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NUMERICAL SIMULATIONS OF THE FLOWFIELD
IN CENTRAL-DUMP RAMJET COMBUSTORS

II. EFFECTS OF INLET AND COMBUSTORS ACOUSTICS
1. Introduction

Solid and liquid propellant rockets and air-breathing engines, such as ramjets. have

a tendency towards combustion instability. In general. strong instabilities in combustors

are not desirable because they can cause excessive mechanical vibrations on the engine

and other parts of the vehicle. Mild instabilities may, however, imprcve comb,,stion ef-

ficiency by increasing fuel-oxidizer mixing. Therefore it is very important to understand

the mechanisms leading to combustion instabilities and to learn to control them. A num-

ber of possible mechanisms, such as, vortex shedding from fiameholders and steps 1 - 4 and

acoustic response of the inlet and combustor 5- 7 , have been proposed.

A characteristic feature of the geometric configuration of a ramjet is a sudden increase

in area. The flow separates at this location and the separated shear layer is usually turbu-

lent under ramjet operating conditions. Such transitional shear layers are characterized by

large- scale coherent vortical structures. The interactions among these vortical structures

can generate acoustic waves. Furthermore, the interactions themselves can be affected by

the acoustic waves in the ramjet. The nonlinear interactions among acoustic waves, large-

scale vortex structures and chemical energy release can result in destructive combustion

instability.

This paper is the second in a series which presents the results of numerical Sim'ilations

performed to isolate and study the interaction between acoustic waves and large-scale

vortex structures in an idealized, central-dump ramjet combustor. The first report dealt

primarily with tests of the model and the effects of acoustic forcing2". In this report we

focus on the effects of the inlet and combustor acoustics. The objective is to determine

the extent to which acoustic waves influence vortex-rollup and merging patterns in the

confined geometry of a combustor.

In recent years, numerical simulations have been used to study the flow field in both

axisymmetric centerbody 8 and dump comb ustors 9- 2. In the numerical study of a dump-

combustor flow field 9 , there was fair agreement between the computed quantities such as

mean axial velocity profiles and experimental data. However, these computations predicted

Manuscript approved February 5. 1988.
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a steady solution with a large recirculation zone. Simulations of a centerbody combustors

showed an oscillating flow field with periodic vortex shedding. Neither of these simulations

considered the effects of an exit nozzle or acoustic waves on the flow field in the combustor.

More recent simulations have considered the effects r exit nozzles ° - 2 and the acoustics

of the inlet and combustor'" 2 .

In earlier papers'" 2 '20 , the effects of acoustic forcing were studied by comparing

calculations with and without forcing. These simulations showed that forcing at the first

longitudinal acoustic mode of the combustor induces vortex-rollup near the entrance to the

combustor at the forcing frequency. However, in these simulations, the frequency of the

first longitudinal mode of the combustor was close to the initial vortex-rollup frequency

observed in the unforced calculations. Comparisons of calculations12 with and without

forcing also showed that forcing results in enhanced mixing, in agreement with experimental

observations' 3 , ' . An interesting feature observed in the simulations was the presence of

a low- frequency oscillation. The entire flow in the combustor was periodic at this low

frequency. The frequency of this mode is measured to be nearly that of the quarter-wave

mode in the inlet.

In all of our previous calculations' 2 0 , the flow parameters and the dimensions of the

inlet and combustor were the same. This paper extends the previous work by considering

the effects of systematically changing the lengths of the inlet and the combustor on the

vortical flow field. Changing the lengths of the inlet and combustor, while maintaining

the same inflow parameters, changes their longitudinal acoustic frequencies. This is shown

to have significant effect on the vortex rollup and merging frequencies in the combustor.

