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engineering processes. In particular, two jet flows have been studied; the impingement

ofaxisynunetric jets in a confmed space and a turbulent inlet wall jet in a confIning

enclosure.

The impingement ofaxisynunetric jets in a cavity has been examined using

flow visualization, laser Doppler anemometry, and numerical simulations. When the

flow fIeld was examined under various geometrical and fluid parameters several flow

regions were found, depending on the geometrical and fluid parameters. Initially. a

steady .flow field existed for all arrangements for Red < -90 but subsequent increments

in the fluid velocity caused an oscillating flow field to emerge. The onset of the

oscillations and the upper limit of fmite oscillations were found to be a function of the

nozzle diameter to chamber dimeasion ratio. Although steady numerical simulations

predicted the steady flow field well. steady simulations of the oscillating flow field

over-predicted the peak axial velocities. The oscillating flow field is considered to be

a class of self-sustaining oscillations where instabilities in the jet shear layer are

amplified because of feed back from pressure disturbances in the impingement region.

The turbulent wall jet in a cavity has been studied using flow visualization,

laser Doppler anemometry (LDA), particle streak velocimetry (PSV) and numerical

simulations. Instantaneous PSV measurements agreed well with time averaged LDA

iii



measurements. Two dimensional simulations using an algebraic stress turbulence

model (ASM) were in better agreement with the experimental data than two and three

dimensional simulations using a k - E turbulence model in the wall jet region. A wall

jet growth rate was found to be 54% higher than a wall jet in stagnant surroundings

due to the enclosure boundaries.
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1.0 Introduction

The flow of jets in confining enclosures has significant application in many

engineering processes. In particular, two jet flows have been studied; the impingement

of axisymmetric jets in a confined space and a turbulent inlet wall jet in a confining

enclosure.

The impingement of axisymmetric jets in a confined space in laminar and

turbulent regions is a situation which finds application in such areas as an

impingement mix head for reaction injection molding (RIM), the side inlet ramjet

combustor, the particle crystallizer, and combustion furnaces in pulp and paper mills.

Typically the engineering applications of RIM involve the mixing of very viscous

liquids in a mix head with moderate Reynolds numbers. The side inlet ramjet

combustor is used in high velocity subsonic gas flows where mixing of combustible

fuels gives large Reynolds numbers. Geometrically these problems are very similar

and the approach taken for their analysis includes using flow visualization, laser

Doppler anemometer (LDA) velocity measurements and numerical simulations.

Recirculating flow in an enclosure with an inlet wall jet is important to

environmental studies, ventilation and power generation. Two cases of Re" were

examined using flow visualization, laser Doppler anemometry (LDA), particle streak

velocimetry (PSV), and numerical simulations using the k • E arid algebraic stress
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(ASM) turbulence models. Since the primary motivation for these studies was to

provide an experimental database for recirculating flows with inlet wall jets the

application of PSV to this flow demonstrated the technique and extended the

experimental database. Numerical simulations of the flow using the anisotropic ASM

turbulence model gave better predictions than a standard k - E turbulence model.



2.0 Literature Survey

2.1 Introduction

The impingement of axisymmetric jets in a confined space in laminar and

turbulent regions is a situation which fmds application in such areas as an

impingement mix head for reaction injection molding (RIM), the side inlet ramjet

combustor, the particle crystallizer, and combustion furnaces in pulp and paper mills.

Typically the engineering applications of RIM involve the mixing of very

viscous liquids in a mix head with moderate Reynolds numbers. The side inlet ramjet

combustor is used in high velocity subsonic gas flows with mixing of combustible

fuels giving large Reynolds numbers. Geometrically these problems are very similar

and the approach taken for their solution is similar. The general configuration for a
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cylindrical chamber is shown in Figure 2.1 and a configuration for a square cross

section chamber is shown in Figure 2.2. Figure 2.1 Cylindrical Model Geometry

o Main chamber diameter (m)
d Nozzle diameter (m)
L" Nozzle length (m)
L.: Main chamber length (m)
H Head length (m)
a Nozzle incidence angle (")
~ Nozzle separation angle (")
H' HID
O· Old

For all specified problems, a fluid flows from a nozzle into a chamber of

enlarged area and flows out of the chamber. A jet, formed when fluid issues from the

nozzle on one side, impinges onto a similar jet formed when fluid issues from the

Reynolds number which is based on the nozzle diameter, the fluid kinematic viscosity

Lc

H

opposed nozzle. Upon impingement, a flow field is created which forces the fluid

from the chamber. The dimensionless group used to characterize the flow is the

and the volumetric flow rate.

Re = U~8 d = 4pQ
J v 1tpd

Q volumetric flow rate (m'ls)
Red Reynolds number defined using nozzle conditions and diameter
U"

8
average fluid velocity leaving the nozzle (m/s)

II absolute viscosity (kg/ms)
v kinematic viscosity (m2/s)
p density (kg/m')

2.1

Figure 2.2 Square Model Geometrj
H' H/L
L Main chamber side length (m)
L" LId

Opposed jet impingement can be considered to be a composite of several flow

structures such as the free jet, a curved shear layer, a stagnating impingement flow, a

radial jet flow, recirculating flow and developing conduit flow. All of these flow

structures have been studied separately in some detail by many researchers.

Amalgamation of all these components leads to a complex flow field. Initially, at low

Red a steady flow region exists with all components represented. The Red studied in

this work ranges from 25 to 1,000 which is normally considered to be in the larrtinar,

transition to turbulent and fully turbulent regions.

