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This paper aims to investigate the secondary flow characteristics and the associated vacuum generation

caused with increase in the primary pressure ramping in zero-secondary flow ejectors. The sudden

expansion of the primary jet into the diffuser during the ejector start-up results in flow separation

from the shear layer formed between the primary and inducted flows and produces large recirculation

bubbles in the top and bottom sides of the jet. These recirculation bubbles cause an induced flow

from ambient air into the diffuser duct as well. The fluid supply from the reverse flow due to the

shear layer separation and the induced flow from ambient air provide a counter momentum against

fluid entrainment from a vacuum chamber. As a result of this, the initial vacuum generation process

progresses in a slow rate. Thereafter, the primary jet expansion reaches a critical level and a rapid

vacuum generation can be seen. It is found that with the jet expansion reaching a critical level, the fluid

supply from the reverse flow is suddenly entrained back into the main jet at the maximum jet expansion

point. This suddenly reduces the counter-momentum which has been prohibiting the entrainment of

fluid from the vacuum chamber and results in rapid evacuation. This is followed by a stage in which

the vacuum chamber pressure is increasing due to the attainment of a constant Mach number at the

diffuser inlet and the jet pressure ramping. It is found that the secondary flow dynamics and the

vacuum generation processes in rectangular and round ejectors show a close resemblance. Published

by AIP Publishing. https://doi.org/10.1063/1.5030073

I. INTRODUCTION

It is well known that a high momentum jet exhibits self-

pumping characteristics, whereby it entrains the surrounding

secondary stream due to the momentum exchange and shearing

action between the two streams. This principle is being widely

used for various industrial applications such as fluid mixing,1,2

fluid transportation,3 thrust augmentation,4,5 refrigeration sys-

tems,6,7 and noise reduction,8 and such devices which employ

this principle are generally termed as ejectors. The geometry

of an ejector thus requires a primary duct to supply the high

momentum fluid, a secondary duct through which secondary

stream induction happens, a mixing section where the two

fluids mix, and a subsonic diffuser through which pressure

recovery occurs. In supersonic ejectors, the mixing section,

which is usually a straight duct, also functions as a diffuser

since the shock wave structures in the mixed supersonic flow

help in pressure recovery. Another prominent application of

the ejector systems is vacuum generation.9,10 This is done

by entraining/inducting fluid from a closed secondary cham-

ber by utilizing the self-pumping action of the primary jet,

as shown in Fig. 1. The ejectors used for generating vacuum

conditions are called vacuum ejectors or zero secondary flow

ejectors.

Vacuum ejectors are commonly used in high altitude test-

ing (HAT) facilities to create controlled vacuum back pressures

to simulate upper atmospheric conditions in rocket motors.11

Very large pressure ratios required in hypersonic test facilities

are produced by reducing the nozzle exit pressure conditions

a)Electronic mail: rajesh@ae.iitm.ac.in

using the vacuum ejector principle.12 In both the above facil-

ities, the primary nozzle jet momentum itself can be used to

create the required low back pressure conditions. Depending

on the application, vacuum ejectors operate in two modes. In

HAT and hypersonic test facilities, it is desired to expand the

primary jet completely to the diffuser wall and this mode of

operation is known as the started mode.13 In vacuum pumps,

it is desired that the primary jet does not completely expand to

the diffuser wall and this mode of operation is termed as the

un-started mode.13

In the past, significant amount of studies have been car-

ried out to optimize the performance of vacuum ejectors,

particularly to optimize the starting mode pressure (primary

jet total pressure required to achieve the started mode, P0s)

and to enhance the minimum secondary vacuum pressure

levels (Ps).
13–18 German and Bauer13 investigated the effect

of diffuser length on the vacuum ejector performance, and

they found that there exists an optimum diffuser length for

which the starting mode pressure is minimum, and after this

length, the started mode pressure remains constant. Anna-

malai et al.16 carried out a parametric study on the per-

formance of the vacuum ejector by varying the geometric

features such as the ratio of straight diffuser length to its

diameter (L/D) and ratio of straight diffuser area to nozzle

throat area (Ad /At). They observed that the starting mode

pressure decreases with increase in the diffuser length and

decrease in the diffuser height. Kumaran et al.17 performed

an optimization study and performance evaluation on vac-

uum ejectors with a second throat exhaust diffuser (STED).

Ashok et al.18 also proposed some effective ways to arrest

the backflow into the secondary chamber, and they found
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FIG. 1. Schematic of the zero sec-

ondary flow/vacuum ejector-diffuser

system.

that the back flow arresters help in a much faster ejector

starting.

It is to be noted that all these optimization studies have

been carried out after the primary jet total pressure becomes

steady. However, in vacuum ejector-diffuser systems, there

exists a transient start-up phase where the primary jet total

pressure is being ramped from the atmospheric condition to the

required operating condition (primary valve opening process).

It is important to understand the fluid dynamics during this

transient start-up period since the flow transients during this

period might decide the level of vacuum and the performance

of other sub-components involved in the system. However,

it is seen from the past literature that there have been very

few studies on the transient flow dynamics during vacuum

ejector start-up, while performance optimization studies are in

plenty.

In vacuum ejectors, the secondary and primary jet flow

characteristics are highly coupled to each other during the

transient start-up phase since the back pressure to which the

primary jet expands continuously reduces with the progress

in the secondary fluid entrainment process and vice versa.