In particular, the effects of the low-frequency oscillation on the merging patterns and
the periodicity of the flow field are discussed. The physical mechanism causing the low

frequency oscillation is also clarified.
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2. The Numerical Model

The numerical model used to perform the simulations solves the compressible, time-

dependent, conservation equations for mass, momentum and energy in a two-dimensional

axisymmetric geometry. The algorithm used for convectiion is Flux-Corrected Transport

(FCT)"', a conservative, monotonic algorithm with fourth-order phase accuracy. FCT

algorithms can be constructed as a weighted average of a low-order and a high-order finite-

difference scheme. During a convective transport timestep. FCT first moifies the linear

properties of the high-order algorithm by adding diffusion. This prevents dispersive rippies

from arising, and it ensures that all conserved quantities remain monotonic and positive.

Then FCT subtracts out the added diffusion in regions away from discontinuities. Thus

it maintains a high order of accuracy while enforcing positivity and monotonicity. \Vitli

various initial and boundary conditions, this algorithm has been used previously to solve

a wide variety of problems in both supersonic reacting flows 16", 7 and subsonic turbulent

shear flows10 "2, 8" 9

The calculations presented below are inviscid, that is, no explicit term representing

physical viscosity has been included in the model. Also, no artificial viscosity is needed to

stabilize the algorithm. There is a residual numerical diffusion present which effectively

mimics a viscosity term for short-wavelength modes on the order of the zone size. Unlike

most numerical methods, however, the damping of the short-wavelength modes is nonlinear.

Thus the effects of this residual nonlinear diffusion diminish very quickly for the long

wavelength modes. This results in a high effective Reynolds number. In the problem

considered in this paper, the focus is on the interaction of the acoustic modes with large-

scale vortex structures, which is essentially an inviscid interaction.

The calculations reported here are essentially large-eddy simulations which model the

fluid instabilities leading to a transition to turbulent flow. Although an explicit subgrid

turbulence model is not included in these calculations, the nonlinear cutoff of high fre-

quency modes by the FCT algorithm acts as a subgrid model.

A schematic of the idealized central-dump combustor used in the simulations is shown
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in Fig. 1. A cylindrical jet with a prescribed mean velocity (50 m/s for the simulations p

descibed here) flows through an inlet of diameter, D into a cylindrical combustion chamber

(dump combustor) of larger diameter. The dump combustor acts as an acoustic cavity and

its length is varied to change the frequency of the first longitudinal mode. An annular exit

nozzle at the end of the chamber is modelled to produce choked outflow.

The initial thrust of the modelling was to develop appropriate inflow and outflow

boundary conditions" ,2". The outflow conditions force the flow to become sonic at the

throat of the exit nozzle. At the solid walls the normal flux is set to zero and the pressure

is extrapolated to the normal stagnation condition. At the inflow, the pressure is allowed

to fluctuate, but the mass flow rate and the inflow velocity are specified. These conditions v
allow the acoustic waves to reflect without amplification or damping at the inflow. These

inflow boundary conditions could be modified to partially damp the acoustic waves origi-

nating downstream. More detailed discussions and tests of the boundary conditions have

been presented in earlier papers 2 '20 .

For the calculations presented in this paper, the computational cell spacing was held

fixed in time. Fine zones were used near the entrance to the combustor (the dump plane)

in both the radial and axial directions. In both directions the cell sizes gradually increased

away from the dump plane. The effects of numerical resolution were checked by comparing

calculations with 20x 50, 40 x 100 and 80 x 200 cells. These grids were generated by

either doubling or halving the cell sizes used in the 40 x 100 cell calculations. The 20x 30

was too coarse to resolve the vortex shedding and merging resolved by the other two grids.

With the finer 80x 200 grid, smaller structures and higher frequencies can be resolved let

than with the coarser (40x 100) grid. However, it was found that the 40 x 100 grid was

adequate to resolve the major frequencies and all the large-scale structures observed in the

cold flow12'20 . Therefore, this grid is used in all the calculations reported here.
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3. Acoustic-Vortex Interactions

The numerical simulations predict values of the density, momentum and energy for

each of the computational cells as a function of time. From this information we can selec-

tively generate the data required for various diagnostics. In the analysis presented below.

we use two types of diagnostics extensively: the fourier analysis of local, time-dependent

velocity and pressure fluctuations at various locations in the ramjet, and instantaneous

flow visualization at selected times. Streamlines are primarily used for flow visualization I

and they allow us to correlate and track the coherent vortex structures and their merging

patterns.