The physical equations governing the flow are detailed below. Equations are



developed for a constant density, isothermal fluid.

Continuity

~ =0
<tt,

2.2

lim 1 rl +T
U, =T-o-J: u, dt

T 0

Using this decomposition, the continuity and momentum equations become

2.6

where
index of coordinate direction (i=I,2,3) and summation over repeated
indices is implied
coordinate in i direction
instantaneous velocity
instantaneous pressure (pa)

aU:
- =0ax,

and

2.7

Momentum

aUJ + CJ(u, u) = v ~(~ + 5.) _.!.2
at ax, ax, ax) ax, p axJ

or, using the chain rule and applying equation 2.2

where
index of coordinate direction G=1,2,3)

2.3

2.4

where PU;'u/ is called the Reynolds stress term.

The Reynolds stress terms are the source of the difficulty in the solution of

turbulent problems. The set of equations (2.7), (2.8) contains four equations but

potentially up to ten unknowns. This situation is known as the "closure problem".

2.8

For the turbulent cases the usual. approach is to decompose the instantaneous

terms into mean and fluctuating components.

Turbulence Modelling

In order to close the set of equations, several proposals have been made to

U, = U, + u:
where

U i mean velocity in i direction
u/ fluctuating velocity in i direction

In this case, the length scale is determined from the viscous dissipation

2.5

2.9

mathematically model the Reynolds stresses. A review of these can be found in

Launder and Spalding (1972). The models discussed for these studies are the k • E

two equation model, the algebraic stress model (ASM) and mean Reynolds stress

model (MRS).

The k - E model combines a length scale with the turbulent energy scale to

form a turbulent diffusivity.
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third term is the turbulent transpon, the fourth term is the production and the last term

is the pressure work term.

Defining

where
E

1,
k

dissipation rate of turbulence energy (m2/s3
)

integral length scale
turbulent kinetic energy (m2/s2

), where

2.13

-"
k = "JuJ

2
2.10

and

2.14

An equation for the kinetic energy balance may be obtained by multiplying the

instantaneous momentum equation with uj and using equation 2.2
then model differential transport equations for k and E are obtained with the

assumption that a gradient diffusion mechanism applies are obtained (Launder and

2.11 Spalding 1974)

where the fll'St term on the right side results from the viscous stresses, the second term

is the viscous dissipation and the last term is the pressure work. Using Reynolds

decomposition and time averaging yields a transport equation for k:

D u;u; a I au; au: au; au: au;
-- = v-ui-+-) - v- (-+-)
Dt 2 <tt, <tt, <tt) at, at) ax,

~(pe) + ~(pu,e) = .i.[~.£!.] + CI.!.Gk - C2P~
at <tt, <tt, 0. <tt, k k

where Ok generation term of k

2.15

2.16

2.17

2.12 Ii = pC f., ~ e
2.18

where the fll'St term is the viscous diffusion, the second term is the dissipation, the
lit turbulent viscosity
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The values commonly used for the constants in the above equations which

12

were not altered are (Launder and Spalding 1972):

Table 2.1 Constants used in k-e turbulence model

2.21

c.
1.44 1.92

c~

0.09 1.0 1.3

2.22

An assumption of the k - e model is that the flow field is homogeneous leading

to an isotropic eddy diffusivity (equation 2.19). For opposed jets this may not be the

case because of the large variations in the velocities and turbulent intensities in the

region of impingement

An alternative would be the mean Reynolds stress model (MRS) which uses

differential equations to solve for all the components of the Reynolds stresses u,'u/. A

typical MRS model is that of Launder et al. (1975)

Table 2.2 Additional constants for MRS turbulence model

This model can be computationally time consuming as partial differential

equations are solved for all the non-zero Reynolds stresses.

A model of intermediate complexity is the algebraic stress model (ASM) which

eliminates the gradients of the dependent variables which appear in the flfSt three

2.19
terms of the MRS (rate of change, convective transport, and diffusive transport) and

replaces them by algebraic expressions (Rodi 1984).

where

stress production rate 2.23

2.20

<l>;j source/sink due to pressure/strain correlation

e i) viscous dissipation tensor

and Launder et af. (1975) model these as
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Solution Procedure (FLUENT 1989)

The commercial computer code FLUENT is used to solve the governing

differential equations subject to appropriate bouudary conditions. FLUENT uses a

control volume method in which the goveming equations are discretized. All

dependent variables are located at the cell centre, except velocities, which are located

at the cell boundaries in a "staggered" grid. A power law differencing scheme is used

to interpolate between grid points and calculate derivatives of flow variables. Time

derivatives are integrated in a fully implicit manner. Wall functions are used at the

boundaries close to the wall. The discretized equations are solved with a semi-implicit

iterative scheme to converge at the solution. This solution method is extensively

described in Patankar (1980).

