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Abstract

Turbulent mixing layers have been investigated experimentally to study the effect of
velocity ratio and merging angle on them. Two types of mixing layers were produced
from merging of two streams at 0° and 18°. Each type of mixing layers was produced
for three different velocity ratios 0.7, 0.8 and 0.9 keeping the high speed velocity
constant at 10 mls. At the farthest downstream station for a velocity ratio of 0.7, the
Reynolds numbers based upon downstream distance and convection velocity were
1.3x 106 for parallel stream (0°) and Ux 106 for non-parallel stream (18°) mixing layers.
The hot-wire traces of the fluctuating component of the streamwise velocity in all the

mixing layers at 10 mm upstream and 8.3 mm from the splitter walls indicated that the
initial boundary layers were in turbulent state. The boundary layers were also untripped
in all the cases. The initial and operating conditions were documented, and the
streamwise pressure variations were measured. The time history of the hot-wire signals
were recorded for each of the mixing layers at different streamwise locations: 5, 107,
507,907, 1217, 1617 and 2017mm from its initiation. These time history records of the
hot-wire signals were analyzed and then mean streamwise and cross-stream velocities,
Reynolds streamwise, cross-stream and primary shear stresses were calculated.

The calculated data of mean flow have been analyzed further to study the isovel,
mixing layer thickness, momentum thickness, free-stream velocity and mean velocity
defect in the flow. Self-preservation and scaling of the flow properties of both mean and
turbulence quantities have been studied. The results for parallel stream mixing layers
were compared with the available results of others and found to have agreement as well
as discrepancy.

In both types of mixing layers, the results showed that the splitter wake played a
dominant role on their development. Both types of mixing layers attained self-similarity
for velocity ratios 0.7 and 0.8 but failed for 0.9 within the measurement domain. With
the increasing velocity ratio, the development distance increased and the mixing layer
thickness decreased for both types. The comparison of the results of two types of
mixing layers showed that the development distance and Reynolds stress level were
less, but the growth was higher for 18° than for 0°. The isovels for normalized velocity
of 0.9 in both types of mixing layers were found to spread more into the high speed
region with increasing velocity ratio. Scaling of the mixing layer thickness was found to
be effective for all three velocity ratios for both types of mixing layers and the newly
scaled parameter was also found to be effective in removing the dependence of merging
angle on the scaled mixing layer growth. But scaling of the peak Reynolds stress levels
was found to be effective only for velocity ratios 0.7 and 0.8 for both types of mixing
layers.
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Chapter 1

Introduction

1.1 Introduction

Mixing phenomena has been of engmeenng interests smce early 1920's

(Tolimien,I926; Goldstein,1930; G6rtler, 1942). Mixing of two different fluids is much

faster in turbulent flow than in molecular mixing. The homogeneity in turbulent mixing

is not in molecular level but may be to the level of smallest energy containing eddies.

Mixing layer is an example of such mixing which forms at the interface of the two

uniform streams of different velocities. The mixing layers produced from two streams

of the same fluid, essentially possess the velocity gradient in absence of the

concentration gradient. The development of a typical mixing layer is shown in Fig.I.1

with its nomenclature. In reality, mixing layer after its formation develops through two

successive distinct regions, namely developing region and developed region. The

developing region is also called near-field region which contains wake. Transition

occurs in the wake flow rather than in a normal laminar mixing layer. The developed

region is also called self-preserving region where the flow is fully developed turbulent

flow.

Two-dimensional turbulent mixing layers are of two types: Plane mixing layer and

Axisymmetric mixing layer. A plane mixing layer flow is two-dimensional where the

mean flow in planes parallel to a given plane is identical and an axisymmetric mixing.

layer flow is also two-dimensional but the mean flow in planes through the axis of

symmetry is identical. Hussain and Husain (1980) found that, sufficiently close to the

jet lip, axisymmetric mixing layer characteristics did not differ from those of the plane

mixing layer. They compared some integral measures within the potentia! core of

axisymmetric layer with those of the plane mixing layer and found an amazing

similarity between the two. The development distance for axisymmetric layer is

approximately 1.2 x 105 (v/Uo) from the nozzle exit (Yule, 1977) and for plane mixing

layer is approximately 4.0 x 105 (v/Uo) or greater from the initiation of mixing layer

(Tennekes and Lumley, 1972). Plane mixing layers have been investigated extensively
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by many researchers which are discussed onward and axisymmetric mixing layers have

been studied by different researchers e.g. Bradshaw (1966), Wygnanski and Fiedler

(1969), Roshko (1976), Hussain and Zedan (1978a,b), and Zaman and Hussain (1980).

Depending on different bases plane mixing layers are classified as:

1. Single Stream and Two Stream,

n. Natural and Forced,

iii. Straight Stream and Curved Stream.

Single stream mixing layer forms when a single stream discharges into quiescent

surrounding fluid and two stream mixing layer forms when two streams of fluid are

brought in contact. Bradshaw (1966) showed that the development distance for single

stream was 100080 but for two streams there are no such obvious criteria. However,

Browand and Troutt (1985) established the development distance for two stream

mixing layer to be 400-50080111.. There are some other correlations proposed by

Browand and Latigo (1979) and Ho and Huerre (1984) that are based on the initial

mixing layer momentum thickness. In the near-field region, there exists considerable

scatter in the published data on the streamwise development of mixing layer leading to

many confusion (Birch and Eggers, 1973; Rodi, 1975). The reason of this confusion

seems to be partly as a result of a lack of experimental data. In the self-preserving

region, experimental data are found to be apparently self-preserving in some cases and

effectively self-preserving in some other cases. This discrepancy may be attributed to

the differences in experimental conditions (Mehta and Westphal, 1986).

Natural mixing layer forms when unperturbed streams are brought into contact and

forced mixing layer forms when either or both of the streams are given with some

perturbation before they are brought into contact. Forced mixing layer does not grow

linearly with downstream distance like the natural one. Initially, it grows faster; then

slowly and then faster again. The effect of velocity ratio, amplitude of forcing and

frequency of forcing on mixing layer has been studied by Oster and Wygnanski (1982).

Forced mixing layers have been investigated by many different researchers e.g. Zaman

and Hussain (1980), Ho and Huerre (1984), Dziomba and Fiedler (1985), Mehta et

al.(l987), LeBoeuf and Mehta (1996) and Estevadeordal and Kleis (1999).
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Straight stream mixing layer forms when two streams are brought together and then

flows through straight duct and curved stream mixing layer forms when two streams

are brought together and then flows through curved duct. A straight stream mixing

layer may be parallel or non-parallel. In parallel stream mixing layer, the two streams

merge at zero angle (Fig.l.I) and in non-parallel stream mixing layer, the two streams

merge at certain angle (Fig.1.2). The literature on parallel stream mixing layer is rich

but hardly there is publication on non-parallel stream mixing layer.

In the curved stream mixing layer, the curvature has stabilizing and destabilizing

effect in the Taylor-Gortler sense. The main effect of destabilizing curvature is to retard

the decay of the streamwise vorticity. This streamwise vorticity produces significant

spanwise variations in the mean velocity and Reynolds stress distribution. Moreover,

the presence of streamwise vorticity has a dramatic effect that is amplified by

destabilizing curvature resulting in faster growth of the shear layer and enhanced

turbulence transport and mixing (Plesniak et a!., 1996). Curved stream mixing layers

have been studied by different authors e.g. Margolis and Lumley (1965), Wyngaard et

a!. (1968), Bradshaw (1973), Gibson and Younis (1983), Wang (1984) and Plesniak et

a!. (1994, 1996).

1.2 Mechanism of Mixing Layer Formation

As the two nominally uniform streams having a different but constant velocity

throughout come in contact, the Kelvin-Helmholtz (or primary) instability creates two-

dimensional spanwise coherent vortices (Brown and Roshko, 1971, 1974; Rebollo,

1973; Winant and Browand, 1974; Konrad, 1976; Browand and Weidman, 1976). In

addition to the spanwise coherent vortices, there are streamwise vortices which are

found to be superimposed upon the spanwise ones (Konrad, 1976; Bernal, 198I;

Jimenez, 1983). This streamwise vortices form as a result of either spanwise instability

or internal instability or possibly a combination of the two (Roshko, 1980). The

adjacent spanwise vortices tend to roll around each other generating a large vortex

through pairing which is convected downstream with the mean velocities on each side

of the layer. This pairing process is random in space and time and results in a linear

continuous growth of the mixing layer. Then the mixing layer becomes almost two-
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dimensional after five or six spanwise roll-up and flowing some distance downstream

begins self-similar evolution (Lasheras et aI., 1986).

Some authors attributed most of the growth of the mixing layer to the growth of the

large coherent eddies rather than to the vortex pairing process (Winant and Browand,

1974; Roshko, 1976; Dimotakis and Brown, 1976; Heman and Jimenez, 1982).

According to Winant and Browand (1974), the growth of the mixing layer was

primarily due to amalgamation process. Bernal (1981) and Heman and Jimenez (1982),

who studied motion pictures of flows at much higher Reynolds numbers than those in

the experiments of Winant and Browand (1974), found that considerable (possibly

principal) growth occured in individual vortices during their life time between

coalescences. This observation is consistent with the important point made by Moore

and Saffinan (1975) that direct growth of the vortices by turbulent entrainment causes

decrease in vorticity as the mixing layer grows downstream.

1.3 Self-Preservation of Mixing Layer

After flowing some distance from the initiation, mixing layer begins self-similar

evolution. Townsend (1976) shows that the governing equations and boundary

conditions for the plane turbulent mixing layer can yield self-preserving solutions for

sufficiently high Reynolds number at downstream distance. This requirement of large

Reynolds number for the flow to become self-preserving stems from the need to have

Reynolds stresses dominate viscous stresses (Dimotakis, 1993). Such self-preservation

implies an asymptotic state after a considerable flow length where all important flow

parameters are independent of Reynolds number and become similar when scaled by

the velocity and length scales e.g. the shear velocity and local mixing layer thickness

respectively.

In practice, it is difficult to determine whether the self-preserving state has been

achieved. However, the necessary conditions considered for the achievement of self-

preserving state are: the mixing layer thickness grows linearly with downstream

distance, the shape of the mean velocity profile is independent of downstream distance

when scaled by mixing layer thickness, and the profiles of all turbulence quantities are

independent of streamwise location when scaled by mixing layer thickness; in
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particular, peak values of the turbulence stresses should be independent of streamwise

locations. A more sensitive indicator for the achievement of self-preservation is the

behavior of the higher order turbulence quantities that, in general, take longer distance

to become independent of streamwise location.

1.4 Factors Affecting the Mixing Layer

There are many areas of confusion remain regarding the properties of even natural

plane mixing layers, both in the near- field and self-preserving regions. The main reason

of this confusion or lack of agreement among experimental results of nominally

identical flows is that mixing layers are very sensitive to small changes in their initial

and operating conditions, the effects of which often persist for relatively long distances

downstream (Bell and Mehta, 1993). This hyper-sensitivity of the mixing layers to their

initial and operating conditions is due to the presence of organized large coherent

eddies in it. Hence, it is very difficult to set up identical experiments in different

facilities. Amongst the parameters that are known to affect the mixing layer behavior

are:

I. velocity ratio (Pui and Gartshore, 1969; Mehta, 1991)

11. trailing edge thickness (Dziomba and Fiedler, 1985)

111. state of the initial boundary layers (Bell and Mehta, 1990)

IV. presence of the trip wire (Bell and Mehta, 1990)

v. periodic oscillation force (Oster and Wygnanski, 1982)

VI. turbulence level of the initial boundary layers (Hussain and Zedan, 1978a,b)

VII. free-stream turbulence level (Chandrsuda et aI., 1978; Pui and Gartshore,

1979)

viii. Reynolds number (Hussain and Zedan, 1978a)

IX. size of the test section (Oster and Wygnanski, 1982; Wood and Bradshaw,

1984; Bell and Mehta, 1990).