In the calculations discussed below, a portion of the rear wall of the dump combustor

acts as an acoustic source, simulating a planar loudspeaker. The forcing amplitude is 0.5%

of the initial chamber pressure and the frequency is that of the first longitudinal acoustic

mode of the dump combustor.

Case 1: Basic Configuration - a Combustor of length 5.8 D

The physical dimensions of the inlet and combustor used in the first set of calculations

are given in Fig. 1. In addition, the exit consists of an annular ring at 0.64 D (from the axis

of the combustor) with an area of 7.99 cm'. The mass inflow rate is 0.38 kg/s with a mean

velocity of 50 m/s. The initial chamber pressure is 186 kPa. These conditions were chosen

to match those in the experiments of Schadow et al."3 ," In this case the forcing frequency

is 450 Hz. This corresponds to the first longitudinal acoustic mode of the combustor and

is also in the range of the most amplified frequencies near the dump plane'. A calculation..-

similar to this case has been discussed extensively in earlier papers " ' and is therefore

only summarized below. In the earlier simulations, the exit was at 0.69 D with an area

of 8.69 cm'. This resulted in a mean chamber pressure lower than the initial values and -,

hence the acoustic frequencies were also lower.

Streamlines of the instantaneous flow field provide evidence that forcing in the range of .

the most amplified frequency near the dump plane produces highly periodic and coherent

vortex structures. Figure 2 shows the streamlines within the dump combustor at a sequence

5.V
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of times. The various frames in this figure are instantaneous "snapshots" of the flow field

taken 1.093 ms apart. This corresponds to 1000 timesteps in the calculation. In each

frame, the dump plane is at the left and the exit plane is at the right. The paths of the

various vortices are also indicated in the figure. In the first frame (timestep 31000). there

is a vortex structure near the dump plane. In the second frame (timestep 32000). this

structure has grown and moved downstream. In the third frame (timestep 33000). not

only has this structure moved further downstream, but a new structure has formed near

the dump plane. This process continues with a new vortex structure appearing near the

dump plane at intervals of 2000 timesteps. This corresponds to a frequency of 458 Hz,

which is close to the forcing frequency of 450 Hz. The small discrepancy of S Hz is an

artifact of showing the flow field snapshots at intervals of 1000 timesteps rather than 1017

timesteps.

Figure 2 also shows that the two structures, first seen near the dump plane at timesteps

31000 and 33000, have merged (paired) at about 2.4 D by timestep 37000. As this large.

merged structure moves downstream, another vortex, first seen near the dump plane at

timestep 35000, merges with it. This new merging occurs by timestep 43000 at about

4.8 D. The structures which appeared near the dump plane at timesteps 37000 and 30000

merge together at abouL 2.4 D by timestep 43000. That is. at either 2.4 D or 4.S D. a

merging is observed only at about every 6000 timesteps which corresponds to a frequency

of about 150 Hz. Two successively generated vortices do not always merge with each other

because new vortices appear near the dump plane every 2000 timesteps.

The time evolution of the flow field described above can be correlated with the fourier

analysis of the pressure and velocity fluctuations observed at various axial locations in

the combustor. The fourier analysis of the velocity fluctuations at the six axial locations.

0.1, 1.05, 2.03, 3.03, 4.07 and 5.14 D are shown in Fig. 3. All the locations are at the

level of the step, a constant radial distance of 0.5 D from the axis of the combustor.