As a result of this, the physics of the vacuum ejector flow

will be much more complicated compared to that of con-

ventional steady ejectors. Previous studies with experimental

pressure measurements reported that the vacuum chamber

pressure exhibits large scale oscillations during the initial

start-up period.16,19 These secondary flow fluctuations are pre-

dominant when the primary jet expansion is such that it does

not expand to the diffuser wall (un-started mode). Arun Kumar

and Rajesh19 proposed that the secondary oscillations during

the un-started mode are associated with the recirculation bub-

bles existing in the diffuser. A computational study by Park

et al.20 also reported the presence of a recirculation bubble

in the diffuser section. A numerical study by Mittal et al.21

also confirmed the presence of the recirculation bubble in

the diffuser. They also reported that the recirculation bub-

ble extends and retracts from the secondary chamber during

the initial vacuum ejector start-up period, causing the sec-

ondary flow to move to and fro into the secondary chamber.

After the transient start-up period of the vacuum ejector, a

steady state operation is achieved in which there is no sec-

ondary induction, but the shear layer still persists. Lijo et al.22

proposed that for steady state vacuum ejectors operated at

the un-started mode, the shear layer is maintained by the

large recirculation bubbles which exist in the secondary

stream.

From all the above studies on the fluid dynamic aspect of

vacuum ejectors, it can be confirmed that recirculation bub-

bles are formed in the secondary stream inducted from the

vacuum chamber during the un-started mode and the nature of

recirculation plays a major role in vacuum chamber pressure

oscillations and vacuum build-up. The recirculation bubbles

in the diffuser can communicate to the vacuum chamber and

thereby influence the vacuum levels only when the ejector

operates in the un-started mode since the vacuum chamber

is open to the diffuser downstream. Previous studies thus

reported that the vacuum chamber pressure oscillations van-

ish only when the diffuser reaches started mode operation.16,17

At started mode, the impingement of the primary jet with the

diffuser wall creates oblique shock waves, and this impinge-

ment seals the vacuum chamber from any diffuser downstream

perturbations. However, a recent experimental study by Arun

Kumar and Rajesh19 revealed that the secondary fluctuations

cease before the onset of the started mode, which is in con-

trary to the previous understanding. The ceasing of secondary

fluctuations is then followed by a rapid secondary evacuation.

This rapid secondary evacuation stops when the ejector attains

the started mode. They proposed that the ceasing of secondary

fluctuations and the onset of rapid secondary evacuation are

caused by the secondary flow choking in the diffuser when the

primary jet expansion reaches a critical level.

From all these previous studies pertaining to the fluid

dynamics in secondary chamber vacuum generation, it is

seen that the secondary chamber pressure decreases non-

monotonically with increasing primary pressure and there

exist very large pressure perturbations during the initial start-

up. Many of them unanimously suggest that the large-scale

secondary perturbations during the initial start-up are asso-

ciated with the recirculation bubbles existing in the diffuser,

and also the recirculation bubbles play a deterministic role in

the amount of “clean” vacuum (without any pressure oscilla-

tions) generated. However, these studies which claim this were

mainly numerically oriented and provided only a steady state

flow scenario in which the transient evolution of the recir-

culation bubbles is hardly investigated. The presence of the

recirculation bubbles must hence be verified experimentally,

and its influence on the transient development of vacuum, espe-

cially the rapid vacuum generation, in the chamber needs to be

investigated in a comprehensive manner. Hence, in this study,

we attempt to understand the fundamental flow characteris-

tics which decide the nature of vacuum generation during the

transient start-up period of vacuum ejectors. Flow transients
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FIG. 2. Rectangular vacuum ejector

experimental model.

were studied using time-resolved and time-averaged flow visu-

alization techniques, pressure measurements, and unsteady

numerical simulations.

II. EXPERIMENTAL SETUP

In the present study, experiments with both rectangular

and round vacuum ejector geometries have been carried out.

The details of the experimental models for the rectangular and

round cases are shown in Figs. 2 and 3, respectively. For a

rectangular model, the jet cannot expand in the Z-direction

[shown in Fig. 2(a)] and the aspect ratio of the model is suffi-

ciently large such that the side wall effects will not influence

the flow field. Owing to these two reasons, the flow field in the

rectangular ejector can be considered to be predominantly two

dimensional (2-D). For a round model, the jet can expand in all

directions owing to which the flow field will be three dimen-

sional (3-D). The experimental setup consists of the ejector

model with a primary duct, a closed secondary duct, and a

test section/diffuser, as shown in Fig. 2. The primary duct

FIG. 3. Round vacuum ejector experi-

mental model.
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is supplied with high-pressure air using the blowdown facil-

ity available in the Department of Aerospace Engineering-IIT

Madras. The vacuum ejector is started by suddenly opening

the blowdown facility and thereby increasing the jet total pres-

sure from the atmospheric condition to higher levels. For the

rectangular ejector, the maximum primary pressure achieved

during the start-up is 6.8 bars, and for the round ejector it

is 7.2 bars. For both the cases, it is ensured that the ejector

achieved started mode operation. It should be noted that the

primary jet valve opening has been carried out manually and

it is hard to repeat the experiments with the same pressure

conditions and opening rates. To address these issues, multi-

ple experiments have been conducted with various maximum

primary pressure conditions and pressure ramping rates. It is

found that the nature of vacuum generation is independent of

the ramping rate and the maximum primary jet pressure con-

ditions. Further details regarding this study can be found in

Appendix A.

The current experimental study consists of flow visual-

ization of a diffuser and static pressure measurements in the

secondary/vacuum chamber. Transient flow visualization was

carried out by capturing the density gradients along the flow

direction using the time-resolved schlieren imaging technique.