The k-e and the ASM modelling approaches will be used to compare with the

results obtained experimentally.
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2.2 Opposed Jet Flows Modelling Reaction Injection Molding

Reaction Injection Molding (RIM) is a rapid mixing process in a mix chamber

of two or more liquid pre-polymers which then flow into a mold to form a solid

polymer part The process has many advantages, such as lower energy requirements

in comparison to thermoplastic injection molding and production of large detailed

parts. For most RIM systems, mixing is carried out through directly opposed jet to jet

impingement of the reactant streams. The reactant streams may have viscosity ratios

as high as 20:1, and flow rate ratios as high as 10:1 depending on the properties of the

reactants and the reaction stoichiometry. Stable efficient mixing is paramount to the

quality of parts produced with RIM as poorly mixed materials will cause spatial

variation in the physical properties and the variation in the physical appearance of a

finished molded part Typically, mix chambers are cylindrical and 10-15 mm in

diameter using nozzles to form the jets close to the closed end, head region of the

chamber (Figure 2.1). The closed end is also the top of the clean-out piston used to

remove the polymer from the nozzle region upon completion of the shot The nozzles

may be of an annular configuration with needles allowing some variation of the

opening. After mixing the mixed fluid then leaves the open end of the chamber to

enter the mold. Important geometrical parameters are: the chamber diameter, the jet

nozzle diameters, the annular opening of the nozzles (if applicable) and the location of

the nozzles relative to the closed end of the chamber.

Summaries of previous studies of RIM mix heads are provided in Oertel (1985)

and Macosko (1989). Commercial applications may have Red vary from
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approximately 100 to 1000, but 30D-500 is considered a nonnal operating range to

give adequate mixing within the mix head.

A variety of techniques have been used to quantify the effect of the Red on the

flow field. Previous researchers have quantified the mixing under varying conditions

using adiabatic temperature rise (Lee et 01., (1980), Sebastian and Boukobbal (1986»

and polymerized tracer material (Kolodziej et 01., 1982). Visualization of the flow

patterns by Sandell et 01. (1985) in a water based system in a mix chamber (D' (Old)

=5.5, d =9.5 rom, nozzles angled at 9 =30·, aimed at the head region H' (HID) =

0.73) has shewn an oscillating impingement region above Red = 150. At Red = 250

the oscillation was reported to have larger amplitude and higher frequen~y as

measured by replaying video tapes and observing the region between the nozzle inlet

and head region. Observations of the oscillation frequency versus Red are given in

Table 2.3.

Table 2.3 Results of Sandell et 01. (1985)
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steady when increasing the Red or increasing the distance from the nozzles to the

closed end (H). A similar study using water in two model mix chambers (square L"

(lid) =12, d =10 rnm, round D' =5, d =20 rnm, 9 =0") is reported by Akaike et 01.

(1986) who have used hydrogen bubbles and dye to visualize the flow. Their fmdings

indicate stable non fluctuating flow when Red < 200, an unstable impingement surface

200 < Red < 500, and a stable impingement surface with upstream and downstream

fluctuations for Red> 500. Lee et a/. (1980) use a viscous, glycerine water mixture

(0.3 Pa s) in a mix chamber (D' =3.18, d =1.0 rom) to obtain flow visualization

photographs for various flow rates. They note that above a Red of ISO, the flow is

very three-dimensional with strong vortical motion. Wood et 01. (1991) have

conflrnled these observations in a model mix head (D' =10.67, d =2.38 rnm, ~ =

180·, H' = 0-1) using flow visualization, velocity measurements and three-dimensional

computer simulation. They found steady impingement below R::d =75 while at larger

values of Red an instability in the impingement surface grows and oscillates.

observed by a vanishing dye technique in water. Generally, the flow became less

Between Red of 400 to 700 there was limited visual improvement in mixing, as

where
f
St

Red f St (fdlU)
(Hz)

250 0.16±Q.03 0.048

400 0.63 0.12

560 1.1 0.15

720 1.5 0.16

frequency of oscillation (Hz)
Strouhal number (fdlU)

Experimentally, above Red = 150 the jets do not always directly impinge, although

computer simulations showed steady oscillations from Red = 100 - 300 for Ii =0.5

and H' = 1.0. Subsequent three-dimensional steady and unsteady simulations by Yeo

(1993) show asymmetric pressure contours at the point of impingement for Red =75

(D' =10, ~ = 180°) which become less symmetric with increasing Red' Computational

grid refinement was found to alter the solution significantly. Three dimensional

unsteady simulations by Ho (1992) (D' = 10, tjI = 180°) examined the impingement

oscillations, distances to fully developed flow, unequal nozzle flow rates and the effect

17

of nozzle inlet angles. These simulations show an increase in the amplitude of
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oscillation from Red = 125 to Red =200 and only marginal increase to Red =300. A

slight increase in distance to fully developed flow with increasing H' from H' =0 up

to Ii = 0.5 was found for Red = 50 and the axial distance to a fully developed flow

2.25

(Ii =0.25) condition was found to increase dramatically with increasing Red' The

location of the impingement point for unequal flow rate ratios was found for a flow

rate ratio of 1:1.5 at X' =3.5 (-5. > X' < 5.) and for the flow rate ratio of 1:2 at X' =

4.3 (-5. > X' < 5.). Small increments in the nozzle inlet angles (9 = O· to _6·) showed

a steady decrease in the amplitude of oscillation at Red = 125.

LDA measurements reported by Yu et 01. (1991) indicate an increase in axial

(Z) plane weighted average rms (root mean square)

Studies show that any transient disturbance in the flow field coming from the

impingement point dissipates after several mix head diameters downstream of the

impingement point and the flow becomes similar to fully developed laminar pipe flow.