1.5 Scope of Applications

Turbulent mixing layers occur in most of the fluid engineering applications. Mixing

layers are common in combustion chambers, premixers of gas turbine combustors,
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chemical lasers and flow reactors. The degree of mixing in the applications affects the

level of pollutant emission, the thermal stress distributions and combustion efficiency.

Mixing layer is responsible for most of the broad-band noise generated in propulsion

systems. Moreover, mixing layers possess certain universal flow features that have

made them very attractive for both experimental and computational studies. The

theoretical analysis of the mixing layer is quite simple because of its asymptotic

behavior which provides easy comparison with experimental results.

Mixing layers are well suited for: flow visualization study due to the presence of

large vortical structure (Ho and Huerre, 1984), probe type measurements because of the

absence of bounding walls and the faster growth rate of the layer compared to other

shear flows (Mehta and Westphal, 1986), computational studies since mesh

specification is simpler because of the absence of bounding walls (Mehta et aI., 1987)

and development and testing of new turbulence models because of its sensitivity to the

modeling of turbulence than boundary layers (Rodi, 1975).

1.6 Statement of the Present Study

Turbulent mixing layers occur in the most engmeermg applications. This has

increased the need to enrich the knowledge about its flow characteristics, both mean

and turbulent, associated with the effect of initial and operating conditions. To

investigate the effect of merging angle on the mixing layers, two different types of

these are produced in a suction type mixing layer wind tunnel. In Fig.4.1, two parallel

streams and in Fig.4.2, two non-parallel streams are brought together in the test section

to form the mixing layers. Suction tunnel is used because it provides ease of employing

different equipment to the experimental rig. The non-parallel streams are made to

merge at an angle of 180• To investigate the effect of velocity ratio on the mixing layer

behavior, each of the mixing layers in Fig.1.1 and Fig.1.2 are produced with the

velocity ratios of 0.7, 0.8 and 0.9. In each type of mixing layers, the high speed side is

kept constant at 10 mls.

Merging angle between the two streams has significant effect on mean and

turbulence quantities of the mixing layer but hardly there is publication on it. This lack
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of knowledge has motivated the author to pursue the present study. It seems, this study

will also enrich the knowledge of mixing of two air streams in air-conditioning system.

1.7 Objectives ofthe Present Study

Two different types of mixing layers are produced as stated in Sec.1.6, one is from

two parallel streams and the other is from two non-parallel streams. Each type of

mixing layer is studied for three different velocity ratios, r = 0.7, 0.8 and 0.9 with the

initial and operating conditions documented in Table 5.1. The objectives of the present

study are:

I. to document the initial and operating conditions

11. to find the streamwise pressure variation

111. to measure the mean velocities and turbulence quantities

IV. to examine the two-dimensionality of the mixing layer

v. to investigate the self-preservation of the flow in terms of mean and

turbulence quantities

VI. to study the effect of velocity ratio

V11. to see the collapse of the diverse range of data by scaling downstream distance

viii. to compare the results of non-parallel stream mixing layer with that of parallel

stream mixing layer.



Chapter 2

Literature Review

2.1 Introduction

Turbulent mixing layers for sometime have been grouped with jets and wakes as one

of the simplest free shear flows. At the present state of study, mixing layers are studied

both experimentally and numerically. There are some numerical methods used for

studying mixing layers (Sec.3.1). Moreover, Riley and Metcalfe (1980) used a pseudo-

spectral method to solve the Navier-Stokes equations for a mixing layer flow. Corcos

and Sherman (1976) did direct simulation of coherent structures to examine the roll-up

of a shear layer into a vortex. The stability theory was used for sometime to calculate

many properties in a mixing layer (Crow and Champagne, 1971; Merkine and Liu,

1975).

The first comprehensive investigation of mixing layer was made by Liepmann and

Laufer (1947) with a single stream discharging into quiescent surrounding fluid. Even

then, the experimental investigation of mixing layers were revived when Brown and

Roshko (1974) performed flow visualization studies of a plane mixing layer and

reported the presence of large, quasi-two-dimensional vortical structures.

2.2 Near-field Region

There is less investigation III the near-field regIOn of two stream mlxlllg layer

whereas there is an abundance of data for the single stream mixing layer. It is well

known that considerable scatter exists in the published data on the streamwise

development of free shear layers, leading to many areas of confusion (Birch and

Eggers, 1973; Rodi, 1975). The reason of this confusion seems to be partly as a result

of a lack of experimental data in the near-field of mixing layers. Bradshaw (1966)

presented near-field data for a single stream mixing layer, but no such reliable and

detailed turbulence measurements were available for the two stream layer.

In a single stream mixing layer, Bradshaw (1966) showed the distance required for

self-similarity to be 100060• But Hussain and Zedan (1978a) suggested that such a



9

distance decreased with increasing Reao which was in contrast to Bradshaw's findings.

There is no obvious criteria that has emerged for the development distance of two

stream mixing layers (Mehta and Westphal, 1986), although various correlations based

on the initial mixing layer momentum thickness have been proposed (Browand and

Latigo, 1979; Ho and Huerre, 1984). Browand and Troutt (1985) established the

development distance from experimental results to be as 400 - 500 e1/A. The minimum

distance to attain a quasi-self-similar state is dependent on the flow parameters of the

mixing layer which is exemplified as follows. A relevant velocity scale for determining

the development length should be the convection speed of the energy containing eddies

(Bradshaw et aI., 1964). This eddy convection speed is adequately estimated as 0.6

times the sum of the velocities of the two streams forming the mixing layer

approximately the average velocity across the layer. The length scale for such

development distance is the boundary layer thickness on the high speed side (Ho and

Huang, 1982). But Siessor et al. (1998) suggested that the two separating boundary

layers contributed into the near-field region downstream of the splitter plate trailing

edge with two momentum thicknesses, 81 and 82. Thus the development distance

should depend on both momentum thicknesses.

The flow field of a two stream mixing layer is more complicated than a single stream

mixing layer. However, the asymptotic peak Reynolds stress levels, as well as the mean

velocity and turbulence profiles, are found to be comparable for the two cases

(Browand and Latigo, 1979; Mehta and Westphal, 1986). The development distance of

the two stream layer is not affected significantly by the state of the initial boundary

layers, although details of the near-field evolution of turbulence quantities are

drastically affected. Detailed measurements in the near-field of two stream mixing layer

show that a two stream layer reaches self-similarity in a distance approximately 4-5

times shorter than a single stream layer. This rapid development is not adequately

explained by the criterion based on initial momentum thickness but vorticity thickness

indicates the right trend (Mehta and Westphal, 1986).

At the initiation of mixing layer, the instability generates the three-dimensionality

while the amalgamation redistribute it resulting in transition which causes the large

spanwise variations in the mean flow and turbulence quantities (Bell and Mehta, 1990).
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Not only the boundary layer state but also the velocity ratio change can show marked

sensitivity to the near-field turbulence properties which makes computation of this flow

zone very challenging for turbulence models (Mehta and Westphal, 1986).

2.3 Self-Preserving Region

There have been considerable investigations on the self-preservation of the mixing

layer flow. Even in the first investigation of the mixing layer by Liepmann and Laufer

(1947), self-preservation of the flow was studied. It is established from the

experimental results that in the development of the plane mixing layer, self-preserving

region shows less sensitivity to changes in parameters than near-field region.

Rodi (1975) in his review of plane mixing layers showed some differences in the

self-preserving turbulence properties of single and two stream layers. At that time it

was not certain whether measurement difficulties significantly affected this preliminary

conclusion, especially for the single stream case where near zero velocities were

encountered on the low speed side.

The experimental results of Pui and Gartshore (1979) and others indicated no

correlation between the presence of two-dimensionality and high or low growth rates,

thus it seemed reasonable to assume that the effective turbulence structure was the

same in all cases, independent of both the velocity ratio and large-eddy two-

dimensionality.

The fully developed state of the two stream mixing layer at low Reynolds number

was confirmed by the collapse of all the turbulence quantities (Mehta and Westphal,

1986). The asymptotic constant values of the turbulence quantities, in particular the

shear stress, agreed well with existing data taken at higher Reynolds number. This

implies that Reynolds number may not be a very important parameter as far as

attainment of the self-preservation is concerned. The Reynolds number dependence of a

mixing layer observed by Dziomba and Fiedler (1985) may be attributed to the

Reynolds number dependence of the splitter plate boundary layers.

George (1989) agreed that self-similarity need not require universality, I.e. the

asymptotically attained flow state may depend on both inflow and initial conditions. On

the contrary, Li et al. (2000) have shown that the inflow induced parameters (e.g.
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periodicity) are weaken very rapidly (in about 25% of the domain) by the presence of

an inflection point in the mean velocity profile of the mixing layer.

Different authors have studied the self-preservation of the mixing layer flow against

different similarity variables. Schlichting (1969) has studied self-preservation of the

mixing layer against y/o. Experimental data by Wygnanski and Fiedler (1970), and Pui

and Gartshore (1979) have been studied against similarity variable (y-Yo.s)/o. In some

cases the data collapsed very well and in some cases apparently. Browand and Latigo

(1979) investigated the growth of the two-dimensional mixing layer and found the

flow to be self-preserving against y/8. Oster and Wygnanski (1982) have studied

experimental results and Hong and Chen (1998) have studied calculated results against

(y-Yos)/(x-xo) and found to collapse. Bell and Mehta (1990) and Mehta (1991) have

used (y-Yo)/o as similarity variable for studying the self-preservation of the mixing

layer and found to be suitable. Oster and Wygnanski (1982) found the streamwise

turbulence intensity distribution in (y-Yos)/(x-xo) became narrower with increasing

velocity ratio whereas Mehta (1991) found no such effect against (y-Yo)/o. It seems that

experimental data are found to be apparently self-preserving in some cases and

effectively self-preserving in some other cases.

2.4 Time Averaged Flow Properties

The mixing layer flows considered here are statistically stationary. So all the flow

properties are time averaged quantities of each time history record except the mean

static pressure.

2.4.1 Mean Static Pressure

In a two dimensional mixing layer flow, it can be shown from (A.4) that pressure

gradient across the layer is small due to the small variation of v" . To calculate u'v'

and v-velocity by using x-momentum equation (A.2), streamwise pressure gradient is

neglected with the argument that small pressure gradient in the experiment can be

shown to contribute negligibly compared to the other terms in the equation (Browand

and Latigo, 1979; Oster and Wygnanski, 1982).

•
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According to Spencer (1970), and Spencer and Jones (1971) streamwise pressure

gradient has strong bearing on the spread of the mixing layer but in most cases these

pressure gradients are neglected. In case of two stream mixing layer, Fiedler and Thies

(1978) shown that if the test rig was not equipped with flexible side walls to make

dp/dx zero, there was great scatter in the spread values.