A conventional Z-type schlieren system was used in the exper-

iments. Images of the flow fields were captured at 3600 frames

per second (fps) and 10 µs exposure time using a PHOTRON

FASTCAM SA-4 high-speed camera. The flow visualization

technique based on the particle tracer method (Mie-scattering)

was also employed to visualize the recirculating flow during

start-up. A combination of smoke particles (generated from

joss stick) and talc powder has been used to generate the tracer

particles since the smoke particles will be a better choice for

the initial low-speed flow, and the talc powder will be more

suitable for the high-speed flow during the later period of the

start-up. In the present study, the conventional way of sup-

plying the seeding particles continuously into the flow system

cannot be employed during the start-up since this will alter

the vacuum levels being achieved in the chamber. Due to this

limitation, the talc powder has been uniformly spread over

the top of the primary duct, and the joss stick which was

fixed leak tight in the vacuum chamber has been ignited to

release the smoke prior to the starting of zero secondary flow

ejector operation. The ejector is then started by suddenly open-

ing the primary jet valve, and the flow evolution in the vacuum

chamber and in the diffuser has been recorded simultane-

ously, using the high-speed camera. The frame rate and the

sensor exposure time used in the powder flow visualization

study are the same as that of schlieren experiments. It is to

be noted that the powder flow visualization in the present

study is not able to provide the details of flow evolution for

the entire start-up period since there is no continuous sup-

ply of seeding particles. However, the initial transients are

captured which is expected to give an insight into the develop-

ment of recirculation bubbles in the diffuser and in the vacuum

chamber.

Pressure variations in the vacuum chamber and the blow-

down settling chamber were also measured using piezo-

resistive sensors of KELLER make. The pressure sensors were

flush mounted with the walls. The sensitivity of the sensor

is 0.9 V/bar with a full-scale reading of 10 bars. Pressure

data acquisition was carried out with a sampling frequency of

2 kHz. The pressure data acquisition and the schlieren imaging

were synchronized to obtain the time traces of the flow pres-

sure data in accordance with the flow field images. Further

details regarding the synchronization technique can be found

in the previous paper by the authors.19

III. COMPUTATIONAL DETAILS

A. Rectangular ejector

Computational fluid dynamics (CFD) simulations for

the rectangular ejector have been carried out by solving

two dimensional transient compressible Reynolds averaged

Navier-Stokes equations, using a commercial CFD package

ANSYS FLUENT 14.0. A schematic of the computational

domain is shown in the inset of Fig. 4(a). In the present sim-

ulations, a transient pressure inlet boundary condition (from

the experimental settling chamber pressure-time history) has

been used in the primary duct inlet. An extended domain (5H

in the Y-direction and 20H in the X-direction) has been cre-

ated toward the exit of the primary duct to specify the pressure

outlet (ambient) boundary condition. The details of the com-

putational method used for the present simulation are shown

in Table I.

FIG. 4. Mesh independence study for

the rectangular ejector case based on

unsteady and steady simulations.
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TABLE I. Computational details.

Spatial discretization Second order

Transient formulation Second order implicit

Flux discretization Roe-FDS

Time step 10☞6 s

Turbulence model SST k-ω

The computational domain has been discretized using

quadrilateral cells. In order to arrive at an optimum mesh, a

mesh independence study has been carried out using unsteady

simulations. Figure 4(a) shows the evolution of secondary

chamber pressure with increase in the primary pressure for

three different mesh systems. The time step used for all the

cases is 1 × 10−6 s, and the computational details used for

the simulation are shown in Table I. It is seen from Fig. 4(a)

that any increase in the mesh count above 143 847 cells

does not yield a significant change in the secondary vac-

uum generation process (except during the initial start-up),

thus producing a mesh independent solution. The deviation

in the secondary vacuum prediction in the initial stage is due

to the asymmetric expansion of the jet similar to the well-

known asymmetric expansion in suddenly expanding flow in

backward facing step geometry.23–25 The asymmetry in flow

might be triggered by the asymmetric turbulent fluctuations

at the top and bottom of the primary jet. These turbulent

fluctuations are very sensitive to the grid size, and hence

the prediction of onset of asymmetric expansion from CFD

is also very sensitive to the grid which, in turn, results in

deviation in pressure predictions during initial periods with

modification in grid spacing. A mesh independence study

based on the steady state has also been performed. Figure 4(b)

shows results of the mesh independence study for the rect-

angular ejector (steady state simulation), where the center-

line Mach number for three different meshes with the same

boundary conditions is plotted. It is seen from Fig. 4(b) that

a mesh size of 143 847 cells produces a mesh independent

solution.

In order to find whether the current time step (t = 1

× 10−6 s) is an optimum time step or not, a time step inde-

pendence study has been performed by simulating with three

time steps: 2 × 10−6 (2t), 1 × 10−6 (t), and 5 × 10−7 (t/2).

These simulations are carried out on a mesh system with

143 847 cells. It is seen that decreasing the time step beyond

1 × 10−6 s does not produce much variation in the solution

[Fig. 5(a)], and hence this time step has been used for all further

simulations.

In order to validate the CFD simulation, the secondary

chamber pressure time history from the CFD simulation has

been compared to the experimental data and is shown in

Fig. 5(b). It can be observed from Fig. 5(b) that the CFD pre-

diction qualitatively agrees well with the experimental data.

However, there are some discrepancies in the quantitative

predictions, such as the lack of large scale perturbations dur-

ing un-started mode, under-prediction of mean pressure in

the early period of un-started mode, and over-prediction of

mean pressure in started mode. The lack of initial fluctua-

tions in CFD might be due to the fact that the CFD simulation

uses two-dimensional equations, whereas the actual experi-

mental geometry has a span-wise dimension too. This may

induce some 3-D effects which are not modeled in CFD. The

over-prediction in the pressure value after the started mode

might be due to the in-accuracy of the present turbulence

model in predicting the shear layer growth and its impinge-

ment with the outer wall. Since the primary flow is bounded

by the shear layer, the effective area to which the primary jet

expands depends on the shear layer thickness and the error

in this prediction might strongly affect the predicted Mach

number at the jet attachment point and hence the pressure val-

ues as well. In the present work, however, the CFD results

are used only to qualitatively assess the flow fields and hence

the quantitative mismatches may be ignored without losing

the fidelity of the predictions as the qualitative comparison is

very good.