In an effort to model these results, Tucker and Suh (1980) assume that the flow

above or at a "critical" Reynolds number provides good large scale mixing and

compared this region to a transition from laminar to turbulent flow. As the region of

intensely mixed fluid is small (2-3 D above the impingement point) the mixing energy

input from the jets was assumed to be fully turbulent for calculation purposes,

u' =~_I-L (u-w
(N-l) I

2.24 reducing the eddy size such that the mixing length scale l", is equal to the scale of the

Kolmogoroff length microscale 'llk'

velocities with a decrease of D' or a decrease in H' in model mix chambers (D' =

3.09,4.32,6.05; d =8.1 rom, H = 11.31 mm) using a water and syrup solution with

Red ranging from 140 - 5400. Maximum axial (Z) plane weighted average rms

2.26

These arguments lead to the relationship

velocities were found with a jet momentum ratio R =1 where jet momentum ratio R

is defmed as:
~ _ Re -3/4
d d

which shows that as Red increases the mixing length scale decreases resulting in

2.27

improved mixing. This result has not been experimentally confirmed, as a plateau

value of Red is reached such that an increment in the Red will not signiflcantly

improve the mixing. This model is only valid for turbulent flow and it is questionable
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whether at these Red that turbulent flow exists as the inlet Red drops significantly in

the mix chamber due to the increased chamber diameter. Aside from the question of

turbulence, the approach assumes that the input energy (essentially pressure work) will

be entirely dissipated over the volume where mixing occurs (lumped analysis). It does

not allow for any variation in dissipation in the volume. Simulations by Yeo (1993)

show the only regions of significant dissipation occur in the jet shear layer and in the

impingement region.
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For either a commercial nozzle, or a long entry length nozzle, the jet as it

develops with unbounded distance should approach a fully developed, self similar

profIle like that of Schlicting (1968) for a fully developed parabolic nozzle outlet

profIle. The similarity solution to the boundary layer equations assumes the circular

jet issues from a minute nozzle into an unbounded area. The velocity within the

boundary layer is defined:

There are few studies of the flow patterns for mix heads having nozzles that

include a screw and needle assembly to create an annular opening. A high pressure

drop (at the upper limit of reactant injection pressure) across the nozzle is needed to

provide good mix quality (Muller and Sochtig 1987). Figure 2.3 shows a simplified

schematic of the region within the mix head near the L'Orange nozzle orifice. This

configuration is typical of a number of commercial RIM mix heads.

where

and the momentum of the jet is

3 J 1u=-----
811 I!XJ (I +0.25~2?

2.28

2.29

Mix Chaniber Outlet D

Reactant

Nozzle Centre to
Piston Distance H

Cleanou~ Pistjo L .
Needle Opemng N

Figure 2.3 Commercial Nozzle Orifice
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2.3 Opposed Jet Flows Modelling Side Dump Combustors

For the side-dump ramjet combustor, Red values are typically O(IOS). Previous

studies have examined combustion stability as a significant performance parameter.

Stability of the combustion process seems to depend on the areas of recirculation in

the head region and oscillations in the pressure fields which occur at the point of jet to

jet impingement Large pressure oscillations have detrimental effects on the

combustion process. Acoustical oscillations can affect the inlet pressure conditions

and enhance vibration and heat transfer problems. Stull et al. (1985) investigated the

flow patterns present in a model combustor with the nozzles for the jets 90° degrees

apart (~ = 90°) entering the main chamber at an inlet angle e of - 45° (angled toward

outlet). The main chamber was 152 mm in diameter and the rectangular nozzles were

50x70 mm. A similar combustor was used with variable inlet angles of ·300, -45° and

-600 for actual combustion tests. For the flow visualization case reported, water was

used as the working fluid with a Red of 1.8 x 10' with a head height of 50 mm (H' =

1/3). Air was injected in the nozzle to form bubbles 50 mm before the main chamber

with illumination provided with a slit of white light (- 3 mm thick). Photographs at

various chamber heights revealed an area of recirculation in the head region which

was bistable (two possible stable configurations) and two counter rotating helical

vortices trailing downstream from the nozzle inlet As well, variation of the head

height from 0 to 100 mIn altered the flow pattern in the head area but had no

significant effect on the flow field downstream of the nozzle position. In the actual

2.30

where xJ is the axial distance from the nozzle ~' =xjd.

Akaike and Nemoto (1988) have reported results from a submerged laminar

water jet of Red = 100 to 600 issuing from a short 10 mm diameter nozzle (24 mm

diameter tapered to 10 mm over 25 mm and 5 mm of 10 mm diameter nozzle) into an

unrestricted area. A potential core existed at~' = 2 and the fully developed

Schlicting similarity profIle was approached at ~' = 10. Their experimental results

may be more applicable to the commercial nozzle design, since no development length

is present in either case.
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combustion tests, the nozzle inlet angle had little effect on overall combustor

performance and oscillations were not found for most operating conditions. When

found, oscillation amplitudes increased when; air temperature decreased, main chamber

length decreased, fuel-air ratio increased, nozzle inlet angle decreased, and chamber

exit diameter increased. The oscillation frequencies were found to be in the 1()()"325

Hz range and could be increased when: air temperature increased, chamber length

decreased, nozzle entry angle decreased, and chamber exit diameter increased. The

flow field was compared with steady state computational predictions usiag a k - e

turbulence model with 11xlO nodes in cross section and 3500 nodes in total,

modelling one half of the combustor assuming symmetry. The flow patterns above the

nozzle inlet were found to agree well with the flow visualization studies but poor

agreement was obtained for the head region where bistable oscillatory conditions

would make agreement poor.