Browand and Latigo (1979) have studied two-dimensional mixing layer with a small

positive streamwise pressure gradient. This pressure gradient found to have little effect

upon the high speed stream but was reflected in a measurable deceleration on the low

speed stream. They did not observe such scatter in the spread values like Fiedler and

Thies (1978) but found the pressure to vary in the downstream with higher gradient for

high speed stream than for low speed stream. They also observed pressure variation

across the mixing layer to depend slightly upon the velocity ratio.

Mehta (1991) has investigated on two stream mixing layer in the wind tunnel with

flexible side walls but keeping the walls parallel i.e. without adjustment for dp/dx zero.

However, he did not show the spread of mixing layer.

2.4.2 Mean Velocities

The smoothing out of a velocity discontinuity was first treated by 1. PrandtI (I 926)

and later by Schlichting (1969). Afterwards Townsend (1976) assumed the streamwise

velocity in the form

u = U2 + Uo f( 11)

where 11 = y/8. Here, 8 is' the normalizing length scale and Uo is the normalizing

velocity scale. A fair approximation to the observed profile is provided by the error

integral after Townsend (1976) as

(2. I)

The main feature in the streamwise velocity profile is the presence of a velocity defect

at the upstream stations on the low speed side of the mixing layer. This velocity defect

is caused by the splitter wake. The velocity defect decays much faster than a plane

wake due to more entrainment by the superimposed mixing layer (Mehta, 199 I).
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The cross-stream velocity, v and the spanwise velocity, w also become self-

preserving like the streamwise velocity. Browand and Latigo (1979) have measured and

computed v for parallel stream mixing layer. They found a difference of 20% between

the peaks of the measured and computed values of v and argued for this difference that

the computation was very sensitive to the choice of the mixing layer growth rate.

When the streamwise velocity is kept constant at outside the mixing layer region by

adjusting the test section walls, the cross-stream velocities (v, w) are easily imposed in

the free-stream whose magnitude is about 0.01 Uo. Oster and Wygnanski (1982) did

calculations for v but the agreement between the measured and the calculated values

was not sufficiently good. They argued that the calculations were very sensitive to the

choice ofv in the free-stream. Huang and Ho (1990) have measured both v and w in the

parallel stream mixing layer for Ul = 19.8 m/s and Uz = 3.63 m/s and found the

maximum values of both the velocities were about 5% ofUo.

A constant slope of the isovel implies that the mean velocity profiles are similar.

With decreasing velocity ratio, slope of the isovel increases and mixing layer spreads

more rapidly into the low speed region. The growth of mixing layer depends on the

state of initial boundary layers. The spreading rates of the mixing layer with laminar

and turbulent separating boundary layers are found to be identical in the self-preserving

regime but necessarily with different virtual origins (Dziomba and Fiedler, 1985). The

mixing layer originating from laminar boundary layer grows more rapidly than from a

turbulent one. This is because the large scale three dimensionality in the form of

streamwise vorticity in the mixing layer originating from laminar boundary layer

entrains more of the potential fluid (Browand and Latigo, 1979; Bell and Mehta, 1990).

The rate of growth of the mixing layer increases linearly with increasing A.

Spencer's experimental data (1970, 1971) have shown the mixing layer width to be

proportional to (x-xo), while performing numerical solution Hong and Chen (1998)

have shown that Ii = 0.213 A (x-xo). Oster and Wygnanski (1982) made a comparison of

the data on the growth of mixing layer of different authors (Liepmann and Laufer,

1947; Wygnanski and Fiedler, 1970; Yule, 1971a; Brown and Roshko, 1974; Dimotakis

and Brown, 1976; Oster et aI., 1977; Pui and Gartshore, 1979; Browand and Latigo,

'" '..
~
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1979; Hussain and Zedan, 1978a,b). The spread parameter 0" was evaluated in different

ways by different authors as follows.

I d (u-u )Korst and Chow (1962) : 0" = __ 2

7t dy ul - u2 """

Abramovich (1963) and Sabin (1965) : 0" = O"Jt..
Mehta and Westphal (1986): 0" = 1/ (do/dx)

(2.2)

(2.3)

(2.4)

where 0"0 is the spreading parameter for single stream mixing layer. Later Birch and

Eggers (1973), and Rodi (1975) correlated available data and confirmed the validity of

the relation (2.3) for fully developed subsonic mixing layers. They also showed that

most of the other proposed empirical relations, such as those due to Miles and Shih

(1968) and Yule (l971a) for example, tended to over predict the growth rate at a given

velocity ratio. As Rodi (1975) rightly pointed out, this discrepancy was almost certainly

due to the higher free-stream turbulence levels in the earlier facilities (Rodi quoted

Yule's free-stream turbulence level as 1% and that of Miles and Shih as 3%). High

free-stream turbulence levels would lead to increased entrainment, and hence, a higher

mixing layer growth rate, as convincingly demonstrated by Pui and Gartshore (1979).

The most common situation in a natural mixing layer is the linear growth of the

momentum thickness which becomes double at a downstream distance where merging

of two vortices is completed (Ho and Huang, 1982). A linear dependence of this

momentum thickness on x does not provide information about possible undulations of

the mixing layer (Oster and Wygnanski, 1982). But the growth of 8 is not linear

throughout. The mixing layer is composed of two regions: a laminar region, where the

momentum thickness grows parabolically with x; and a turbulent region, where the

mixing layer grows linearly with x (Lasheras et aI., 1986). Mixing layer thickness also

grows linearly with the downstream distance. The growth rate of both thicknesses

decreases with increasing velocity ratio (Oster and Wygnanski, 1982; Mehta, 1991).

Different authors attempted scaling of different experimental data by using

momentum thickness of the boundary layer at the trailing edge of the splitter plate on

the high speed side (8j). According to Ho and Huang (1982), the appropriate initial

length scale is 8j because it controls the most amplified frequency in the mixing layer.
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Afterward Ho and Huerre (1984) proposed the use of velocity ratio parameter A in

scaling to remove the dependence of growth rate on the velocity ratio in the form

Ax/81• Plesniak et al. (1996) scaled downstream distance as Ax/8} and attempted a

diverse range of data acquired in different experimental facilities and found the scaling

effective. Another parameter virtual origin of the mixing layer is proposed by Mehta

(1991) to scale the mixing layer properties. Since virtual origin moves upstream with

increasing velocity ratio (Mehta, 1991), this virtual origin may remove the dependence

of the properties on velocity ratio.

2.4.3 Turbulence Quantities

A constant value of Ruy = u'v' I)u" )v" across the mixing layer indicates an

equilibrium state of turbulence structure. Bell and Mehta (1990) found Ruy ",,0.5 in the

far-field region of a natural mixing layer indicating the achievement of self-

preservation of the flow.

The initial Reynolds stresses are found to be higher which are caused by the

presence of the splitter plate wake. This effect continues until the wake is washed out

by the mixing layer through entrainment, which seems to occur rapidly with decrease in

velocity ratio. This is apparent, both in the mean velocity and in the peak Reynolds

stress distributions which show a slow increase towards the asymptotic level after

dropping slightly as soon as the wake is washed out. However, it is not too surprising

that the presence of a strorig wake can cause the initial peak Reynolds stress levels to

match the asymptotic ones (Mehta, 1991).

All the Reynolds stress profiles collapse beyond some distance downstream

depending on the velocity ratio. The profiles from symmetry consideration about the

mixing layer centerline at the beginning are different for different velocity ratio with a

bias towards the low speed side but the symmetry is regained after some distance

downstream. In the wake, the shear stress profile possesses a strong negative peak

towards the middle of the mixing layer (Bell and Mehta, 1990; Mehta, 1991). The

maximum shear stress given by (3.4) shows higher values than the measured values.

The predicted level for (~'v' )"", I u~ is independent of velocity ratio. Although the
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measured levels are somewhat lower, the agreement seems to improve with increasing

velocity ratio (Mehta, 1991).

Spencer (1970) investigated the development of two stream mixing layers in detail

without tripping and found the peak Reynolds stress levels in the self-similar region to

be higher for the lower velocity ratio. In contrast to Spencer's data, Yule (1971b), Saiy

and Peerless (1978), Pui and Gartshore (1979) and Mehta (1991) showed an increase in

the peak Reynolds stress levels with increasing velocity ratio and this trend was

attributed to changes in the structure of turbulence. The decrease in the peak Reynolds

stress levels with increasing velocity ratio reported by Spencer (1970) however was not

easily explained, especially since the reported turbulence level in his wind tunnel was

lower than the others.

In the wind tunnels with low free-stream turbulence ( ~U'2 lu, ,.:;0.2%) as the one

by Oster and Wygnanski (1982), and Mehta (1991), the idea ofa universal self-similar

structure which is independent of velocity ratio becomes more realistic. If the free-

stream turbulence level becomes comparable to the maximum local level within the

mixing layer, the development of the layer will be dictated by the free-stream

turbulence level which, in general, will not vary with velocity ratio.

In the detailed measurements by Mehta (1991) on the effect of velocity ratio it is

found that the peak Reynolds stress levels approach the asymptotic levels from lower

values for lower velocity ratio and from higher values for higher velocity ratio.

The presence of wake does not change the most amplified frequency, so it does not

significantly affect the dynamics of the mixing layer (Miksad, 1972; Ho and Huang,

1982) but in contrast the wake has pronounced effect on the dynamics of mixing layer

e.g. on the production of turbulence (Bell and Mehta, 1992).

2.5 Factors Affecting the Mixing Layer

Many researchers have shown that in spite of the influence of strong external

disturbances, the mixing layer is eventually dominated by the presence of the spanwise

vortical structure. They conclude that as long as the velocity difference between the two

streams is maintained, there is a mechanism that regenerates this spanwise structure
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(e.g. Wygnanski et al.,1979; Roshko, 1980 and Oguchi and Inoue, 1984). But the

mixing layers are found to depend a lot on different parameters apart from velocity

ratio (Sec. 1.4). Even the downstream development of the mixing layer itself can

influence the upstream structure (Dimotakis and Brown, 1976). Ho and Huang (1982)

have shown from their experimental results that the initial condition has a long lasting

effect on the development of the mixing layer.

The influence of trailing edge thickness on the shear layer development is found to

become significant when it exceeds 50% of the sum of boundary layer displacement

thickness at the point of separation. As the trailing edge becomes thicker, the self-

similar region is shifted further downstream. Increase of trailing edge thickness

decreases the spread of the mixing layer. The same tendency IS evident in the

streamwise turbulence intensity (Dziomba and Fiedler, 1985).

Bradshaw (1966) showed that a single stream mixing layer achieved self-similarity

in a distance equivalent to 100080 for both laminar and turbulent initial boundary

layers. On the other hand, Hussain and Zedan (1978a,b) showed for a given Rea that

mixing layer with a laminar initial boundary layer achieved self-similarity in a shorter

distance than with a turbulemt one. Dziomba and Fiedler (1985) found that a thicker

separating boundary layer in turbulent state lead to thicker shear layer downstream of

the trailing edge than the laminar one in the early stage of the development. Crighton

and Gaster (1976) found that small changes in the shape of the initial profile affected

the stability characteristics significantly.

The presence of trip wire amplifies the periodic disturbances in the flow (Dziomba

and Fiedler, 1985). The velocity defect due to the splitter plate wake is bigger for

tripped case where the boundary layers are thicker. Close to the splitter plate, mixing

layer thickness is higher for tripped case but in the downstream the untripped case

develops with a distinctly higher value compared to the tripped one. The maximum

Reynolds stresses and higher order products for the two cases behave very differently

in the near-field, but asymptote to approximately the same constant levels in the

downstream. Self-preservation of Reynolds stresses and higher order quantities are not

affected by the presence of trip wire. In untripped case, spanwise variation is significant
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in the near-field but this variation is small for tripped flow from the beginning (Bell and

Mehta, 1990).