B. Round ejector

For the round ejector case, three-dimensional compress-

ible Navier-Stokes equations have been solved instead of

axisymmetric equations. This is because there is a possibility

that the flow may exhibit bi-stable characteristics as in the case

of suddenly expanding symmetric ducts23–25 and an axisym-

metric model will not be able to predict the bi-stable flows. The

FIG. 5. Time independence and valida-

tion study for rectangular ejector simu-

lation (H/h = 2.82).
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FIG. 6. Mesh independence and val-

idation studies for the round ejector

model (D/d = 2).

computational schemes used for the round ejector case are the

same as those of the rectangular ejector simulation (Table I).

A mesh independence study has been carried out for the round

ejector case also by comparing the centerline Mach number

for three different mesh systems with the same boundary con-

ditions. Since the transient simulation takes enormous amount

of computational time, the mesh independence study has been

performed using steady state simulations and the results are

shown in Fig. 6(a). It is found that with increase in the mesh

size above 989 376 cells, the solution remains invariant of the

mesh size. Figure 6(b) shows the vacuum chamber pressure

histories during the primary ramping process from the CFD

and the experimental studies. It can be seen from Fig. 6(b)

that the CFD-predicted results match reasonably well with

the experimental data except the region where the vacuum

chamber pressure increases with the primary pressure. This is

perhaps due to the poor modeling of the shear layer attachment

to the diffuser wall, as discussed early.

FIG. 7. Experimentally measured pres-

sure histories in the primary jet settling

chamber and in the secondary chamber.
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IV. RESULTS AND DISCUSSION

A. Physics of vacuum generation
in the rectangular ejector

This section discusses the fluid dynamics in the rectan-

gular zero secondary flow ejector during its start-up. Figure 7

shows the static pressure evolution in the vacuum chamber

while the primary jet total pressure is being ramped up. From

Fig. 7, it can be observed that the initial vacuum chamber evac-

uation progresses in a perturbed and gradual manner (stage-1).

The secondary oscillations vanish when the primary jet total

pressure reaches a critical value which is then followed by a

rapid secondary evacuation process (stage-2). The rapid evac-

uation terminates when the primary jet total pressure reaches

a particular value. Beyond this, there exists a primary jet

ramping window over which the vacuum chamber pressure

remains more or less the same (stage-3). It is then seen that

the secondary chamber vacuum gets destroyed (stage-4) when

the primary jet total pressure is ramped above this pressure

window.

The overall flow behavior during the different stages of

vacuum generation is shown in the schlieren images of Fig. 8.

Schlieren images clearly show that the stage-1 evacuation

happens when the ejector operates in the un-started mode.

During the un-started mode, the primary jet undergoes an

asymmetric expansion, as clearly seen in the schlieren images.

The transition from the un-started mode to started mode is char-

acterized by the primary jet expanding to the outer duct with

the formation of a Mach reflection (MR) shock structure at the

jet attachment point. The attached shear layers seal the vac-

uum chamber from the perturbations created at the diffuser.

Another important thing to notice is that the asymmetric jet

expansion transforms to symmetric expansion with the ejec-

tor operation switching from the un-started mode to started

mode [Figs. 8(c) and 8(d)]. It is seen that with further increase

in the pressure, the Mach reflection transforms to a regular

reflection (RR) structure, as seen in Figs. 8(d)–8(f). A detailed

discussion regarding this can be found in a previous article

by the authors.26 Figure 9 shows the numerical schlieren pic-

tures of the overall flow behavior predicted from the CFD

simulations. It is seen that the major flow events, such as

the asymmetric expansion, the sealing of the secondary cham-

ber with a Mach reflection shock structure during the started

mode, and its transition to regular reflection with increase

in the pressure, are qualitatively well captured by the CFD

simulation.

FIG. 8. Time-resolved schlieren

images in the diffuser during the

primary pressure ramping process.
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FIG. 9. Numerical schlieren images in

the diffuser during the primary pressure

ramping process.

The staged evacuation clearly indicates that the fluid

induction from the secondary chamber exhibits highly

dynamic characteristics with progress in primary pressure

ramping. Even though an overall flow behavior during start-

up is revealed from the schlieren images, this is not suffi-

cient enough to investigate the reason for the highly dynamic

vacuum generation stages. Hence, a thorough understanding of

the secondary flow evolution with progress in primary pressure

ramping is required and a detailed discussion on this aspect has

been given in Secs. IV A 1–IV A 4. In the present study, the

fluid flow on the top and bottom of the primary jet during the

un-started mode is termed as the secondary flow.

FIG. 10. Flow visualization in the sec-

ondary chamber and in the diffuser dur-

ing the early period of stage-1 evacua-

tion. Here t = 0 refers to the time instant

at which camera recording starts (P0 =

1 bar).
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1. Secondary flow characteristics during the stage-1
evacuation process

Stage-1 is characterized with a perturbed and gradual vac-

uum chamber pressure reduction process (Fig. 7). Past studies

based on CFD19–22 have reported that large recirculation bub-

bles exist at the top and bottom of the primary jet flow in

the diffuser downstream side in the un-started mode. In the

present study, the dynamic effects of these recirculation bub-

bles on the fluid entrainment from the secondary chamber

have been investigated using experimental and numerical flow

visualization.