In a similar study, Nosseir and Behar (1986) used a model with opposed

rectangular planar nozzles (L' = 1.25 - 2.50, ~ = 180°, H' = 0-2) on a water table (one

free surface) to simulate the side dump combustor. The average Red based on the

nozzle width was 3000. Coloured dye was injected into the flow at various locations

and hydrogen bubbles were generated on a grid to illuminate the flow patterns present

Oscillations in the flow were detected using a laser beam and photo cell at a fixed

location which would be interrupted by the passage of th,~ dye at that location. Flow

visualization results were similar to those of Stull et al. (1985) in that at one instant

one jet would be deflected into the head area and then deflected out while the other jet
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would be deflected into the head area in an "almost periodic and out of phase"
flat plates holding the nozzles. Air was the working fluid and both nozzle velocities

manner. As well, above the nozzle area, in the main chamber, vortices were generated
were carefully controlled to ensure uniform flow velocities. Flow visualization using

which alternated between clockwise and counter clockwise rotation similar to the
tufts suspended on wires between the two plates characterized the flow. It was found

above work. The strength of the vortices was found to fluctuate with the oscillation of
that the head on impingement was highly unstable with a period of Gscillation of 0.5 •

the jets into the head area (phase locked). A non dimensional frequency (Strouhal

Number =fdlU) was given for variations in velocity and head length. Measurements

I s. Oscillation in the jets occurred with two well-defmed modes of oscillation; the

symmetric and antisymmetric modes as shown in Figure 2.4. On a long time average

were obtained above the impingement region using video analysis and laser light
the oscillations became axisymmetric. Pressure variation on the plates was recorded in

interruption. Increases in head length were found to ca\:se a decrease in the Strouha!
order to determine the location of wall reattachment away from the impingement area.

number.

Table 2.4 Results of Nosseir and Behar (1986) L" =2, H' = I

Re St

800 0.14

1600 0.17

2000 0.22

2700 0.17-0.21

3300 0.25

Pressure was at a minimum at the point of reattachment although pressure fluctuations

were 40% of the minimum value. At 220 and 515 Hz significant low frequencies

were found which were independent of plate separation distance II, and high

frequencies (885-5138 Hz) which were a function of II,. Good agreement was obtained

between the high frequency range and values of the resonant frequency between the

plates from the standing wave equation.

These values are in agreement with some of the results of Sandell et al. (1985)
2.31

discussed previously. The recirculation patterns observed differ from the nozzle c
N

speed of sound
1,2,3....

studies of Sandell et af. (1985) and Stull et al. (1985) in some respects due to the

geometric configuration studied. The 220 Hz frequency was found. to be a natural frequency of the plate

In order to eliminate some of the geometrical effects of the side dump dimension. The 515 Hz frequency was possibly the result of the structure of the jets

combustor Nosseir et af. (1987) modelled the side dump combustor as two nozzles interacting with the plates, similar to the fluctuating reattachment point found in a

impinging head on in an unconfined space with the only limitation being two parallel backward facing step (Troutt et al. 1984) or the "flapping" of the shear layer because

25

of the passage of coherent structures (Eaton and Johnston 1980), as it was only
26

inlets (35x47 mm, iP = 180°) entering at an angle e of -60° and a main chamber

measured inside the separated region before reattachment A feedback mechanism
diameter (0) of 100 mm with a variable length head region which was fIXed at 50 mm

based on upstream propagation of pressure waves from the point of impingement
(H' = 0.5) for these experiments. Air was used as the working fluid and the Re.. was

forces the shear layer near the nozzle exit This concept is discussed in a later section.
2.5xHf where

In the second case of Liou et al. (1990) two short opposed rectangular nozzles

nozzle the entire depth of the main chamber similar to the model of Nosseir and Behar

component LDA was used for the measurements which were taken on the jet axis and

2.32d = 4* nozzle cross sectional area
h cross section perimeter

d" hydraulic diameter
Re.. Reynolds number based on d"

1.0). Air was again used as the working fluid and the Re.. was 2.3x1o'. A single

(1986). The head length was potentially variable but was fIXed at 30 mm (H' (HIL) =

(l5x120 mm, iP = 180°) entered a rectangular model (LxW 30x120 mm) making the

at 90" to the jet axis for 9 axial (z) combustor planes in the first case and 11 axial (z)

combustor planes in the second case. Because of the inlet angle e of ·60° the

stagnation point or central impingement point was found to be at 0.46 D above the

c) Long-time averaged (axisymmelric).
inlet nozzles in the first case and at 0.28 L for the second case of head on

Figure 2.4 Synunetric and Antisymmetric Modes (from Nosseir et al. (1987»
impingement Below the impingement area in the combustor head two asynunetric

vortices were measured in the plane of the nozzles and four counter rotating vortices

Turbulence parameters have been experimentally determined in two cases of 1\
90° to the nozzles for the first case, while only two counter rotating vortices were

model side dump combustor by Liou and Wu (1988) and Liou et al. (1990) usmg laser
found below the impingement stagnation point in the second case. Above the nozzle

Doppler anemometry (LDA). The model in the first case had two opposed rectangular
inlets, two vortices formed on the walls of the chamber in the second case. Flow
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became unidirectional, 4 D downstream in both cases and was extrapolated to ful1y

developed flow at 13 D downstream of the nozzles in the flfst case. In the second

case, measurements of the transverse velocity revealed a bimodal distribution of

velocities in the region of 0.1 L to 1.1 L similar to those observed by Nosseir et al.

