =0.1)

K1 (®=0.2)

J\

K1 (@ =0.:

First Eigenmode

[

Second Eigenmode

2

Third Eigenmode

-

Fourth Eigenmode






media/file9.jpg
)

First Eigenmode Second Eigenmode  Third Eigenmode  Fourth Eigenmode





media/file0.png





media/file8.png
x108

o K1 FBEI
o K2 FBE1 o
2I' o KI_FBE2 -
o K2 FBE2
£
7 /]
=
2
S 1}
O
o
o
B
0 [ | o [ | o [ ] o [ | o [ |

0.10 0.15 0.20 0.25 0.30

Equivalence ratio





media/file17.jpg
25 mm 36 mm 36 mm