Figure 10 shows the powder/smoke flow visualization

images during the initial start-up period. It is seen that as

soon as the primary flow is established, the shearing action

between the primary and secondary flow results in flow roll-

up. At this point, it is not clear whether these roll-ups are K-H

instabilities developing in the circumferential direction or the

shedding of starting vortices combined with the K-H instabil-

ity. As the primary pressure increases further, the initial flow

roll-up grows circumferentially, as seen in Figs. 10(c)–10(g).

From Fig. 10(h), it is seen that there is a difference in the inten-

sity of light scattered (contrast) in the secondary chamber and

in the diffuser (dark in the diffuser and bright in the secondary

chamber upstream). This difference by contrast [Fig. 10(h)]

suggests that the seeding particles are not inducted down-

stream and are constrained in the secondary chamber itself.

This indicates the presence of reverse flow from the diffuser

downstream to the upstream, and this is termed as the pri-

mary recirculation bubble in the present study. It is also seen

from Fig. 10(h) that the primary recirculation bubble extends

near the secondary chamber exit plane and obstructs the fluid

induction from the secondary chamber. This clearly suggests

that the momentum of the fluid from the reverse flow is acting

as a counter momentum, impeding the mass induction from

the secondary chamber.

The experimental observations are complemented with

the help of flow visualization from transient CFD simula-

tions. Figure 11 shows the instantaneous streamlines pre-

dicted from the transient CFD simulation. The instantaneous

streamlines are plotted by assuming quasi-steady flow at var-

ious time steps. Figures 11(a) and 11(b) clearly show the

initial flow roll-up. With further progress in primary pres-

sure ramping, flow reversals occur from the shear layers in

the primary jet top and bottom boundaries leading to recir-

culation zones (primary recirculation bubbles), as seen in

Figs. 11(c) and 11(d). These results are similar to the exper-

imentally observed flow patterns during the initial period of

stage-1. The instantaneous streamlines predicted from CFD

[Fig. 11(d)] also reveal that during the un-started mode, fluid

from ambient air is inducted into the diffuser duct upstream

through the gap formed between the reversed shear layer

flow and the diffuser wall. This induction is due to the low

pressure existing at the diffuser upstream due to the expan-

sion of the primary jet. This inducted flow cannot take a

sharp turn and attach to the diffuser wall, and as a result,

a small recirculation bubble appears (apart from the pri-

mary recirculation bubble) at the exit of the diffuser duct

[Fig. 11(d)].

FIG. 11. Instantaneous streamlines (from CFD) with progress in primary

pressure ramping during the initial period of the stage-1 evacuation process.

It is expected that the existence of the reverse flow in the

diffuser influences the fluid flow in the secondary chamber too.

This has been investigated using the powder flow visualization

images. Figure 12, which is a continuation of Fig. 10, reveals

that the interaction of the primary recirculation bubble with

the fluid in the secondary chamber results in the formation of

another recirculation bubble (secondary recirculation bubble)

in the vacuum chamber along with the primary recirculation

bubble. Velocity vectors predicted from the CFD show that

the secondary fluid initially exhibits to and fro motion with

progress in primary pressure ramping (Fig. 13). This initial to

and fro motion settles down at a later time instant to form a sec-

ondary recirculation bubble in the vacuum chamber along with

the primary recirculation bubble, as shown in Fig. 13(d). Thus

the CFD simulation also confirms the presence of experimen-

tally observed recirculation bubbles in the secondary chamber

and in the diffuser, during the stage-1 operation. The exis-

tence of the secondary recirculation bubble suggests that the

fluid entrainment from the secondary chamber will be marginal

during the initial start-up. Flow visualization experiments also
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FIG. 12. Flow visualization in the sec-

ondary chamber and in the diffuser dur-

ing the later period of stage-1 evacua-

tion. Here t = 0 refers to the time instant

at which camera recording starts.

show that the primary and secondary recirculation bubbles are

subjected to oscillations, possibly due to downstream perturba-

tions, which in turn oscillate the secondary flow. The pressure

perturbations in stage-1 might be due to these flow oscillations.

From the experimental and CFD observations, it is clearly

seen that the existence of the reverse flow from the shear layer

and the inducted flow from ambient air into the duct prohibits

the entrainment of fluid from the secondary chamber during

most of the un-started mode of ejector operation. This can

be attributed to the reason why the initial secondary chamber

evacuation progresses with a slow rate. However, the slow rate

of evacuation suddenly vanishes, which is followed by rapid

vacuum generation, when the primary jet expansion reaches a

critical level (Fig. 7).

2. Secondary flow characteristics during the stage-2
evacuation process

Figure 7 show that stage-2 is characterized with a rapid

vacuum generation process. It is to be noted that the vac-

uum generation will be closely linked to the fluid induction

from the secondary chamber. Figures 14(a) and 14(b) show

the CFD predicted mass flux crossing the mid-section of the

secondary chamber at the secondary top and bottom, respec-

tively, with increase in primary pressure ramping. It is clearly

evident from Fig. 14 that the rapid pressure reduction (stage-2)

is associated with a rapid increase in mass induction from the

secondary chamber. It is also seen from Fig. 14 that before the

rapid evacuation stage, the mass induction from the secondary

chamber is very small and remains more or less constant and

this quantitatively confirms the gradual evacuation in stage-

1, as qualitatively observed in the powder flow visualization

images (Fig. 10).