The flow of mixing layer is most susceptible to perturbation at its initiation with a

small absolute instability region confined to the wake region downstream of the splitter

plate trailing edge (Koch, 1985). In presence of forcing, the mixing layer no longer

grows like a natural one (Sec. I. I). The spreading rate of the mixing layer is sensitive to

periodic forcing even at very low forcing level if the perturbation is near a subharmonic

of the most amplified frequency. Controlled forcing reduces turbulence intensities. This

suppression effect is apparently a consequence of earlier transition of the shear layer

vortices, which otherwise naturally grow to larger sizes and survive for larger x, as well

as due to the prevention of successive pairing of these structures (Zaman and Hussain,

1981; Estevadeordal and Kleis, 1999). At a high forcing level the flow resonates with

the imposed oscillation. The resonance region may extend over a significant fraction of

the test section. In this region the spread of the flow with increasing distance

downstream is inhibited, the sign of the Reynolds shear stress is changed and the

intensity of the spanwise fluctuation is reduced. Whatever has happened in the

resonance region may be due to suppression of vortex merging and nutation of vortex.

Beyond the resonance region, vortex merging begins as usual and the spread becomes

linear (Wygnanski et aI., 1979; Ho and Huang, 1982; Oster and Wygnanski, 1982;

Mehta et aI., 1987).

Hussain and Zedan (I 978a,b ) have investigated the effect of initial boundary layer

turbulence in mixing layers. The effect of trailing edge thickness was found to be

reduced with increased boundary layer turbulence. For a given Res, development region

reduces streamwise with a laminar initial boundary layer than turbulent one which is

not due to the laminar v.s. turbulent state of the inflow boundary layers but rather the

fluctuation level associated with the inflow conditions (Hussain, 1977).

Free-stream turbulence may affect the flow increasingly with the increase of velocity

ratio. Increased free-stream turbulence leads to. increased entrainment and hence

increases the growth rate. In low free-stream turbulence mixing layer, small vibration

of the splitter plate has no effect on the growth rate. In high free-stream turbulence

mixing layer, virtual origin moves downstream considerably and Reynolds stress
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increases compared to the low turbulence case (pui and Gartshore, 1979). Large

coherent eddies (Brown and Roshko structure) can only be seen whenever the free-

stream turbulence is very low and in less favorable conditions the flow develops into

the classical chaotic three-dimensional turbulence (Chandrsuda et aI., 1978).

Reynolds number dependence of a mixing layer may be attributed to the Reynolds

number dependence of the splitter plate boundary layers (Dziomba and Fiedler,1985).

For a given Reeo, the mixing layer with a laminar initial boundary layer achieves self-

similarity in a shorter streamwise distance than a turbulent one. In case of single stream

mixing layer, the development distance decreases with increasing Reso (Hussain and

Zedan, 1978a). However, there is no definite threshold Reynolds number for transition.

The vortex merging triggers the mixing layer transition whenever the local Reynolds

number is high enough (Huang and Ho, 1990).

In studying the effect of forcing frequency, length of the test section should be

sufficient to accommodate the repetition of the process (Oster and Wygnanski, 1982).

The linear growth of the mixing layer width may be affected in the downstream

because of increasing interaction between the mixing layer and the side wall boundary

layers. So the size of the cross-section is also important (Wood and Bradshaw, 1984;

Bell and Mehta, 1990).
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Chapter 3

Theory

3.1 Introduction

Now-a-days mixing layer flows are studied both experimentally and numerically.

The mathematical description of a mixing layer can be given by using Navier-Stokes

equations. Some computational methods for solving these Navier-Stokes equations for

mixing layer study are as follows. Mehta et al.(1987) have used approximate Reynolds

averaged Navier-Stokes equations with modified turbulence model to compute the

near-field properties of the mixing layer and some different techniques for the far-field

region e.g. inviscid discrete vortex method. Goldshtik and Hussain (1995) have used a

new eddy viscosity model derived from a turbulent coherent structure (more

representative of intermediate scales than the classical Boussinesq eddy viscosity) to

describe a fully developed turbulent mixing layer. Hong and Chen (1998) have used pdf

(probability density function) method with success to compute the properties of the

entire mixing layer. The governing equations of a two-dimensional mixing layer flow

and the definitions of some of its flow parameters are described in this chapter.

3.2 Governing Equations

The equations for the plane mlxmg layer flow are derived from Navier-Stokes

equation in the Appendix A, assuming steady two-dimensional flow with constant fluid

properties.

The equation of continuity is

au fJv
-+-=0
Ox fly

and the equation of momentum is

au au 8 (-, ,)u-+v-=-- uv .
Ox fly fly

(3.2)

\
"
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3.3 Two-Dimensional Mixing Layer

The equations of mean motion (3.1 and 3.2) yield the relationship between shear

stress and mean velocity (Appendix A) after Townsend (1976) which is given by

- (N)nm
, do

u -
, dx

, ,~ Jf(")d,, + Jf' (,,)dll.
Uo _«I -a;I

(3.3)

Evaluating the integrals in (3.3), we get

-(~)nux -0.141 dO(U' +u').
u, dx u, -u,

(3.4)

Two-dimensionality of the mixing layers can be evaluated by testing whether the

measured shear stress agrees with the calculated shear stress from (3.4) using the

measured growth rate.

3.4 Mixing Layer Thickness

Mixing layer thickness is defined in the following three different ways as:

i) it is defined the distance across the layer between the edges of the mixing layer

and expressed by the relation

O=Y01-Y09 (3.5)

where Y09 and yo.!are the values ofy at which u* is 0.9 and 0.1 respectively.

ii) it is defined by the mixing layer vorticity thickness as

(3.6)

iii) it is defined by fitting the mean streamwise velocity data to an expected profile

shape e.g.

(3.7)

where ,,= (y - y,) / 0 and the values of 0 and Yo are determined by optimizing the

above function fit.

•
o..J ,.

t
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3.5 Momentum Thickness

Its definition in the mixing layer study is not like the momentum defect in usual

sense and it is expressed by the relation

8 = [YO.9SU - Uz (1_ u - Uz J dy.
.!yo.osul - Uz ul - Uz

(3.8)

3.6 Approximate Streamwise Mean Velocity

A two-dimensional mixing layer has a single predominant flow direction, the

streamwise direction. Following Townsend (1976), the streamwise mean velocity

profile is assumed to be

u = Uz + ~ f(l1) (3.9)

where Uo = UI - Uz and 11= (y - Yos)/<5. Here, ~ is the normalizing velocity scale and <5

is the normalizing length scale. A fair approximation to the above profile is provided by

the error integral after Townsend (1976) as

i~ 'x'f(1"])= J- e-, dx = Yz [I + erf(l1)].
...;2n co

(3.10)



Chapter 4

Experimental Apparatus

4.1 Introduction

The Mixing Layer Wind Tunnel was developed to carry out the mixing layer studies.

The rig was designed, constructed and commissioned at Bangladesh University of

Engineering & Technology, Dhaka. The apparatus associated with the measurements of

the mixing layer flow properties were: pressure transducer, data logger, hot-wire

anemometer system and data acquisition system. The descriptions of these apparatus

are given in this chapter.

4.2 Wind Tunnel

The parallel stream mixing layer experiments were conducted in the Mixing Layer

Wind Tunnel (Fig.4.I). This wind tunnel consists of a suction tunnel which is divided

into two equal tunnels by a splitter plate made of plexi glass. The two chambered inlet

section ends into a common test section. The test section is 247 cm long having a cross-

section of 30 x 30 cm throughout. One side wall is slotted for probe access. To

breakdown large eddies four wire screens of 28 mesh size are installed in each inlet

tunnels. The dust free air obtained through air filter enters each of the inlet tunnels.

Then the air from the common test section flows through a diffuser to the fan. The fan

with the silencer and butterfly valve is isolated from the mixing layer wind tunnel to

minimize the transmission of vibration to it from the fan unit. A bellow is used for

vibration isolation which is made of canvas and steel rings. A silencer is used at the

discharge of the fan to reduce the noise generated at the fan. The suction produced by

this fan is regulated by a butterfly valve fitted at the end of the tunnel. The free-stream

velocities in each inlet tunnel can be regulated by some cloths and can be measured by

the installed pitot-static arrangement to obtain mixing layer with different velocity

ratios. The whole setup is mounted on rigid frames made of mild steel pipes and plates,

and these frames are fixed to the ground so that any possible unwanted vibration of the

system are reduced to a minimum.
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The non-parallel stream mlxmg layer experiments were conducted in the same

Mixing Layer Wind Tunnel by changing the inlet section as in Fig.4.2. The inlet section

of parallel stream one was replaced by two small inlet tunnels merging at 18° into the

common test section. In each inlet tunnel four wire screens of 28 mesh size were

installed to breakdown large eddies. The free-stream velocities in each inlet tunnel can

be regulated by the shutter and can be measured by the installed pitot-static

arrangement to obtain mixing layer with different velocity ratios. Experiments were

conducted for both parallel and non-parallel stream mixing layers, following the same

procedures.

4.3 Calibration Rig

The calibration rig was a low turbulence circular jet issuing from an exit nozzle of

31 mm diameter. The flow was produced by a centrifugal blower run by a motor. The

blower discharged air into a 10.2 cm diameter PVC pipe of 244 cm length through a

butterfly valve. So the flow through the nozzle could be varied by controlling the

butterfly valve. To ensure the flow direction and to break up possible large eddies a

flow straightener and a pair of screen of 24 mesh were placed before the exit nozzle. A

cylindrical filter was fitted at the suction side of the blower to get dust free air at the

nozzle delivery. The core of the jet offered the desired flow field for calibration of the

hot-wire anemometer and the pressure transducer. The velocity of the jet was varied

from 2.5 m/s to 15 m/s which covered the experimental need. The turbulence level in

the calibration domain was less than 0.6%.

4.4 Pressure Transducer

The pressure transducer used in the experiment is Model FCOOI of Furness Controls

Ltd., UK. This is a capacitive type pressure transducer and responds to pressure

variation by the change of capacitance which is recorded in the form of voltage or

current. In this transducer, the output signal is obtained on a dial graduated directly in

millimeter of water. The output voltage varies linearly with pressure for full scale

deflection (10 volt) having five different ranges of the scale (0-10, 30, 100, 300 and

1000 mmHzO).
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4.5 Data Logger

The data logger used in the experiment is a Keithley 197 Autoranging Microvolt

DMM (Model 2426, USA). This is a 100 points data logger which can be used for

storing data at seven different rates and for averaging of the stored data. It has five

different working ranges for each of the voltage, resistance and current. The output of

the pressure transducer can be transferred to the data logger.

4.6 Hot-Wire Anemometer System

Hot-Wire Anemometer is an instrument used for measuring instantaneous velocity of

a fluid stream. Because of small wire diameter, the instrument is able to response very

rapidly to fluctuations in air velocity. The associated electronic circuit is also made for

instantaneous response to such flow fluctuations (Appendix C).