At 0.1 D, the dominant frequency is 450 Hz. This is at least partly due to the velocity

fluctuations associated with the forcing frequency of 450 Hz. Some of it may also be due

6
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to velocity fluctuations associated with the vortex-rollup seen in Fig. 2. The amplitude

at 450 Hz increases significantly as one moves downstream to 1.05 D. This corresponds to

the passage frequency of the vortices first seen near the dump plane. There is also some

amplitude at 150 Hz. The amplitude at 150 Hz increases further by 2.03 D and that at

450 Hz decreases. This is because of the vortex mergings which have begun to occur. By

3.03 D, the vortex merging is complete and the 450 Hz is no longer significant. This is

consistent with the flow field visualization in Fig. 2 which shows vortex mergings near

2.4 D at a frequency of about 150 Hz.

At 2.03 and 3.03 D, there is a new feature in the spectrum: there is significant am-

plitude at 300 Hz. As discussed earlier, two successively generated vortices do not always

merge with each other at 2.4 D. Therefore, between 2.03 and 3.03 D, both vortex mergings

are seen as well as a smaller vortex passing by that eventually merges with the larger

one. This smaller vortex passes by once between successive mergings. Because successive

mergings occur with a frequency of 150 Hz, there are velocity fluctuations at the higher

frequency of 300 Hz. At 4.07 D, the dominant frequency is 150 Hz corresponding to the

passage of the vortex that was formed by merging between 2.03 and 3.03 D. At 5.14 D.

the dominant frequency is 150 Hz because of the mergings that take place near 4.8 D at

that frequency. Furthermore, there is no longer a significant amplitude at 300 Hz because

only one type of large merged vortex passes by 5.14 D.

An interesting feature in the frequency spectrum at 5.14 D is that the amplitude at

75 Hz is comparable to that at i60 Hz. This frequency (75 Hz) is also seen weakly at

some of the other locations. More careful examination of the flow field in Fig. 2 shows

that although the flow field undergoes a complete cycle at a frequency of 150 Hz (6000

timesteps), there are small variations between two successive cycles. Thus the flow field

is really quasi-periodic at 150 Hz and is more nearly periodic at 73 Hz. Further analysis

is needed to determine whether the flow field is ever really periodic or whether there are

always some differences at even lower frequencies.

The fourier analysis of the pressure fluctuations at the same six axial locations is

., 7
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shown in Fig. 4. It corroborate the observations based on the velocity fluctuations and

the flow field visualization. The acoustic-forcing frequency of 450 Hz is also seen to some

extent at all locations. The pressure-fluctuation spectrum at 5.14 D shows many more

frequencies than the velocity-fluctuation spectrum. The difference between the amplitudes

at 450 Hz in the two spectrums is noteworthy. There are significant fluctuations at 450 Hz

in the pressure, but not in the velocity. This is because 5.14 D is close to the end wall

of the combustor which is a pressure anti-node for the first longitudinal mode. There are

also some structures at both 4.07 D and 5.14 D at a high frequency of about 3160 Hz.

These may be due to transverse acoustic modes of the chamber. These modes are expected

to be more prominant near the exit because the flow turning to exit through the nozzle

causes more transverse flow in this region. These modes were also seen in earlier numerical

simulations ° ,12, in which they were also prominent in the early stages of the development

of flow.
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4. Low-frequencv Oscillations

Figure 2 shows that the entire flow undergoes a complete cycle in approximately

6000 timesteps. For example, at timesteps 33,000 and 39,000, a large-scale structure has

partially exited through the nozzle. At these times, there are also similar flow structures

of about the same sizes at about the same positions in the chamber. This similarity exists

between any two frames which are 6000 timesteps apart. The frequency correspondin, to

this repetition is about 150 Hz. This frequency is one third of the forcing frequency or the

first vortex merging frequency near the dump plane. It is also essentially the same as that

observed in earlier numerical simulationsl'0 ', in which a low frequency of about 144 Hz

was seen in calculations without and with forcing at 446 Hz.

The low frequency oscillation can be generated by a number of mechanisms, such as

the interactions between the vortices and the wall of the combustor or the nozzle and

interactions between different acoustic modes of the ramjet and the flow field. Some of

these mechanisms have been discussed in earlier papers and it was found that the observed

low frequency was close to the frequency of the quarter-wave mode in the inlet '. Therefore.

a mechanism associated with the acoustics of the inlet is examined below in some detail.