Figure 15 shows the comparison of computationally pre-

dicted static pressure histories in the vacuum chamber (right

side of Fig. 15) and the corresponding evolution of flow

through instantaneous streamline plots (left side of Fig. 15). It

is observed from Figs. 15(a)–15(e) (left side) that with increase

in the primary jet total pressure or primary jet expansion level,

the high momentum primary jet expands and brings the shear

layer closer to the diffuser wall and subsequently reduces the

area of the primary recirculation bubble at the maximum pri-

mary jet expansion point. This might result in a situation where

the majority of the fluid from the reverse flow into the sec-

ondary chamber will be entrained by the high momentum

primary jet at the maximum jet expansion point itself. As a

result of this, a majority of the fluid supply from the reverse

flow is now not reaching the secondary chamber, resulting in

the sudden reduction of the impedance against the fluid entrain-

ment from the secondary chamber, leading to the onset of rapid

vacuum generation.

This has been quantitatively investigated by computing

the CFD-predicted mass flux from the reverse flow in the

negative-X direction at various time steps and comparing

it with secondary chamber pressure evolution, as shown in
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FIG. 13. Evolution of velocity vectors

(from CFD) with progress in primary

pressure ramping during the stage-1

evacuation process.

Fig. 16. It should be noted that the mass flux from the reverse

flow in the negative-X direction is what supplies fluid to the

secondary chamber and blocks the mass induction from the

secondary chamber exit plane. The mass flux from the reverse

flow is calculated at a section where maximum primary jet

expansion occurs and a schematic is shown in the insets of

Figs. 16(a) and 16(b). Figure 16(a) shows the pressure and

mass flux evolution in the secondary top, and Fig. 16(b) shows

the evolution of these quantities in the secondary bottom.

A detailed explanation of the procedure for computing the

reverse flow mass flux is given in Appendix B. From Figs. 16(a)

and 16(b), it is clearly seen that the rapid evacuation stage
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FIG. 14. Mass flux crossing the mid-

section of the secondary chamber and

corresponding secondary chamber pres-

sure at various time instants.

(stage-2) happens, while the reverse flow mass flux in the

negative-X direction reduces steeply. The reduction in reverse

flow mass flux, as the primary jet expansion reaches close to

wall, is due to the fact that the flow area in the negative-X direc-

tion near the wall now becomes very small. This results in the

induction of major portion of fluid flowing in the negative-X

direction back into the main jet near the maximum primary jet

expansion point itself. The formation of separate recirculation

bubbles to the upstream and downstream of the maximum jet

expansion point (splitting of the secondary recirculation bub-

ble) as seen in Figs. 15(b) and 15(e) indeed suggests that the

fluid supply from the reverse flow in the negative-X direction

is now split between these two bubbles. This is also evident

from the velocity vector plot at the secondary bottom shown

in Fig. 17. Figures 15(b) and 15(e) also show that the rapid

pressure reduction happens along with the splitting of the recir-

culation bubble. Hence, it is clearly evident from Figs. 15–17

that the rapid secondary evacuation is due to the sudden reduc-

tion in the fluid supply from the reverse flow in the negative-X

direction which was otherwise reaching the secondary cham-

ber and act as a counter momentum against mass induction

from the secondary chamber.

To further confirm this, a new CFD simulation (with rect-

angular ejector configuration) in which the species transport

equation has been solved along with Navier-Stokes equations

has been carried out. For the new simulation, the fluid that

is coming from the inlet has been prescribed as fluid-1 and

ambient air crossing the outlet boundary (extended domain)

has been prescribed as fluid-2, with both species having the

same properties. A schematic of the problem setup is shown

in Fig. 18(a). The separate tagging of fluid entrained from the

outlet boundary enables tracking the mass fraction of induced

fluid from ambient air that is reaching the diffuser upstream.

Figure 18(b) shows the variation of the mass fraction of fluid-

2 at a measuring location far upstream of the diffuser [as

marked in Fig. 18(a)] and the secondary chamber pressure

history with increase in primary pressure ramping. In Fig. 18,

the starting transients near the onset of rapid evacuation (from

0.32 s from the starting of the pressure ramping process) have

only been plotted instead of the complete evacuation process

to closely examine the rapid evacuation process. It is clearly

seen from Fig. 18(b) that close to the rapid evacuation stage,

the mass fraction of fluid-2 in the far upstream of the dif-

fuser reduces rapidly. This clearly indicates that with a critical

primary jet expansion level, the fluid induced from ambient

air into the duct is not reaching far upstream of the diffuser

since the induced mass is entrained back into the main jet at a

downstream position (maximum jet expansion point). This is

consistent with the recirculation bubble splitting occurring at

the onset of the rapid evacuation stage.

It is also seen from Fig. 15 that the rapid pressure reduc-

tion stage is also associated with the vanishing of the secondary

recirculation bubble. This is obvious since the rapid evacua-

tion results in sudden draining of the fluid from the secondary

chamber (as seen in Fig. 14) which in turn destroys the sec-

ondary recirculation bubble. The powder flow visualization

images (Fig. 19) also show that the secondary recirculation

bubble vanishes with the onset of rapid evacuation. With reduc-

tion in the vacuum chamber pressure, the primary jet undergoes

further expansion, which eventually results in the expansion

of the primary jet up to the diffuser wall or the started mode

operation of the ejector.

In the previous study by the authors,19 it was reported

that the sudden evacuation is due to the Fabri choking27 phe-

nomenon in the secondary stream passage due to the area

reduction (due to primary jet expansion) and subsequent veloc-

ity increase in the secondary stream. However, the present

study reveals that it is not the secondary choking but the dynam-

ics of the recirculation bubble in the diffuser (Figs. 15–17)

which decides the rapid vacuum chamber evacuation. It is also

clear from the present study that the secondary induction is not

at all uniform during the primary pressure ramping process as

it is progressed through the formation of multiple recirculation

bubbles in the diffuser and secondary chamber.