For any fixed heating current the wire resistance therefore serves as a convenient

measure of velocity. Alternatively for any fixed wire resistance, the heating current

becomes' the measure of velocity. The voltage across the hot-wire depends on the

electrical resistance of the hot-wire which depends on its temperature, in tum, its

temperature depends on the cooling effect of the air stream. This cooling effect sets a

relation between the voltage across the wire and the velocity of the air stream which

can be expressed by King's Law ec.2).

The HWA used in the experiment is a constant temperature type (CTA System,

Sunshine Enterprise, Bangalore, India). This HWA system is used with HWCTA

AMB-717, Mean Value Unit AMR-717, Signal Conditioner AMC-717 and Power

Supply Unit GPS-717.

4.7 Data Acquisition System

The hardware parts of the Data Acquisition System include a personal computer

with a data acquisition board. A computer (20GB) having an IOtech (Daq Board/112A)

12 bit data acquisition board with a parallel port is used for acquiring data. The AJD

converter has a maximum sampling rate of 100 kHz with a 16-channel multiplexer and

a programmable gain input amplifier.
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The software used for DAQ system is the DASYLab 5.0, a 16-bit version 5.0 of the

Data Acquisition System Laboratory which is a product of IOtech, Inc. DASYLab is a

data acquisition cum process control cum analysis system which takes full advantage of

the features and graphical interface provided by Microsoft Windows. Various functions

can be carried out by selecting and connecting the corresponding module elements.



Chapter 5

Experimental Procedures

5.1 Introduction

The test section is carefully examined to see the suitability of conducting mixing

layer experiments. It is found that at low velocity ratio, boundary layers from both the

side walls engulf the mixing layer at a short distance from its initiation. On the other

hand, at velocity ratio r ~ 0.7, boundary layers do not grow so much even in the far

downstream. For this reason, mixing layers at r ~ 0.7 have been investigated for

both a = 0° and 18°.

5.2 Flow Quality

The mean core flow in both types of mixing layers, parallel and non-parallel, was

found to be uniform within 0.5%. Small negative downstream pressure gradients were

observed and wall boundary layers remain attached everywhere in the region of study.

The following describes the flow quality for r = 0.7 for both types of mixing layers.

After 507 mm downstream potential fluctuations were felt in the free-stream as a result

of the turbulence in the mixing layer and wall boundary layers. The potential

fluctuations were first confined to the region near the boundaries, but as the distance

from initiation of the mixing layer increased, the fluctuations encompassed a larger

fraction of the free-stream. At about x =1217 mm, potential fluctuations from two side

walls merged with fluctuations arising from the mixing layer. Beyond this point, the

fluctuation level in the free-stream increased continuously. At x = 2017 mm, the low

speed side turbulent edges of the mixing layer and the wall boundary layer were apart

by 24 mm for a = 0° and 10 mm for a = 18°. It was observed that low speed side

boundary layer grew slowly for parallel streams than for non-parallel streams. On the

other hand, high speed side boundary layer grew faster for parallel streams than for

non-parallel streams.
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5.3 Experimental Conditions

In the experiments (a = 0° and 18°), the free-stream velocity in the high speed side

was kept constant at 10 mls and in the low speed side was varied between 7 and 9 mis,

thus mixing layers with velocity ratios 0.7, 0.8 and 0.9 were produced.

The hot-wire traces of u'(t) at 10 mm upstream and 8.3 mm from the splitter walls

are shown in FigSI. The traces of the signals are for the period of 100 ms and the

responses of the signals are all at the same scale. These signals indicate that the initial

boundary layers are in turbulent state with streamwise turbulence ( ~U'2 IU,) of about

2.7% for both types of mixing layers.

At r = 0.7, the Reynolds numbers at the farthest downstream station based on

downstream distance and mixing layer convection velocity are 1.3 x 106 for a = 0° and

1.1 x 106 for a = 18°. With these operating conditions at x = 5 mm, the streamwise

turbulence ( ~U'2 IU,) and cross-stream turbulence (k IU,) were about 3% and 2%

respectively for both 0° and 18°. The initial mean velocity profiles (at x = 5 mm) are

found to carry the effect initially non-parallel streams as shown in Fig.5.2. Details of

the experimental conditions at initiation of the mixing layer are given in Table 5.1

where the momentum thickness is calculated by using (3.8).

Table 5.1: Initial conditions (at x = 5 mm and Ul = 10 mls)

a=O° a= 18°

Conditions 8(mm) Rea 8(mm) Rea

r= 0.7 1.99 398 7.5 1500

r= 0.8 1.61 215 7.8 1040

r= 0.9 1.20 80 4.5 300

5.4 Measurements

The pitot -static arrangement was connected to the Ellision inclined manometer for

measuring free-stream velocity at 47 em upstream for both a = 0° and 18°. The mean

••
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static pressures at y = -90, 90 mm along streamwise direction for both the merging

angles (Figs.4.I-4.2) were measured by the pitot-static tube (United Sensor

Corporation) of 1/4 inch outer diameter. High pressure port of the transducer was

connected to the first station of pressure measurement and the other port was left for

rest of the stations. Before taking measurements with the pressure transducer, it was

calibrated along with the digital microvoltrneter for two different ranges of scale (I %,

3% and 10%). The calibration procedure of the pressure transducer is given in

Appendix D. Using (D.I-2), the static pressure head corresponding to the data logger

signal can be calculated. For all measurements, the 100 points microvoltmeter were

used at the rate of 3 samples per second.

The equipment set up for taking measurements with HWA was constituted as

follows (Fig.5.3). The HWCTA with signal conditioner was used for taking data by x-

wire probe. The cut-off frequency was determined by using the relation (Freymuth,

1977)

(5.1)

where te was the time constant of the HWA system which could be obtained from

square wave test. The signal was low pass filtered (I kHz) before being fed into

computer interface. The DAQ system was used for the acquisition of the above time

series data and the DASYLab software was used to calculate the mean velocity and

turbulence quantity. Individual statistics obtained at a rate of 1000 samples/sec were

averaged over 5000 samples which provided adequate convergence of the mean and

turbulence statistics. The x-probe was traversed over a scale with precision 0.01 mm

at a step of 4 mm across the mixing layer at the following streamwise positions: x = 5,

107,507,907, 1217, 1617 and 2017 mm for each of the velocity ratios. A worksheet in

the DASYLab software was made to calculate the mean velocities and turbulence

quantities. The equations to calculate these quantities are given in Appendix C. Before

starting the data acquisition, square wave test with a calibrated x-probe and spurious

signal check due to lose connection and noise were done by using oscilloscope card.

Calibration procedure ofthe hot-wire probe is given in the Appendix D.
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5.5 Uncertainty Estimate

In this section, a brief account of errors and uncertainties associated with different

stages of measurements both during calibration and data acquisition are given. The

uncertainty of the measurements of mean velocity, pressure and turbulence intensity are

influenced by the variations of ambient temperature, contamination of the hot-wires and

accuracy of the calibration equipment. All the uncertainties presented here, except that

of statistical quantities, were calculated assuming repeatability of 20: 1 odds by using

standard procedure given in Appendix E. The uncertainties of the statistical quantities

were calculated by following the procedure given in the same Appendix. The

uncertainties in measuring linear distance and temperature variation during experiments

were negligible.

•



Chapter 6

Results and Discussion

6.1 Introduction

The flow properties, both mean and turbulence, were determined in the near-field

and self-preserving regions of the mixing layers. Two different experimental setups

were used to produce two different types of mixing layers with parallel streams (a = 0°)

and non-parallel streams (a = 18°). Each type of mixing layers was produced for three

different velocity ratios 0.7, 0.8 and 0.9. In each case, the initial conditions were

documented and two-dimensionality of the flows was evaluated (Sec.3.3). This chapter

presents the results of the mean and turbulent properties of both types of mixing layers.

The comparison of the results made in this chapter between the mixing layers with

a = 0° and 18° revealed the effect of merging angle between the two streams. The

mixing layer flow field was characterized in terms of mean static pressure, free-stream

velocity, isovel, mixing layer thickness, momentum thickness, mean velocity defect,

mean streamwise velocity and mean cross-stream velocity by using the mean flow data.

The results of the mixing layers with a = 0° have also been compared with the available

results of other works.

6.2 Mean Flow Properties

6.2.1 Mean Static Pressure

Streamwise variation of static pressure for parallel stream mixing layer with r = 0.7

is shown in Fig.6.l. The pressures were measured at the low speed stream sidewall and

referenced to the first station of pressure measurements. A small negative downstream

pressure gradient was observed with a pressure drop of 0.3 mmH20 in the

neighborhood of the diminished splitter wake. This might be happened due to the fact

that some energy was absorbed by the wake and the rest was distributed as pressure and

kinetic energies, on the other hand, the energy was redistributed only as pressure and

kinetic energies after the wake was washed out. The variation of pressure for all the

produced mixing layers, parallel and non-parallel streams, were found to be similar.
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6.2.2 Free-Stream Velocity

The shear between the two free-streams provides the mechanism of generating

spanwise.vortical structure which dominates the behavior of mixing layers. This shear

velocity llo , is the velocity difference between the two streams which is the velocity

scale for the mixing layer flow. The self-preservation of the flow is affected by the

variation of the shear velocity, specifically its streamwise variation. The streamwise

variation of the free-stream velocities for both the cases are presented in Fig.6.2. For

the case of a = 18°, both the streams are found to experience measurable deceleration

whereas for a = 0°, only the high speed stream is found to have small deceleration.

Browand and Latigo (1979) reported that small positive streamwise pressure gradient

caused measurable deceleration in the low speed stream only for parallel stream case.

6.2.3 Flow Geometry

6.2.3.1 Spreading of mixing layer

The isovels yo.9,Yos and YOlfor velocity ratios 0.7, 0.8 and 0.9 are shown in Fig.6.3

for a = 0° and 18°. The linear growth of the isovels indicates the self-similar

development of the mixing layer. It is indicated in the figures that the isovel Yo9 for

both types of mixing layers spread more into the high speed region with increasing

velocity ratio unlike others (Oster and Wygnanski, 1982). But isovel YOlspreads more

into the low speed region as usual. For r = 0.8, almost the whole mixing layer has

spreaded into the high speed region for both types of mixing layers. The virtual origin

of the mixing layer (xo) indicated by Fig.6.3 is found well upstream for all velocity

ratios. This virtual origin experience a lateral offset which is affected less by the

velocity ratio. With increasing velocity ratio, the virtual origins move upstream in

mixing layers for 0° and move downstream for 18°, and this difference may be

attributed to the influence of high cross-stream velocity (Sec.6.2.5) on the spread of the

mixing layer for a = 18°.
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6.2.3.2 Growth of mixing layer thickness

The growth of mixing layer thickness evaluated from the mean velocity profile using

(3.5) is shown in Fig.6.4 for a = 00 and 180• The mixing layer growth rate decreases

with increasing velocity ratio. An approximately linear growth is found for x 2: 107 mm

for all velocity ratios, though there is some undulation in the growth for r = 0.9 with

a = 180• The figures show that growth of the mixing layer is higher in the near field

region for non-parallel streams.

The spread rate (cr) of the mixing layers are measured and also estimated by using

the relations (2.3 and 2.4) which are given in Table 6.1. There is considerable scatter

between the measured and estimated values of cr. Earlier works (Yule, 1970; Spencer

and Jones, 1971; Fiedler and Thies, 1978) support such scatter in the spread values due

to non-zero dp/dx. But no such scatter was observed by Mehta (1991) in the spread

values due to non-zero dp/dx.