(1987) and Stull et al. (1985) where the oscillation of flow into the head region

alternated between the jets. Between the nozzle inlets and 1.0 D or L, the turbulence

measured was highly inhomogeneous and anisotropic. In particular, the axial turbulent

intensity in the region where the jets collided was five times the transverse turbulent

intensity. This would partially account for the poor agreement with a previous two

dimensional k - E turbulence model prediction which assumes isotropic turbulence. In

a study of the effect of the head height H on the stagnation point and the areas of

reattachment above the inlet nozzles it was found that H does not affect either the

stagnation point or the reattachment points in the second case. The flow rates into the

head and into the reattachment points were evaluated for various H. A maximum for

the head flow rate was found for HO = 0.5 and the flow rate then decreased to HO =

0.75, where it remained essentially constant The flfSt case was model1ed using a

steady algebraic Reynolds stress (ASM) model in subsequent papers by Liou and

Hwang (1989) and Liou et al. (1992). An unequally spaced finite difference grid

9xlOx40 in the x, ~, and z directions was used to model one quarter of the combustor.

This assumes that the flow field is symmetric about the nozzle axis and 900 to the

nozzle axis. However, previous work has shown this not to be the case because of

impingement area oscillation. Mean flow velocities generally agreed with
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60° and _75°) were examined (ReI = 10" H =0,1../1 =3.22, I =49 mm) in planar jets

the entire depth of the chamber. For e =_30° and _45° the measured W velocity and
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experimental results within 15 % although the peak axial velocity CN) was under

predicted by 54 % apparently because of asymmetric flow conditions, although a

probable explanation is the assumption of steady flow simulations for an unsteady

flow field. In the second work (Liou et al., (1992)), in which a comparison of various

turbulence models was detailed, the algebraic stress model gave the best agreement

with experimental data although the k - E model also predicted the trends qualitatively.

Measured inlet values gave better agreement than a uniform inlet profJ1e, as would be

expected.

A flow visualization study was performed by Miau et al. (1989) similar to the

study of Nosseir and Behar (1986) and the second case of Liou et al. (1990) where the

opposed inlet nozzles (200x50 mm) enter at e=0° and are the same depth as the main

chamber (WxW 2oox200 mm) giving a Redh of 8xl03
• The head length was fixed at

200 mm (H0 = 1). An Argon Ion laser was used to create a light sheet to illuminate

cross sections where 60pm aluminum oxide particles traced the flow. The particles

were injected from holes in the sides of the inlet nozzles. Similar observations were

made regarding the low speed recirculating cells in the head region and the shear

layers formed at the recirculation areas above the nozzle inlets. It was postulated that

there is a coupling between the strearnwise vortices in the main flow and the separated

flows developed above the nozzle inlets.

The effect of the inlet angle on the mean flow and turbulent characteristics in a

model side dump combustor was studied by Manjunath et al. (1991) and Manjunath et

al. (1992). Four inlet angles with nozzles aimed at the Chamber exit (6 =_30°,-45°,_
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For equal momentum jets the expression became

kinetic energy were much higher in the initial region z/1 < 6 and uniform conditions

were attained faster than the larger inlet angles as the maximum velocities decayed

2.34

rapidly. For all inlet angles the initial region was found to be anisotropic with the

axial W"", velocities approximately twice the V"", values. The slow decay of W"", for

large inlet angles indicated a gradual mixing process in comparison with the intense

mixing at small inlet angles indicated by the rapid drop in all rms values.

204 Unconfined Opposed Jet Flows

Oscillations have also been observed in impinging jets with no boundary

restrictions. Denshchikov et al. (1978) and Denshchikov et al. (1983) report self-

sustained oscillations in two opposed free jets issuing from nozzles 50-200 mm (21...,)

apart in a submerged water tank. The flow was visualized with ink added to the jets

and recorded with a movie camera. A dimensionless group Trr' was used to compile

the results.

T period of oscillation
I transverse height of nozzle
Rc; Reynolds number based on 1

-t.ot----O-#-----l,...-......:...-+--.-,-----l

o Z

-Z.o,~.5~---'O"-L.L_·---Z""'.S----1-lj-R-
c
--JJ.S

Figure 2.5 1/21..., versus Rei equal jets (from Denshchikov et al. (1983)) 0 no
oscillations, ° oscillations

For values of Rc; less than 90-100 self-sustained oscillations were absent for all

L,
p
p

T" = p(2L/

P

half distance between the nozzles (free jet)
Absolute viscosity
density

2.33 values of 1/21..., and for 100 < Rc; < 4800 the presence of oscillations depended on the

value of 1/21...,. A neutral stability curve as a function of V2Lr and ReI is shown in

Figure 2.5.