The inlet is essentially a long pipe with flow coming in from one end and flowing

out into the combustor at the other end. The inflow boundary conditions specified in the

numerical model allow complete reflection of the pressure waves that reach the upstream

end of the inlet. If the downstream end of the inlet behaves like an open end, the dominant

acoustic mode of the inlet would be the quarter-wave mode. Because the length of the inlet

is 8.8 D, the frequency of this mode for the physical conditions'in the simulation discussed

above is about 148 Hz, which is close to the observed frequency of 150 Hz.

The fourier analyses of pressure fluctuations at various locations in the inlet are shown

in Fig. 5. The dominant frequency near the upstream end of the inlet (-8.13 D) is indeed

150 Hz, but there are also fluctuations at 450 Hz. Closer to the combustor, the amplitude

of the 150 Hz mode decreases and that of the 450 Hz mode increases. If the downstream

end of the inlet behaves like an open end, the amplitude at 150 Hz should decrease as

9 4-
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one moves towards it and reach zero at the dump plane. This is indeed the trend. There

are fluctuations at 450 Hz because there are pressure fluctuations at this frequency near

the combustor-step and this signal propagates both upstream and downstream. The mode

shape in the inlet, corresponding to 450 Hz is complex because this frequency does not

match the frequency of any simple acoustic modes of the inlet.

Figure 5 confirms that 150 Hz corresponds to the quarter-wave mode in the inlet. How-

ever, it also shows that the amplitude of the pressure. fluctuations at the inlet-combustor

junction is minimal at this low frequency. Therefore, the pressure fluctuations are probably

not causing the observed low-frequency mergings in the combustor.

The time history of the velocity fluctuations at a location close to the inlet-combustor

junction is shown in Fig. 6a. This shows that the velocity fluctuates with a period of about

2.2 ms which corresponds to a frequency of about 450 Hz. However. the magnitude of the

fluctuations is significantly smaller every third cycle which corresponds to a frequency of

150 Hz. The effect of this change in the magnitude of the velocity fluctuations is to change

the strength of the vortices shed from the combustor-step. It was shown earlier that the

vortex-shedding (or rollup) frequency was 450 Hz. Therefore, every third vortex has a

slightly different strength from the other two. The time history of vorticity fluctuations

near the inlet-combustor junction shown in Fig. 6b corroborates this observation. The

effect of having every third vortex with a very different strength from the others is to

create two merging locations within the combustor.

The calculation discussed so far has shown that the vortex shedding or rollup frey tency

matches the first longitudinal mode of the combustor and that the vortex-merging pattern

is determined by the interaction between this frequency and the frequency of the quarter-

wave mode in the inlet. The generality of this observation needs to be investigated. This

has been done by independently changing the lengths of the inlet and the combustor.

Case 2: Shorter Inlet

In order to confirm that the acoustics of the inlet determines the low-frequency and

merging pattern in the combustor, the length of the inlet was decreased to 7.2 D. The

10
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fourier analysis of the pressure fluctuations at a series of axial locations in the inlet is

shown in Fig. 7. The low-frequency oscillation has appropriately shifted to 174 Hz. which

is the frequency of the quarter-wave mode for this inlet length.

Figure 7 shows that in addition to the low-frequency fluctuations at 174 Hz, velocity

fluctuations are also occcuring at 450 Hz at some locations in the inlet. This implies that

the vortex shedding frequency has not changed from 450 Hz. If the interaction between

the quarter-wave mode in the inlet and the vortex-shedding frequency is what determines

the merging pattern, then it should be quite different for this case.

The instantaneous flow field in the combustor at a sequence of distinct time is shown

in Fig. 8. The time interval between successive frames is again 1.093 ms, which corresponds

to 1000 timesteps in the simulations. At first glance, the flow field is very different from

that corresponding to the Case 1. However, new vortical structures near the dump plane

are observed at timesteps 30000, 32000, 34000, 36000, etc., that is, at the same frequency of

450 Hz as in the previous case. As expected, the vortex roll-up frequency has not changed

by changing the length of the inlet.