Table 6.1: Spread rate of mixing layer

a= 18°
Conditions O'measured O'cstimaled

r= 0.7 30.40 30.40
r= 0.8 38.61 48.60
r= 0.9 85.03 102.66

<Jrneasured

44.25
48.69
131.58

O'estimated

44.25
70.12
148.29

6.2.3.3 Growth of momentum thickness

The growth of momentum thickness showing the effect of velocity ratio for both

types of mixing layers are shown in Fig.6.5 for a = 00 and 180• These momentum

thicknesses are calculated by using (3.8) and are found to decrease with increasing

velocity ratio. Moreover, the momentum thickness has higher growth for a = 180 at the

beginning but grows slowly than a = 00 in the downstream. The momentum thicknesses

are found to grow linearly with x from the initiation as the mixing layer is turbulent

from the origin.
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6.2.3.4 Mean velocity defect

The velocity defect caused by the presence of the splitter wake is shown in Fig.6.6

for a = 0° and 18°. This velocity defect increases with increasing velocity ratio due to

the increasing wake strength. This figure also indicates the wake strength. For velocity

ratios of r = 0.7 and 0.8, the velocity defect is almost completely eliminated by x

-1200 mm for both the cases. However, for r = 0.9 the wake effects remain strong

within the measurement domain.

6.2.4 Mean Streamwise Velocity

Mean streamwise velocity profiles for all three velocity ratios for both types of

mixing layers are plotted in similarity co-ordinates in Figs.6.7-6.8. In this self-

preservation study, following Townsend (1976), the velocity is scaled by shear velocity

and y-coordinate is scaled by local mixing layer thickness. The main feature apparent in

these results is the presence of a velocity defect on the low speed side of the mixing

layer. This velocity defect is caused by the splitter wake and washed out by the mixing

layer entrainment in the downstream which seems to occur rapidly with decrease in

velocity ratio. For velocity ratios r = 0.7 and 0.8, the mean velocity profiles seem to

collapse quite well as soon as the wake is washed out. In case of r = 0.9, the flow did

not become self-similar and the wake effects appear to exist throughout the

measurement domain for both types of mixing layers. High Reynolds number is a

necessity for the flow to be self-similar where turbulent stress dominates over the

viscous stress. It is observed in Table 5.1 that Reynolds number based on momentum

thickness and velocity difference has decreased with increasing velocity ratio. As the

Reynolds numbers became small in both types of mixing layers, the flows lost self-

similarity.

6.2.5 Mean Cross-Stream Velocity

Mean cross-stream velocity profiles for all three velocity ratios for both a = 0° and

18° are shown in Figs.6.9-6.l 0, using the same similarity co-ordinates of u-velocity.

The data is more scattered in case of a = 18° than 0°, which may be due to the effect of

higher pressure gradient. The maximum value of these velocities were found to vary

.-..... '...
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from 5 - 9% of \10 and 8 - 60% of \10 for ex = 00 and 180, respectively. Huang and Ho

(1990) have measured v-velocity in parallel stream mixing layer for u, = 19.8 m/s .

and U2 = 3.63 m/s and found the maximum value of this velocity to be about 5% of \10.

6.2.6 Hot-Wire Traces ofu'(t)

Streamwise evolution of the hot-wire traces of u'(t) are shown in Figs.6.11-6.12 for

both types of mixing layers. The isovel YO.sis chosen as the most appropriate position to

detect flow structure within the mixing layer because the signals on the isovels away

from YO.sare affected by interfacial intermittent bursts. The time scale for each

streamwise location has been increased in proportion to the local mixing layer

thickness. The respective streamwise position and time scale of the signal are indicated

in the figures and all the responses of the signals are at the same scale. Perhaps, this

evolution of the signal u'(t) indicates the streamwise evolution of the flow structure. It

is evident in the figures for r = 0.7 that the upstream signals resemble the downstream

one for x 2 500 mm, indicating the attainment of the equilibrium state of turbulence

structure with the reservation that the signals, u'(t) may have aliasing problem as they

are not low passed at Nyquist frequency. In case of r =0.9 for both types of mixing

layers, the upstream signals resemble the downstream one almost from the first station

of measurement which reflects the presence of persistent wake throughout the

measurement domain. In the figure equilibrium state appears to attain earlier than the

parallel stream mixing layer presumably due to non-parallel merging of the streams that

causes large structure to breakdown.

6.3 Turbulence Properties

6.3.1 Reynolds Streamwise Normal Stress

The profiles of u" are presented in Figs.6.13-6.14 in similarity co-ordinates for

both a = 00 and 180• As far as the effects of velocity ratio are concerned, the qualitative

trends of u" are found similar for r = 0.7 and 0.8 but not for 0.9. However, for a = 00,

this trend of u" are similar for all three velocity ratios. The stress profiles appear to be
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apparently collapsing from x ~ 500 mm for both types of mixing layers for all three

velocity ratios except for r = 0.9 in case of a = 18°. This indicates the lack of self-

similarity ofthe mixing layer with a = 18° within the measurement domain for r = 0.9.

The turbulence level in the free-stream increases in the downstream by the wall effect,

otherwise the stress profile could have better collapse while approaching free-stream. IIi

mixing layers for r = 0.7 and 0.8, u" is found to possess secondary peak at x =107 mm

but for 0.9, u" have secondary peak throughout the measurement domain. This

secondary peak is found to disappear as the wake is washed out by the mixing layer

through entrainment.
The initial stress levels are found higher for all three velocity ratios. The higher

initial Reynolds stress levels are generally observed in the transition region of a mixing

layer originating from laminar boundary layers, but obviously this is not the case here

since both the boundary layers for all velocity ratios are in turbulent state. This initial

stress level continues to increase with increased velocity ratio. The high free-stream

turbulence level has caused high stress level in the free-stream at downstream and this

stress level has also increased with increasing velocity ratio for both types of mixing

layers. The initial stress profiles are asymmetric with a bias towards the low-speed side,

although the symmetry is recovered in the downstream. When the mixing layers have

two different merging angles, the qualitative trends of the stress do not differ. The

stress level is higher for the case of a = 0° than 18°, which may be due to the

breakdown of large structures by non-parallel merging of the two streams.

6.3.2 Reynolds Cross-Stream Normal Stress

The profiles of v" are presented in Figs.6.15-6.16 in similarity co-ordinates for

mixing layers with a = 0° and 18°. The qualitative trends of v" are found to be similar

with u" for different velocity ratios for both the cases with 0° and 18°. The higher

initial stress level is not much pronounced like u" . The v" profiles are found to have

secondary peaks for r = 0.8 at x = 107 mm and for r = 0.9 at all measuring stations in

the domain. The stress profiles are less collapsing for both the cases than u" profiles.
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However, the stress profiles appear to be apparently collapsing from x 2: 500 rom for

r = 0.7 and 0.8. But for r = 0.9, the stress profiles are not collapsing within the

measurement domain for the case of 18°. The levels of v" in the free-stream at the

low speed side are significantly lower than the high speed side for all three velocity

ratios but this is not the case for u" .

6.3.3 Reynolds Primary Shear Stress

The profiles of u'v' are presented in Figs.6.17-6.18 in similarity co-ordinates for

mixing layers with ex = 0° and 18°. The qualitative trends of u 'v' are similar for

different velocity ratios. However, increased velocity ratio causes increase in u'v' level

in the free-stream for the case of a: = 0° but not for 18°. The merging angle is found to

have attenuation effect on the peak stress levels and also on the stress levels in the free-

stream for all three velocity ratios, which may be due to the breakdown of large

structures by non-parallel merging of the two streams.

In both types of mixing layers for r = 0.8, the profiles have secondary peaks at

x =107 mm. But for r =0.9, the profiles possess secondary peaks at x =107 and 507 mm

in case of ex = 0° and throughout the measurement domain in case of a: = 18°.

Moreover, this merging angle also has effect on the self-similarity of the flow which is

obvious at r = 0.9.

6.3.4 Streamwise Evolution of their Maxima

The peak Reynolds stress levels are plotted as a function of streamwise distance in

Figs.6.19-6.21 for a: = 0° and 18°. These peak stress levels approach the asymptotic

values from higher values. The peak stress levels for all velocity ratios seem to achieve

a more or less constant value beyond x - 500 rom for u" and v" , and x - 1200 mm

for u'v' for the velocity ratios 0.7 and 0.8 for both a: = 0° and 18°. This indicates that

among the Reynolds stresses, u'v' takes longer distance to become self-similar.
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Except r = 0.9, the peak stress levels appear to be a weak function of velocity ratio.

The variations in the asymptotic peak of all Reynolds stress levels for velocity ratios

0.7 and 0.8 are comparable to the estimated uncertainty for these quantities.

Using measured values of the growth rates, the maximum shear stress for a two-

dimensional self-similar mixing layer can be predicted by (3.4). The measured and

predicted values of the maximum primary shear stress are compared for all three

velocity ratios for the mixing layers with a = 0° and 18° in Table 6.2. The small

difference between the measured and the predicted values of the maximum shear stress

shows that the mixing layer for r = 0.7 and 0.8 are fairly two-dimensional for the case

of a = 0°. The large difference between the two values of maximum primary shear

stress for r = 0.9 at a=O° may be due to the high free-stream turbulence and persistent

wake throughout the measurement domain. This strong persistent wake has affected the

free-stream turbulence a bit dramatically that has caused in high Reynolds stresses but

not in high mixing layer growth. On the other hand, the large differences between

measured and predicted maximum shear stress for all velocity ratios at a= 18° are due to

some different reasons. In this case, the high free-stream turbulence has increased the

mixing layer growth but not the stress level, as a result of stress reduction (Table 6.2)

due to the breakdown of large structures by the non-parallel merging of the two

streams.

Table 6.2: Maximum primary shear stress

a= 0° <X=18°

Conditions Measured Predicted Percent Measured Predicted Percent

(u'v'lu;L (~'v'/ u~)rnax difference (u'v'lu;L (~'v'/u~L difference

r~0.7 0.024 0.023 4 0.007 0.016 56
r~0.8 0.D35 0.032 9 0.009 0.023 61

r= 0.9 0.096 0.033 64 0.011 0.020 45

6.4 Scaling of Flow Properties

Scaling is done to show the collapse of the mixing layer property data. Ho and

Huerre (1984) have used Ax/81 as scaling parameter where 8t is the momentum
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thickness of the boundary layer at the trailing edge of the splitter on the high speed side

and A is the velocity ratio parameter to remove the dependence of growth rate on the

velocity ratio. The mixing layer thickness and maximum Reynolds stresses are scaled

by the downstream distance in the form Ax/e which are shown in Figs.6.22-6.26 for

both types of mixing layers, where e (at x = 5 mm) is used as the initial length scale.

Figure 6.22 shows that the mixing layer thicknesses are not collapsed well by scaling

the downstream distance in the form Ax/e. This poor collapse may be due to that the

evolution of mixing layer thickness is affected by the streamwise normal stress in the

free-stream (Figs.6. 13-6. 14), indicating the nonlinear dependence of downstream

scaling on A. The data for r = 0.9 comprise only the initial 50% of the range of values

of the parameter Ax/e. Figure 6.22 also shows that maximum range of scaled mixing

layer thickness data for a=18° comprise only 30% of the maximum range of data for

a=Oo. Figures 6.23-6.25 show that scaling has not made significant change in collapse

of the stress data than the unsealed stress data. It appears in the figures that mixing

layer thickness is normalized by e but not the maximum Reynolds stresses. Thus,

scaling has provided only lateral shift to the maximum Reynolds stress data but not the

vertical shift. On the other hand, maximum Reynolds stress data have less streamwise

variation in the near field and have asymptotic variation in the far field. For this reason,

scaling has not made significant change in collapse of the stress data than the unsealed

ones. It is obvious in the Fig.6.22 that the scaled thickness data are dependent on

merging angle. Figure 6.26 indicates that a scaling parameter in the form (1 + a)" Ax/e

removes the dependence of growth rate on the merging angle and also shows the

collapse ofthe scaled thickness data for self-similar growth onto a single line.