A similar study was reported by Ogawa and Moo (1986) and subsequently by

Ogawa et al. (1992) where air flowed through two 28.2 rom diameter opposed nozzles
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(Red 0(10'». In the first case primarily pressure variation was measured as one jet

impinged on a flat plate located at various distances from the nozzle exit and velocity

measurements were obtained for various jet to jet separation distances (2L/d =0.35 to

5.32). In the second paper an attempt was made to correlate the point of impingement

between the two jets with the momentum ratio of the nozzles. The point of

impingement was detennined through the use of a hot wire anemometer located 20

mm from the jet axis (-z direction) which was moved parallel to the jet axis to

detennine the highest axial (w) velocity. The location corresponding on the jet axis

was taken as the impingement point The momentum of the jet can be found from the

Bernoulli equation along a stream line.
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it can not solely be determined from the momentum ratios. The second paper (Ogawa

et al. (1992» found that if the mass flow ratios differed signifiC?.'1tly (e.g. when the

impingement point was near one of the nozzles) the impingement point was relatively

stable (LId = 2.15 and 4.29). When mass flow rates were approximately unity a

bistable impingement point was found. The variation was attributed to variation in (U-

~) because of similar velocity profiles from both nozzles but differing fluctuating

velocity profiles caused by insertion of grids in one nozzle only. Frequency of

impingement area movement was not discussed.

Becker et al. (1988) found complex frequency spectra with no regular

oscillations in an opposed jet apparatus with jets 6.22 mm in diameter separated by

~U2 + !... + ~i? = constallt
2 p 2

Combined with the assumption of isotropy

!.=~-;p
p p

p. static pressure outside jets

These equations lead to an estimate of the momentum of the jet at the jet centre.

lp(rfl-/j2) +P = constant
2 G

2.35

2.36

2.37

340 mm (LId = 27.3) with volumetric air velocities of 17.8 mls giving a Red of 6900.

LId was found to be a significant operating parameter affecting turbulence and mixing

at the point of impingement more so for L;'d < 12. For large LId the effect of initial

flow parameters on the impingement zone was found to be negligible.

The results for two nozzle designs are shown in Figure 2.6 which essentially

show that for low turbulent intensity fluid issuing from the nozzle the impingement

point can be detennined from the momentum ratio but for higher turbulent intensities

UVLb
6-0.935
""-0.919
110.-1.044

L/D·4.3
Re2"5.6IxlO·

IITHOUTGRID
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2.5 Impinging Jet Flows

The opposed jet configurations studied in this work is found to have

characteristics which are similar to previously documented impinging flows. In

particular, the presence of flow regions such as steady flow, and oscillatory flow has

been studied extensively for some geometric arrangements.

Initial approaches to opposed jet flows considered the similarity between

opposed jets and a single jet impinging on a flat plate (Powell (1961), Nosseir and

Behar (1986». Many cases of jet impingement on a flat surface have been

documented in the laminar [Deshpande and Vaishnav (1982), Law and Masliyah

(1984)] and turbulent [Wolfshtein (1970), Beltaos and Rajaratnam (1973), Gutrnark et

Figure 2.6lmpingement Point Movement (from Ogawa et al. (1992»
al. (1978)] regions. Some similarities exist between these cases and the present

opposed jet case, such as the existence of a free jet region, an impingement region

and, for low Red cases, a recirculating region. Flat plate impingement differs in that a

wall jet develops along the plate boundary away from the impingement region, while a

radial jet develops from the impingement region in the opposed jets; no laminar flat

plate impingement studies have detailed an oscillating impingement region. Laminar

jet impingement on a flat plate has been numerically simulated by Deshpande and

Vaishnav (1982) (Red 0-2000, Lid = 1.5 and 2) where 1;. is the distance from the

nozzle exit to the plate. For 0 < Red < 1000 a recirculating toroidal vortex adjacent

to the nozzle exit was found and at Red ~ 1000 the vortex no longer existed. The

vortex centre moved towam the plate for Red :0; 25 and in the radial direction away
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from the stagnation point for Red> 25. A similar study by Law and Masliyah (1984)

(400 < Red < 19oo.l.;/d = 2 and 4) with the addition of an upper confining surface

parallel to the impingement plate showed a similar toroidal vonex fIlling the confining

cavity. The vonex grew in the radial direction and the vonex centre moved in the

radial direction with increasing Red' In contrast to the unconfined impingement study

above, the toroidal vortex existed over the entire range of Red studied. Contours of

stream function from their simulations are shown in Figure 2.7.

(al Re.=400

~bl Re.=9S0

l.klhl1

~
Cd) Re. =1900

2<

Figure 2.7 Contours of Stream Function from Law and Masliyah (1984)
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critical value of Red' as disturbances will be damped (Naudascher (1967».

Subsequently. disturbances in the impingement region are fed back to the unstable free

shear layer of the jet These disturbances cause increased vorticity fluctuations in the

shear layer. Consequent downstream amplification of the shear layer vorticity

fluctuations aids the production of disturbances in the impingement region.
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2.6 Oscillations

Initially. the mechanism controlling the movement of the impingement region

in the opposed jet case was considered to be a class of the Coanda effect in which a

free jet develops oscillations due to alternating side wall attachments (Murai et al.

1989). The jet movement in the mix head case is not as signjficant as that seen with

free jets in a channel and the frequency of oscillation of the free jet is typically very

small. Studies of suddenly enlarged channels, similar to the jet entry into the chamber

of the opposed jets. show recirculation filling the -;,xpanded area and instability in the

wall reattachment areas leading to asymmetric flow patterns. Numerical simulations

by Shapira et al. (1990) for channel expansion ratios (DO or LO in the opposed jet case)

of 1:2 and 1:3 and expansion angles of 7° - 90° reveal that, as the expansion ratio

decreases, the flow remains stable for higher Red' In this case, stable refers to a

symmetric flow pattern and unstable refers to an asymmetric flow pattern. For an

expansion ratio of 1:3 and an expansion angle of 90° the symmetric flow pattern was

found to be unstable for Red = 82.6. The transition from symmetric to asymmetric

flow was found to be smooth and non-oscillatory.