The merging pattern for Case 2 seen in Fig. 8 is rather complicated, showing some

features seen in Case 1 and others which are different. As in Case 1. two vortices mer' e

by step 33000 at about 3.3 D, and before the merged vortex exits the combustor, anothe:

vortex merges with it by step 38000. The next two vortices appearing near the dump plane

(at timesteps 34000 and 36000) merge by step 39000 at about 3.3 D. This merged vortex

exits the combustor without any further mergings. The next two vortices merge with

a third vortex. Therefore, the vortex-merging pattern in the combustor is an alternating

pattern of three and then two vortices merging together. The entire flow field repeats itself

nearly every 10000-11000 timesteps. During this cycle, there are two vortex mergings at

3.3 D occuring approximately every 5250 Hz. but only one at 5.1 D. The frequencies of

velocity fluctuations at various ocations within the combustor are shown in Fig. 9.

The spectra in the first two frames of Fig. 9 are qualitatively very similar to those

in Fig. 3. This is because the initial vortex rollup process is essentially the same in the

11



two cases. In both cases, the vortex rollup frequency is 450 Hz and matches the first

longitudinal acoustic mode frequency of the combustor. At 2.03 D and 3.03 D, there

are fluctuations at two low frequencies, 174 Hz and 276 Hz. These two frequencies are

analogous to the frequencies 150 Hz and 300 Hz observed in Case 1. The 174 Hz fluctuation

is related to the vortex mergings occuring in the middle of the combustor at this frequency

and the 276 Hz fluctuation occurs because every fifth vortex passes by these locations

without merging. At locations further downstream, the dominant frequency is 174 Hz, but

there are also fluctuations at about 90 Hz. This is the frequency with which every fifth

vortex merges with the larger vortex composed of every third and fourth vortex shed from

the combustor-step.

The two cases discussed above show that the acoustics of the inlet play an important

role in determining the flow field in the combustor. In both cases, the low frequency

matches the frequency of the quarter-wave mode of the inlet. Below, the effect of the

changing the length and therefore the acoustics of the combustor is studied.

Case 3: Longer Combustor

In this case, the length of the combustor was increased to 8.6 D and all other dimen-

sions were the same as those in Case 1. The flow velocity as well as the grid resolution in

the radial direction are the same as in Cases 1 and 2, implying that the natural instability

frequency of the shear layer is the same as in the previous cases. The forcing frequency was

decreased to 300 Hz to match the frequency of the first longitudinal mode of this longer

combustor.

The instantaneous flow field within the combustor at a sequence of timesteps is shown

in Fig. 10. A new large-scale structure appears near the dump plane at intervals of about

three thousand timesteps, that is, at timesteps 40000, 43000, 46000, 49000 and 52000. This

corresponds to a frequency of about 300 Hz, which is the same as the forcing frequency.

The first conclusion from changing the length of the combustor is that the vortex roll-up

frequency near the dump plane changes to match the first longitudinal mode frequency of

the combustor. In order to confirm this observation, a similar calculation but without any

12



acoustic forcing was also performed. That simulation also showed the same vortex rollup

frequency, implying that indeed the first longitudinal mode of the combustor. atleast over

a significant range, is the determining factor.

Fig. 10 shows that two successively generated vortices merge with each other at about

3.5 D. No further mergings occur as the vortices convect downstream and exit through

the nozzle. This is in contrast to Case 1, in which a further merging with a single vortex

occurred before the pair could exit. The frequency corresponding to the vortex Lnergings

is about 150 Hz as it occurs at approximately every 6000 timesteps. The lowest dominant

frequency observed in Case 1 was also 150 Hz. The low frequency does not change when

the length of the combustor is increased. Instead, the merging pattern has changed to

accomodate the same low frequency of 150 Hz. This reinforces the conclusion that the low

frequency is determined by the quarter-wave mode of the inlet and the merging pattern is

determined by the interaction between the acoustics of the combustor and the inlet.