Chapter 7

Conclusions and Recommendations

7.1 Conclusions

Measurements are made on mixing layers to study the effect of the velocity ratio as

well as the merging angle on its flow properties. For this purpose, two types of mixing

layers are produced from two streams merging at 00 and 180• Each type of mixing

layers was produced with velocity ratios 0.7, 0.8 and 0.9 keeping the high speed side

constant at 10 mJs and varying the low speed side between 7 and 9 mJs. The

measured data of both types of mixing layers were analyzed and compared. The

outcomes of the study are as follows:

I. Small negative streamwise pressure gradients are observed for both types of mixing

layers and pitot-static tube measurements have shown that the wall boundary layers

remain attached everywhere in the measurement domain.

2. Initial boundary layers for both types of mixing layers are found to be in turbulent

state for the three velocity ratios.

3. Free-stream turbulence intensities at x = 5 mm are not affected by the change in

merging angle at r = 0.7.

4. Mixing layer thickness and momentum thickness are found to have linear growth

for r = 0.7 and 0.8 for both types of mixing layers but the mixing layer thicknesses

are scattered for r = 0.9.

5. In both types of mixing layers 00 and 180, mean flow is found to be self-similar for

r = 0.7 and 0.8 but not for 0.9, and the wake effect is found to remain strong even at

the last station of measurement for r = 0.9.

6. Hot-wire traces, u'(t) along Y05 have reflected the equilibrium structure in the flow

in terms of invariance in frequency contents of the signals at downstream for both

types of mixing layers.

7. The turbulence quantities U'2, V'2 and u'v' for both types of mixing layers are

found to be self-similar beyond some distance downstream for r = 0.7 and 0.8 but

not for 0.9.
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8. The turbulence structure represented by the maximum of u" , v" and u'v' become

asymptotic beyond some distance downstream for r = 0.7 and 0.8 but not for 0.9. In

addition, u'v' took longer distance to become asymptotic than u" and v" for both

types of mixing layers.

9. The scaling of mixing layer thickness IS found to be effective for all the three

velocity ratios. But the scaling of peak Reynolds stress levels are found to be .

effective for r = 0.7 and 0.8 only. The newly scaled parameter seems to be effective

in removing the dependence of merging angle on the scaled mixing layer growth.

7.2 Recommendations

The present investigation may be studied further with the variation of the following

factors that affect the mixing layer behavior:

I. Mixing layer study with one or two more merging angles in between 0° and 20°

would provide comprehensive understanding on the effect of merging angle on its

behavior.

2. The mixing layers should be produced with low free-stream turbulence to avoid

masking of any potential effect of merging angle on the flow properties.

3. A test section with more wider cross-section should be used to avoid increasing

interaction between the mixing layer and the side wall boundary layers in the

downstream.

4. A longer test section may be used for upstream conditions, e.g. wake effect, to be

washed out truly in the downstream.

5. The test section may be provided with a flexible wall to adjust zero pressure gradient

in order to avoid streamwise deceleration of the free-stream.

6. The boundary layers on the splitter walls may be tripped to ensure fully turbulent

flow at the initiation of mixing layer.
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for a=O"(see Fig.6.7(a) for legends).
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Fig.6.13 Reynolds streamwise normal stress profiles
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Fig.6.15 Reynolds cross-stream normal stress profiles

for a=O"(see Fig.6.7(a) for legends).
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Fig.6.l7 Reynolds primary shear stress profiles for a=O"
(see Fig.6.7(a) for legends).
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Fig.6.17 Reynolds primary shear stress profiles for 0=0"
(see Fig.6.7(a) for legends).
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Appendix A

Derivation of Equations

A.I Governing Equations

A plane mixing layer occurs in a two-dimensional flow field (u, v) where ~« ~
Ox Oy

nearly everywhere. By the consideration of steady flow with constant fluid properties

for the mixing layer the equations of continuity and momentum become as follows.

The equation of continuity is:

au Ov
-+-=0.
Ox Oy

The equations of momentum for large Re in x and y directions respectively are:

u au +v au +~V)+~(u'v')=-~ ap
Ox Oy Ox Oy pOx

Ov Ov a (-, ,) a (---;z) I apu-+v-+-uv +-v =---
Ox Oy Ox Oy POy

(AI)

(A2)

(A3)

in the limit flL --+ 0, where R is the cross-stream scale and L is the scale of change in

streamwise direction.

Applying order of magnitude argument in (A3), we get

(A.4)

By integrating (A4), we get

(A5)

where Po is the constant pressure outside the turbulent part of the flow field i.e. beyond

the edges of mixing layer. On differentiation with respect to x, (A.5) becomes

Using order of magnitude argument and (A.6) in (A2), we get

au au a (----.-;)u-+v-+- uv =0.
Ox Oy Oy

(A6)

(A.7)

,
\,



(A8)

78

A.2 Two Dimensionality

The strearnwise mean velocity and the Reynolds shear stress profiles for a two

dimensional plane mixing layer are assumed by following Townsend (1976) as

u = u, + Uo f( T]) and u'v' = u;g( T]), where T]= ylo and ~ = U] - U2. With the

application of these' transformations continuity equation (AI) becomes

v = [Uof~(:J dT]
and momentum equation (A.7) becomes

g' = (u2 T]f' +T]ff' - f' 1~T]f'dT]Jdo .
Uo 00 dx

As geT])is maximum at T]= 0, on integration (A.9) becomes

which can be re-written as

[u 1° 1° ]dOg(O)max = - ---.1 fdT]+ f2 dT] -.
Uo 00 00 dx

Using error integral for f(T])from (3.10) in (All), we get

g(O)"", = -0.141(UI +u'J do
U, -u2 dx

which can be written as

(A.9)

(A 10)

(All)

(AI2)

O.141(UI +u2J do.
u, -u, dx (A.l3)
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Appendix B

Measurements of Mean Pressure and Mean Velocity

B.t Introduction
In a steady incompressible flow for a given total head the change of the velocity

head is accompanied by equal and opposite change in static head. This relationship

between pressure and velocity in the flow field is widely used in flow measurement as

Pt = Ps + Y2pu2 (B.I)

where u is velocity of the undisturbed stream, p is fluid density, Ps is static pressure and

Pt is total pressure. Pitot-static tube is the simplest type of combination instrument

consisted of two concentric tubes which are connected to some form of manometer so

that Pt or Ps relative to atmosphere, or Pt relative to ps can be measured as required.

B.2 Measurement of Static Pressure

The static pressure in a moving fluid can be measured by any form of pressure

probe, usually stationary. The pressure on the surface of a body in a moving stream

varies from point to point in a manner, which is determined largely by the shape of the

body and its orientation to the flow direction. In a probe with suitable shape, the

orifices are located where the surface pressure is equal or related in a known manner, to

the static pressure of the undisturbed flow. In order to reduce errors due to

misalignment with the flow, it is usual to provide several orifices around the probe

which inter communicate inside the instrument, so that a mean pressure is recorded.

B.3 Measurement of Mean Velocity

Mean velocity u can be calculated using the known pressure difference (Pt - Ps) in

(B.I). By a pitot-static tube the difference (Pt - Ps) can be measured and (B.l) can be

written for pitot-static tube as

- 11k 2Pt -ps - /2 pu

where k is the combination factor. For standard design and correctly aligned with the

flow, a value ofk equal to unity gives the wind speed correctly to within 0.5% error.
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Appendix C

Hot-Wire Anemometer

C.l Introduction

The hot-wire anemometer is a research tool for turbulent flow studies where flow

properties change very rapidly. So the sensing element and its associated electronic

circuit should provide a virtually instantaneous response to the fastest occurring flow

changes. Hot-wire anemometry is based on convective heat transfer from a heated

sensing element which is exposed to a fluid stream. This heat transfer sets a relation

between the voltage across the wire and the velocity of the air stream. Three modes of

operations are possible for HWA system. These modes depend on whether current

through the wire or resistance of the wire or voltage across the wire is kept constant.

The first one is known as hot-wire constant current anemometer (HWCCA), second one

as hot-wire constant temperature anemometer (HWCTA) and the last one as hot-wire

constant voltage anemometer (HWCVA) (Mangalam et aI., 1992). The standard hot-

wire probe sizes are d ""1 - 5 !-tmand £ "" 1 - 2 mm. The wire materials are tungsten,

platinum or platinum alloys.

The relation between the voltage across the wire and the velocity of the air stream

for a hot-wire probe with an active wire element of finite length considering end losses

is often written as

I'R w = A+Bu" (C.l)

where I is the current through the wire, Rw is the real hot-wire resistance and Ra is the

resistance of the wire at the ambient temperature.

For HWA application (C. 1) may be written as

E' = A+B~ (C.2)

where E is the anemometer output voltage and A and B are constants which can be

determined from hot-wire calibration by a suitable procedure (Appendix D).
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C.2 HWCT A Circuit

The constant temperature anemometer is the most popular HWA system and is

available commercially in the highly developed form. The conventional hot-wire

constant temperature anemometer consists of a Wheatstone bridge, a servo amplifier

and a current driver as shown in Fig.C.1. The resistance of the wire is kept constant by

an electrical feedback arrangement. The servo amplifier and the current driver

constitute this feedback arrangement.

The active arm of the bridge contains the probe. The passive arm contains a variable

resistor for comparison. When the bridge is in balance, no voltage difference exists

across BC (which is the bridge output). Any change in the flow across the wire changes

the cooling rate of the probe, as a result the probe becomes cooler or hotter as the case

may be. The resultant resistance change due to change in temperature ofthe wire brings

about a voltage difference in the bridge output, which is an input to the servo amplifier.

The output of the servo amplifier drives a current driver which changes the current

through the bridge and hence the probe. The phase relation of the current is such that

the cooling of the wire increases the current and heating of the wire decreases it. Thus

the change in the resistance of the wire is compensated and the resistance is held very

nearly constant. It can easily be seen that the higher is the servo amplifier gain with a

very high slew rate, the lower is the error voltage required across the bridge to

compensate the temperature change (resistance change) of the probe wire. Higher gain

also leads to higher frequency response. Therefore constant temperature anemometer is

designed carefully to have large servo amplifier gain and stability.

C.3 Measurement of Mean and Turbulence Quantities

To make any measurement by hot-wire, the probe needs to be calibrated first. The

hot-wire is calibrated by placing it in turbulence free uniform flow field such that the

wire is normal to the flow for single normal wire.

C.3.! Single Normal Wire Probe

By this probe only streamwise component of the mean and turbulence quantities can

be measured. Mean velocity is calculated from (C.2) as follows:



u=[(E'-A)IBJ'.
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(C.3)

For the hot-wire normal to the flow, let E = E + e and u = u +U' . Then the dynamic

calibration equation (Morrison et aI., 1972) is

e=(:~}'.
Differentiating (C.2) we get,

dE= B -s
du 4E~ - .