3. Secondary flow characteristics during the stage-3
evacuation process

From the experiments, it is observed that stage-3 is char-

acterized with a more or less stable vacuum level in the vacuum

chamber, as seen in Fig. 7. The reason for this phenomenon

can be found in the previous paper by the authors.19 Stage-3

also marks the onset of the started mode operation where the
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FIG. 15. Instantaneous streamlines

(from CFD) with progress in primary

pressure ramping during the stage-2

evacuation process.

primary jet expands to the diffuser wall [Fig. 8(d)]. As per the

previous understanding,13,16 the started mode corresponds to

the situation where the jet expands to the diffuser wall with

the vacuum chamber attaining the minimum possible pressure

level, and by this definition, no more jet expansion is possible

after the started mode. However, the present study reveals that

the primary jet continues to expand after the started mode and

eventually ceases at a higher primary jet total pressure com-

pared to the started mode critical pressure. This state is defined

as the “frozen” state in the present study. The pressure histories

shown in Fig. 20 clearly reveal that the static pressure at the dif-

fuser inlet reduces further (or the primary jet expands further)

from the point where the rapid secondary pressure reduction

ceases. The ceasing of sudden vacuum chamber evacuation

corresponds to the situation where the primary jet is expanded

to the diffuser wall (started mode). The expansion of the pri-

mary jet even after attaining started mode might be due to the

fact that the shear layer is compressed. This happens as the

shear layer has a finite thickness. The secondary chamber vac-

uum generation ceases when the outer streamline of the shear

layer attaches to the diffuser wall. This completely prevents

further secondary mass induction and results in started mode

operation. The ceasing of primary jet expansion occurs when

the inner streamline of the shear layer attaches to the outer

duct and after which no more jet expansion is possible. Thus it

can be concluded from the experiment that it is not the started
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FIG. 16. Reverse flow mass flux in the

negative-X direction at the diffuser top

and bottom and the corresponding sec-

ondary chamber pressure at various time

instants.

FIG. 17. Velocity vectors at the ejector

bottom section showing the formation

of two recirculation bubbles at the onset

of rapid evacuation.

mode but the “frozen” state which determines the paradigm

shift in the operational characteristics of the vacuum ejector

(vacuum generation to vacuum destruction), as seen in Fig. 20.

4. Secondary flow characteristics during stage-4

In stage-4, the static pressure in the secondary cham-

ber increases, destroying the already achieved vacuum lev-

els. As discussed in Sec. IV A 3, the primary jet undergoes

further expansion after the started mode but will get even-

tually restricted by the geometric constriction imposed by

the diffuser. After the maximum primary jet expansion stage

(“frozen” state), the area ratio at the primary jet attachment

point (diffuser inlet area/primary duct area) remains invari-

ant due to the diffuser wall restrictions. As a result of this, the

Mach number at the diffuser inlet will not vary after the “frozen

state,” which is clearly observable from the Mach number his-

tory at the diffuser inlet shown in Fig. 20. The Mach number

history at the diffuser inlet is computed from the static pres-

sure history at the measuring point S5 (sensor-5) and the jet

total pressure history at the settling chamber (sensor-1) using

the isentropic relation. The Mach number calculation based on

isentropic relations will be valid only after the passage of the

initial shock waves in the jet to the downstream of the measur-

ing location. Once the initial shock passes, the underexpanded

jet processed by the expansion fan can then be treated as

isentropic, assuming that the frictional losses are negligible.

Since the Mach number at the diffuser inlet remains con-

stant, an increase in the primary jet total pressure results in an

FIG. 18. Variation of the mass fraction

of fluid-2 at the measuring location “S”

and the secondary chamber pressure his-

tory from CFD with increase in primary

pressure ramping.
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FIG. 19. Flow visualization in the sec-

ondary chamber and in the diffuser dur-

ing the stage-2 evacuation. t = 0 refers

to the time instant at which camera

recording starts.

FIG. 20. Experimental pressure histories in the primary

jet settling chamber, in the secondary chamber, and in the

diffuser inlet and the transient Mach number variation at

the diffuser inlet.

FIG. 21. Velocity vectors (from CFD)

with the primary pressure being ramped

to 5.8 bars (t = 0.6 s).
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FIG. 22. Experimentally measured

pressure histories in the primary jet

settling chamber and in the secondary

chamber for the round and rectangular

ejector configurations.

FIG. 23. Evolution of CFD-predicted

instantaneous streamlines with progress

in primary pressure ramping during the

stage-2 rapid evacuation process in the

round ejector.
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FIG. 24. Evolution of CFD-predicted velocity vectors with progress in the primary pressure after the rapid evacuation process.

increase in the diffuser inlet static pressure (from the isentropic

P/P0 relation) and can be seen in Fig. 20. This might increase

the vacuum chamber pressure also, in order to achieve pressure

equilibrium across the shear layer. Another possibility for the

vacuum destruction in stage-4 might be due to the impinge-

ment of the shear layer with the diffuser wall, which results in
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sealing the vacuum chamber from the diffuser. The sealing of

the vacuum chamber results in fluid mass addition into the vac-

uum chamber from the impinged shear layer. The increase in

fluid mass results in vacuum chamber pressure build-up. With

further increase in the total pressure, the primary jet mass flow

rate increases which in turn increases the mass entrainment

into the shear layer. This may further increase the fluid mass

and the pressure in the vacuum chamber.

At started mode, the impingement of the primary jet with

the diffuser wall seals the vacuum chamber from the diffuser

section and the diffuser duct will be completely filled with

the primary jet alone. The vacuum chamber now has a chunk

of more or less stagnant air filled with multiple trapped recir-

culation bubbles. The velocity vectors overlaid on velocity

magnitude contours (from CFD), shown in Fig. 21, clearly

reveal this. Due to the large momentum possessed by the pri-

mary jet, no recirculation bubbles exist downstream of the

diffuser inlet, except those due to the flow separation produced

by shock-boundary layer interaction.