The frequency spectrum of the velocity fluctuations at a series of six axial locations in

the shear layer is shown in Fig. 10. The two dominant frequencies are 150 and 300 Hz. As

expected, the amplitude at 300 Hz reaches a maximum at about 1.56 D before any mergings

occur within the combustor. The amplitude at 150 Hz reaches a maximum between 3.01

and 4.5 D because a vortex merging occurs between these two locations.

13
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5. Acoustics and Mergzing Patterns

The three cases discussed above indicate that the shear layer at the inlet-combustor

junction responds to the acoustics of both the inlet and the combustor. The relation beteen

the low frequency and the merging patterns has many features similar to the experimental

observations of Ho and Huang 2 1 on vortex mergings in a mixing layer. They observed

different merging patterns depending on the relation between the forcing frequency and

the frequency at which vortices initially form in the mixing layer. For example. when the

forcing frequency was one-third of the frequency at which vortices initially form, first two

vortices merged and then this large vortex merged with a third vortex. This pattern is

similar to that observed in Case 1. The similarity between the observations of the exper-

iments and the calculations suggests that the low frequency observed in the simulations

acts as as an additional forcing or modulating frequency on the shear layer near the dump

plane. Though the exact details of this interaction are not yet clear, the effect of the low

frequency perturbation is to ciange the strength of the successive vortices periodically as

discussed earlier.

Extending the analogy between the experiments and the calculations to Case 3. only

one merging is expected because the low frequency is one-half of the initial vortex-rollup

frequency of 300 Hz. This is the merging pattern observed in Fig. 10. Therefore. the

average number of vortices merging together in one cycle of the periodic flow field observed

in the simulations is given by

where fr is the initial vortex-rollup frequency and ft is the low frequency. Knowing these

two frequencies, the merging pattern in the combustor can be predicted using the above

formula.

In Case 2, the low frequency is not a sub-multiple of the frequency of the first Ion-

gitudinal mode of the combustor. Using Eq.(1) to predict the merging pattern for this

case gives a value of 2.6 for N. Because the number of vortices merging together have to

14



be an integral number, two vortices merge together in one cycle followed by three vortices

merging in the next cycle, giving an average of 2.5 for the number of vortices merging per

cycle. Therefore, Eq. (1) holds for all the cases simulated, even when the low frequency

is not a sub-multiple of the frequency of the first longitudinal mode of the combustor.

However in such cases, the flow field is not quite as periodic as in cases when the vortex

roll-up frequency is an integral multiple of the low frequency.

Case 4: An Intermediate Length Combustor

In order to test the generality of the above conclusions, another simulation was per-

formed in which the lengths of the inlet and combustor were interchanged from those used

in Case 2. In Case 4, the length of the combustor is 7.2 D and the length of the inlet is I

8.6 D. The forcing frequency was 358 Hz and the other parameters were kept the same

as in the above calculations. Based on the previous results, the vortex-rollup frequency

should be 358 Hz, the low frequency should be about .150 Hz, and there should be three

vortices merging in one cycle and two merging in the next.

The instantaneous flow field in the combustor at a sequence of timesteps is shown in

Fig 12. The time interval between successive frames is again 1.093 ms, which corresponds 1W

to 1000 timesteps in the simulations. There are new vortical structures near the dump

plane at timesteps 41000, 44000. 46000, 49000, 51000, etc., corresponding to an average

frequency of about 2500 timesteps or 366 Hz. It is not exactly 358 Hz as expected because

the flow field contours are shown only every 1000 timesteps, that is, at finite intervals of

915 Hz. However, the fourier analyses of the pressure and velocity fluctuations show that

the dominant frequency is indeed 358 Hz.