Using (CS) in (C.4) we get,

~ = (SI, )~.

C.3.2 X-Wire Probe

(C.4)

(C.S)

(C.6)

By this probe both the streamwise and cross-stream component of the mean and
--

turbulence quantities (i.e. u, v, u", v" and u'v') can be measured. The probe

configuration is shown in Fig.C.2. The hot-wire responds to the velocity normal to the

wire, so the effective cooling velocity, Ueffis always the normal velocity to the wire.

During calibration of the x-wire probe, the probe axis is aligned along the free-

stream velocity. In terms ofueff, the calibration equation (C.2) becomes

E' =A+BF:;. (C.7)

In Fig.C2, the probe is such that the velocity is not along the probe axis but inclined at

an angle 8. Hence the effective cooling velocity becomes

ueff = USlllljl- vcosljl .

C.3.2.1 Measurement of mean velocities

(C.S)

Let E} and E2 be the voltages across the wires 1 and 2, and then the voltages and

effective cooling velocity relations become

Ef = AI +BI~usinljl- vcoSljl

E~ = A2 +B2~Usinljl + vcoSljl .

(C.9)

(CIO)
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Hence u and v can be calculated from the following equations:

u = .1 [{(E;- A, )IB,}' + {(E;- A, )IB,}' ]
2 Sill IjI

V = I [{(E;_ A,)! B,}' - {(E;_ AJIB, }'].
2 cos IjI

(C.ll)

(C.I2)

e.3.2.2 Measurement of turbulence quantities

The instantaneous values of the voltage E, the velocities II and v are split into their

mean and fluctuation as

E = E + e, II = u + u' and v = v + v' .

In this case, the dynamic calibration equation (Morrison et aI., 1972) is

(C.l3)

(e.14)

Writing (C.I4) for e] and e, and using (e.9) and (e.IO) the following can be written

B, [ , . , ]e, = ~. U Sill IjI - V cos IjI
4E, U Sill 1jI- V cos IjI

B, [ , . , ]e, = ~. U Sill IjI + V cos IjI .
4E, U Sill 1jI- V cos IjI

Equations (C.IS) and (e.16) can be written as

From (C.17) and (e.IS) we can get,

U'2::;:: (Snej + Sl2e2 )2

(SllS22 +S12S21)'

V I 2 ::;::_(_S_"_e_,_-_S_,_,e_,_)'_

(SllS22 +S12S21)'

-,-, SllS12e; -S21S22e; +(SllS22 -S12S21)e,e,u v ::;::---------------
(S"S" +S12S21)'

(e.IS)

(C.16)

(e.17)

(C.IS)

(C.l9)

(C.20)

(Co2l)
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AppendixD

Calibration of Pressure Transducer and

Hot-Wire Anemometer

D.l Pressure Transducer Calibration

The pressure transducer of Furness Controls Ltd., UK (Model FC001) with data

logging system (SecA.5) is calibrated against an Ellison (USA) inclined manometer

using Kerosene (sp. gr. 0.81) as the manometric fluid. The inclined manometer has a

precision of 0.01 inch.

A pitot-static tube (Sec.5A) of y., inch outer diameter is connected to both the

inclined manometer and the pressure transducer. The output of the pressure transducer

is transferred to the data logger. The data was collected at the rate of 3 samples/sec. The

pitot-static tube is placed at the uniform velocity of the potential core of the calibration

jet (Fig.D.I). The calibration curves and calibration equations are obtained by linear fits

which are shown in Fig.D.2.

The calibration equations are:

1. hw = -0.1400 + 0.0196 V (3% range)

11. hw = -0.0259 + 0.0650 V (10% range)

where hw is in mm of water and V is in mY.

(D.I)

(D.2)

D.2 Hot-Wire Calibration

To calibrate the hot-wire anemometer, the hot-wire probe and pitot-static tube are

placed side by side in the potential core of the calibration jet as shown in Fig.D.3. The

hot-wire probe is placed such that the probe axis lies parallel with the core flow

direction. The pitot-static tube (developed by National Physical Laboratory, UK and

manufactured by Airflow Developments Limited, UK) is of 1/10 inch outer diameter.

Simultaneous measurements of the voltage with the x-wire probe connected to the

anemometers and the velocity head with the pitot-static tube connected to the Ellison

inclined manometer (Appendix B.3) are taken for the hot-wire calibration. The

calibration curves and the calibration equations are obtained by simple curve fitting
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principle. A typical calibration for x-wire is shown in Fig.D.4 and the corresponding

calibration equations are:

E; = 0.4855 + 0.2080~

Ei = 0.3171+ 0.1326~
(D.3)

(D.4)

where E1 and Ez are in volts and u is in mls. The calibration curves are checked before

and after each series of measurements.

o.,.,
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Appendix E

Uncertainty Analysis

E.1 Introduction

Every measurement is creeped with errors, so means for describing inaccuracies are

necessary. It is now generally agreed that the appropriate concept for expressing

inaccuracies is an uncertainty and that the value should be provided by an uncertainty

analysis. According to Heisenberg Uncertainty Principle (1927), error and uncertainty

are not the same. A quarter century later, Kline and McClintock (1953) attributed

uncertainty as a possible value that an error may have. This concept still seems to be

appropriate and valuable.

For a single-sample measurement Thasher and Binder (1957) proposed that the

experimenter could describe the uncertainty of his measurement in terms of what he

believes would happen if the measurements were repeated for a large number of times.

In this way one can estimate the standard error, the uncertainty interval and the odds if

the measurements were repeated for a large number of times. The reliability of a result

described in this manner is indicated by the size of the uncertainty interval and the

magnitude of the odds.

This chapter is devoted to determine the interval around each measured parameter

within which its true value is believed to lie. The analysis is aimed to estimate the

amount of uncertainties in individual measurements. An uncertainty estimate is as good

as the equations it is based on. If those equations are incomplete and do not

acknowledge all the significant factors that affect the result, then the analysis will either

under estimate or over estimate the uncertainty in the results. In the present work, the

uncertainty of measurements of velocity, pressure, specific gravity of manometric fluid,

gas constant and angle of inclination of the sensing probe to the mean flow direction

are estimated.



(E.l)
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E.2 Basic Mathematics

In the present work, each test point of the experiment is run only once, and hence

they are single sample experiment. A precise method of single sample uncertainty

analysis has been described in engineering literature by Kline and McClintock (1953)

and Moffat (1988).

If a variable XI has a known uncertainty E], then the form of representing this

variable and its uncertainty is

XI =XI (measured) :t EI .

This statement should be interpreted to mean the following:

1. the best estimate of XI is XI (measured)

11. there is an uncertainty in XI that may be as large as :t EI

iii. the odds are 20 to 1 against the uncertainty of XI being larger than :t EI.

It is important to note that such specification can only be made by the experimenter

based on the total laboratory experience. For example, a set of measurements is made

and the uncertainty in each measurement may be expressed with the same odds.

These measurements are then used to calculate some desired result R using the

independent variables XI, X2, X3, Xm where

(E.2)

(E.3)

Let E], E2, E3, ••.•••••.••.•.• Em be the uncertainties in the independent variables given

with the same odds. Then the uncertainty ER in the result having these odds is given by

Kline and McClintock (1953) as

1

[
N (OR J2]2ER = L: -. Ej
j~l ax!

where oR is the sensitivity coefficient for the result R. In most situations, the overallax,
uncertainty in a given result is dominated by only a few of its terms. The terms in the

uncertainty equation those are smaller than the largest term by a factor of 3 or more can

usually be ignored. This is a consequence of the Root-Sum-Square combination i.e.
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small terms have very small effects. The equation (E.3) can be written in the form of

relative uncertainty as

1

ER = [f (OR. Ei)2]2
R i=l oXi R

(E.4)

E.3 Uncertainty for Pressure Measurements

A pitot-static tube which is placed in an air stream parallel to the flow gives the

static pressure as

(E.5)

where p is (Ps - Pa), ps is static pressure in the stream and Pa is atmospheric pressure. In

terms of water head, (E.5) becomes

p = Ywshw= cshw

where p = pes, hw)

(E.6)

(E.7)

Let Ep, Es and Ehwbe the uncertainties in p, sand hw respectively. On using (E.7) in

(E.4) we get,

or, (E.8)

Putting, s = 1.00 :t 0.005

hw= 50.534 :t 0.203 mm

in (E.8) for room temperature and pressure of 2SoC and 76 cm Hg respectively, we get

EplP =0.64%.

E.4 Uncertainty for Velocity Measurements

The same setting ofthe pitot-static tube (Sec.E.3) gives the velocity of the stream as



89

(E.9)

where Ym and Ya are the specific weights of manometric liquid and flowing air,

respectively and hm is the manometric head. If the sensing point of the pitot-static tube

is deviated by an angle 13from the direction of flow due to misalignment, then the

velocity in (E.9) will be given by

In terms of water head hw, (E. 10) can be written as

1_2-=g:....:Y,-"w,-sh-,w,,---co_s-,-13I h AU = 1- = Cv gs w cos •..Ya

where c = ~2y w/Ya and s is the specific gravity of the manometric fluid and

u = u (g,s, hw, 13).

(E.lO)

(E. 1 1)

(E.12)

Let Eu be the uncertainty in the result, and Eg, E" Ehw and Ep be the uncertainties in the

acceleration due to gravity, specific gravity of manometric fluid, manometric head and

angle of deviation of the sensing probe, respectively. On using (E.12), the equation

(E.4) becomes

or,

I

~u =~[(:gr +(~sr +(~~ r +4E~tan2I3r (E.B)

Putting, g = 980.6 :t 1.0 cm/s2

s = 1.00:t 0.005

hw = 15.431 :t 0.203 rnm

13= O:t 3°

in (E.B) for room condition in Sec.E.3, we get Eulu = 0.71%.
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E.S Uncertainty in X-Wire Probe

The most common signal analysis procedure for x-probes is the sum-and-difference

method based on a first order series expansion of effective velocity. A number of

factors contribute to the uncertainty in the results obtained by this method.

Exact knowledge of yaw angle is of less importance in the uncertainty of signal

analysis. An in-depth study of the effect of angle errors on the uncertainty of signal

analysis for x-probes has been presented by Yoshino et al. (1989).

The sum-and-difference method is based on the effective velocity, which is normally

evaluated from the simple power law with constants A and B. The errors in u and v

caused by the assumptions of constant A and B have been evaluated by Brunn et al.

(1990). Within the range _250 ~ 8 ~ 250 where 8 is the flow angle, the errors in u and v

can be seen to be nearly independent of8.

E.6 Uncertainty for Statistical Quantities

u(t) and v(t) are the time series of the mean velocities, and U,2(t),v.2(t) and u'v' (t) are

the time series of the Reynolds stresses. The uncertainty of each of the above statistical

quantities can be specified by their respective variance whose time series evaluation is

based on the derivations given by Bendat and Piersol (1986). The comparison of the

two equations for the error estimate of the mean and the turbulent quantities show that

the uncertainty in the turbulent quantities is much larger than the uncertainty in the

mean quantities, when the same sampling criteria are applied to both the statistical

quantities. It was found in the present experiment for a particular streamwise location

that the maximum uncertainty of the calculated statistical quantities across the mixing

layer were 1.6, 1.8,9,6 and 7% respectively for u(t), v(t), u.2(t), v.2(t) and u'v' (t).
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