B. Physics of vacuum generation
in the round ejector

Figure 22(a) shows the experimentally obtained static

pressure history in the vacuum chamber with increase in the

primary pressure for the round vacuum ejector with D/d = 2.

The corresponding rectangular vacuum ejector secondary

pressure history (H/h = 4) is shown in Fig. 22(b). It is seen

from Fig. 22 that the qualitative nature of vacuum generation

for the round case remains more or less same as that of the

rectangular case, except that there exists a perturbed vacuum

generation stage even after the ceasing of the rapid evacuation

stage. This is not seen in the rectangular case. The round ejec-

tor vacuum generation physics is further investigated using

CFD simulations.

Figure 23 shows the flow evolution through instantaneous

streamlines with increase in the primary jet total pressure for

the round ejector configuration. It is seen that with increase in

the primary pressure, the primary recirculation bubble splits

into two as in the case of the rectangular ejector and the rapid

pressure reduction occurs in the vacuum chamber. The compar-

ison of instantaneous streamlines (left side of Fig. 23) and the

corresponding vacuum chamber pressure (right side of Fig. 23)

clearly shows this phenomenon.

Figure 24 shows the evolution of velocity vectors (left

side) and the vacuum chamber pressure history (right side)

after the rapid evacuation stage. From Fig. 24, it is clearly

seen that the vacuum chamber pressure exhibits oscillations

even after the rapid evacuation stage. It is clearly seen from

the velocity vectors that the secondary flow exhibit to and

fro oscillations after the rapid evacuation stage and this might

be the reason for the pressure oscillations. These oscillations

are also observed in the experimental pressure measurements

and are shown as the perturbed evacuation stage in Fig. 22(a).

However, the experimental data show large frequency oscil-

lations, whereas the CFD predicted data show low-frequency

oscillations. This might be due to the fact that the present simu-

lations are carried out with a second order spatial and temporal

accuracy, which makes the numerical scheme in-capable of

capturing the higher order frequencies.

V. CONCLUSIONS

Experimental and computational studies on zero sec-

ondary flow ejectors revealed that the vacuum generation

process during the initial start-up phase is governed by the

dynamics of recirculation bubbles in the secondary flow. The

presence of recirculation bubbles during the start-up has been

experimentally captured through smoke technique for the first

time. It is found that during the un-started mode of vacuum

ejector operation, large recirculation bubbles exist in the sec-

ondary flow in the diffuser region. These recirculation bubbles

are produced by the shear layer reversal and the induced flow

from ambient air into the diffuser upstream. This reverse flow

acts as a counter momentum against the entrainment of fluid

from the secondary chamber and results in gradual pressure

reduction in the secondary chamber during the initial start-

up. The gradual evacuation is followed by a rapid evacuation

stage. This is happening at a critical primary jet expansion

level where the primary recirculation bubble splits and fluid

supply from the reverse flow may not reach the secondary exit

plane. This suddenly reduces the impedance acting against the

entrainment of fluid mass from the secondary chamber and was

identified as the reason for the rapid evacuation. The vacuum

is found to be destroyed after the ejector reaches the started

mode due to the attainment of the frozen state. The present

study also reveals that the nature of vacuum generation in both

rectangular and round vacuum ejector geometries is nearly

identical.

APPENDIX A: EFFECT OF THE PRIMARY PRESSURE
RAMPING RATE ON VACUUM GENERATION

In this section, the effect of ramping time on the nature

of secondary evacuation has been investigated. The ramping

time is defined as the time required for the settling chamber

pressure to rise from the ambient condition to the operating

FIG. 25. Secondary chamber pressure histories for cases with a different

ramping times.
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FIG. 26. Instantaneous streamlines and the corresponding X-velocity at the maximum jet expansion section.

pressure. Three cases have been studied with ramping times

of 1.5 s, 2.7 s, and 3.52 s. The ejector configuration details

used for the study can be found in Fig. 2.

Figure 25 shows the evolution of the jet settling cham-

ber pressure and the secondary chamber pressure with three

different ramping times. It is seen that the nature of vac-

uum generation is the same for all the cases. The primary

jet critical pressures for attaining the rapid evacuation (P0R)

and the minimum secondary chamber pressure (started mode)

are found to be the same for all the cases. From these

results, it can be concluded that the primary jet ramping

time does not have much influence on the nature of vacuum

generation.

APPENDIX B: CALCULATION OF REVERSE FLOW
MASS FLUX SUPPLIED TO THE DIFFUSER
UPSTREAM

The reverse flow mass flux supplied to the diffuser

upstream or the secondary chamber exit plane can be com-

puted by identifying the region along a particular section in

the reverse flow where the X-velocity is negative. For this

purpose, an X-velocity survey has been carried out at the

section where the primary jet expansion reaches the maxi-

mum level at various time instants. The maximum primary

jet expansion section is identified as the location where the

primary jet streamlines become parallel to the wall, as shown

in Fig. 26(a). The corresponding X-velocity along the max-

imum jet expansion section (S1-S2) is shown in Fig. 26(b).

From Fig. 26(b), the portion of section S1-S2 where the

X-velocity shows a negative value can be identified as the

section which supplies fluid from the reverse flow to the

diffuser upstream (or secondary exit plane). This is marked

as R1-R2 in Fig. 26(b). The total mass flux supplied to the

secondary chamber from the reverse flow is calculated by

integrating the mass flux in the negative-X direction crossing

the section R1-R2.
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