Self-sustained oscillations in impinging jet flows where a jet impinging on an

object or surface develops regular self sustaining oscillations have been reviewed by

Rockwell and Naudascher (1978,1979). A graphic classification scheme based on the

jet and the impinged surface from the Rockwell and Naudascher (1979) review is

shown in Figure 2.8. In all of these cases, several interacting events are necessary for

the occurrence and maintenance of oscillations. Steady flow will occur below a
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Theoretical predictions of the growth of a disturbance in the initial free finite

thickness shear layer originating at the nozzle lip found certain frequencies to be

unstable (Michalke 1955). The most amplified frequency fo forms a constant Strouhal

number based on the initial momentum thickness emo and the jet exit velocity U where

where u is the velocity at the point y in the velocity profile. em is a function of the

Red and the distance from the nozzle x and emo is defined as the initial momentum

PlAN",R AXISYMMETRIC PlAHAR AND

JETS JETS AXISYMMETRIC
MIXING lAYERS

I--L---<

$1- ~~~1~(-'~~
dT o(V)

JET-EDGE JET-RING MlXlNG UYER.£OGE
(EOGE-TONEJ (RltG-TONEl (SHEAR- TONE)

:::J~ ..uuJ----1 =l::::JF, , ;;;;;';--~':::::f

JET-Hot.£ RECJ:v~rvlJl.AR
(HOlE-Ta<E1

~-=---. ~~-~ ~
JET-PLATE AXIS~~'RIC

~~-
~
~~
~~~

.E;T·SURFACE SPECIAlCAvtTT
(GATE WITH UP)

Figure 2.8 Classification of Self-Sustaining Oscillation Geometries from Rockwell
and Naudascher (1979)

St = f o 6mo = 0.017
o U

the momentum thickness em (Schlicting 1968) is defined by

em momentum thickness (m)

thickness at the nozzle lip where x = O. As

e oc...!...
/nO .;u

then
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disturbance and the conclusion that "a minute amount of spatially coherent disturbance

can cause the scatter in the instability frequency" and "the development of the entire

shear layer up to the end of the potential core may be affected by initial conditions".

The flow system presently under study, the opposed jet configuration, is not

specifically outlined in the Rockwell and Naudascher (1979) review (Figure 2.8).

Although the closest example is perhaps the jet-plate configuration, this implies a solid

impingement surface which does not exist here.

1.0

0.8

0.6

0.5

0.4

0.3

0.2

00
aD OD

USC-t JET (38.1mm)

Uo(m/s) (USC-l JET)

The impingement of a subsonic turbulent jet on a flat plate has been

investigated by Ho and Nosseir (1981). Their experimental work found evidence of a

phase lock between downstream and upstream travelling waves, creating a closed

feedback loop required for self sustained oscillations. Variation in the plate to nozzle

distance was found to cause frequency stages in the resonant Strouhall'umber (St,. =

f,dlU) typical of self sustained flows. The St,. would decrease with increasing plate to

nozzle distance until a St,. minima of 0.3 was reached at which point the St,. would

0.12~--;--:-4--;':5--;':6,--'--';:8....L..J,0':-----2.L0--:30:!;:--;;40'

Figure 2.9 Variation of the Initial Instability Frequency with Jet Exit Velocity from
Gutrnark and Ho (1983)

A revibw of previous instability studies in free turbulent jets is reported and

Gutrnark and Ho (1983), who found a significant scatter in the Sr. (.01 - .018)

reported in the literature. Their measurements close to the nozzle (xJd =0.3) showed

the dependence of frequency on velocity UJJ2 as shown in Figure 2.9. Significant

variation in their Sr. with Red led to the discovery of an extremely small upstream

41

Figure 2.10 Schematic Diagram of the Feedback Loop in an Impinging Jet from Ho
and Nosseir (1981)

The present case concerning oscillations in the opposed jet impingement area

of a confined cavity has not been previously addressed in the literature. In particular,

the influence of the fluid interface of the impingement area and the effect of the wall

boundaries will alter the oscillatory mechanism, even though components of the

described feedback mechanism are present, such as the initial shear layer instability

and upstream propagating pressure waves from the impingement region.

jump to an increased level. The resonant frequencies were found to be an order of

magnitude smaller than the initial instability frequencies, and the shear layer thickened

because of multiple mergings of the coherent structures downstream of the nozzle or

collective interaction. A schematic of the feedback loop proposed by Ho and Nosseir

(1981) is shown in Figure 2.10. The described feedback mechanism will only function

in an unstable flow region and the extent of the region will depend on the strength of

the feedback, which is controlled by the boundary conditions (Naudascher (1967».
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2.7 Summary

As a summary of previous work, stable conditions and self-sustained

oscillations have been found in geometrically similar opposed jet studies with widely

varying Red and St The cases where the Red is of 0(102-103
) shows instabilities in an

impingement surface above and below the geometric point of impingement while for

studies with Red> O(1Q3) the visualized structure changes somewhat in that a similar

region below the impingement region has been documented while helical vortices have

been visualized above the impingement point Unconfined opposed jets are also

reported to have oscillatory behaviour, depending on nozzle parameters such as

separation distance, diameter and momentum ratio a situation suggesting that other

geometrical parameters are insignificant for oscillatory behaviour.












































































