The merging pattern in Fig. 12 is similar to that of Case 2, and shows features seen

in both Cases 1 and 3. The two vortices near the dump plane at timesteps 40000 and

41000 merge by step 47000 at about 3.6 D, and exit the combustor by step 56000. There

is no further merging after the merging at 3.6 D. This merging pattern is similar to that

seen in Case 3. The next two vortices appearing near the dump plane (at timesteps 44000

and 46000) merge by step 52000 at about 3.6 D. However, before this large vortex exits
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the combustor, another vortex merges with it by step 60000 at about 6.7 D. This merging

pattern is similar to that of Case 1. Therefore, the flow field in this combustor exhibits

features of both the combustors considered earlier.

The frequency of merging at 3.6 D is about 5000 timesteps or about 180 Hz. The

frequency of merging at 6.7 D is nearly 13000 timesteps or about 70 Hz. The entire flow %

field shown in Fig. 12 repeats approximately every 13000 timesteps. During this period

two vortices exit the combustor. That is, the frequency with which a vortex exits the

combustor is approximately 6500 timesteps or 140 Hz. which is very nearly the same as

the low frequency observed in two previous cases.

16
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6. Summary and Conclusions

The numerical simulations indicate that the acoustics of the ramjet, both the inlet

and the combustor, play a dominant role in determining the flow field. A number of

simulations, in which the lengths of the inlet and combustor were varied, were used to

isolate the roles of the acoustics of the inlet and the combustor. In all the cases studied.

a low frequency oscillation is observed. Pressure and velocity fluctuations in the inlet

indicate that the acoustics of the inlet is the origin of this low frequency. Changing the

length of the inlet changes the observed low frequency appropriately. The vortex-merging

pattern in the combustor is also significantly different when the inlet length is changed.

For the cases studied, forcing at the the first longitudinal acoustic mode of the com-

bustor induces vortex rollup near the entrance to the combustor at that frequency. That

is, the shear layer responds to a range of forcing frequencies. In the cases discussed in

detail here, the forcing frequencies have been 450, 300 and 358 Hz. All of these frequencies

are probably close to the most amplified frequency of the unforced shear layer correspond-

ing to these cases. Therefore, forcing at these frequencies induces vortex rollup near the

entrance to the combustor at that frequency. Numerical simulations in which the shear

layer thickness is varied, are currently being performed, to study further the interaction

between the natural instability frequencies of the shear layer and the longitudinal modes

of the combustor.

In the three cases where the length of the combustor is changed, the lowest dominant

frequency does not change significantly from 150 Hz. However, the merging patterns of

the vortices in the combustor change significantly. In Case 1, the forcing frequency was

450 Hz. Here two vortices merge with each other, but before the large vortex exits the

combustor, a third vortex merges with it. This results in mergings at two locations within

the combustor and at each location the merging frequency is 150 Hz. The frequency with

which the merged vortices exit the combustor is also 150 Hz. In Case 3 with a longer

combustor, the forcing frequency was 300 Hz. In this case there is only one merging

location within the combustor. Mergings occur at a frequency of 150 Hz and the merged

17



vortices exit at this frequency. In Case 4. the length of the combustor was between those

of the above cases and the forcing frequency was 358 Hz. The flow field is complicated

and shows features of both of the above cases. There are two merging locations where

mergings occur at different frequencies. The average frequency with which the merged

vortices exit the combustor is approximately 143 Hz. These simulations indicate that

the merging pattern is determined by the interaction between the low frequency and the

vortex-rollup frequency.

The relation between the low frequency and the merging patterns has also been stud-

ied. The various cases simulated suggest that that the low frequency in the inlet acts as

an additional perturbation on the shear layer at the inlet-combustor junction. The merg-

ing pattern in the combustor is determined by the interaction between the vortex roll-up

frequency and the low frequency.
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Figure 2. Streamlines showing the instantaneous flowv field at a seqjuence of timesteps for '4

Case 1. The time interval between any two successive frames is 1.003 ins.
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Case 4. The length of the combustor is 7.2 D.
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