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ABSTRACT

An experimental study of the turbulent kinetic energy and the
isotropic vorticity balance in a conical diffuser having a total
divergence angle of 8° and an area ratio of 4:1 with fully developed
pipe flow at entry is described. The data for mean static pressure,
mean velocity, various moments up to 4th order, and the first and second
derivatives of Uy signal are presented for pipe Reynolds number of 58000
based on the pipe average velocity and the radius.

The results show that the pressure recovery characteristic is
independent of the Reynolds number. A high pressure gradient in the
entry region of the diffuser produces a high mean radial velocity.

This radial velocity decreases in the downstream direction with decrease-
ing pressure gradient. » |

The turbulent energy balance shows that the rate of turbulent
energy production reaches maximum at the edge of the wall layer extending
from the wall to the point of maximum u; fluctuations. This layer grows
with distance in the downstream direction. Within this layer, dissipation
is more than production and thus a need for energy diffusion towards the :L§[Q
wall. Results also show that the turbulence is inhomogeneous both 1in
the radial and axial directions in the diffuser and not all the energy
produced at any cross-section fs dissipated there. An appreciable
proportion of the energy produced is also transported in the downstream
direction to meet the requirement of high dissipation there. This
transport of energy is achieved by the transfer terms of which the

most important is the convective diffusion due to pressure effects.



i

On the basis of the energy budget analysis, the claim of Okwuobi
& Azad (1973) that the dissipation in diffuser is negligible and the
production is mainly balanced by convective diffusion due to pressure
and kinetic effects is thus refuted.

ou
The results of the -1-measurements show that in the core region

at
of the dfffuser the ratios of the rates of production and dissipation
of the turbulent vorticity is constant, and the vorticity balance is
essentially the same at all axial stations. Also the rates of
dissipation and production of vorticity are constant but large compared
with their difference in the region from axis to the point of maximum
ui fluctuations. However, these rates and the ratio of dissipation to
production increase significantly further towards the wall. The value
of the skewness of‘ggl'in the constant region is comparab]g to that for
the grid turbulence. The overall behavior of skewness of §;l»is similar
to that reported for boundary layer and the pipe f]ow, except that the

ou
region of constant skewness of ——l-is larger in comparison to that of

ot
pipe flow.
On the basis of these results, it is claimed that the assumptions
of Tocal isotropy can also be extended to the present complex f1ow,'
and the degree of error introduced due to such an assumption in the

anisotropic region near the wall is comparable to other wall bounded

flows.
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1. INTRODUCTION

Turbulence is an irregular three-dimensional, time dependent
and the most complicated kind of fluid motion. The term turbulent
denotes the‘superimposition of an irregular fluctuating motion on the
main stream. This fluctuation is usually so complex in its details
that it seems to be intractable to mathematical treatment, but the
resulting mixing motion is very important for the’course of the flow
and for the equilibrium of forces. Therefore the turbulence studies
may be defined as the art of understanding the Navier-Stokes equations
- without actually solving them. In following this path, certaﬁn
theoretical principles which allow us to introduce a measure of order
into the experimental material have been established.

Laboratory turbulent shear flows can usually be divided into
two groups. First being free turbulent flows; i.e., the flow in jets
and wakes where no restricting walls are present, and second being the
wall bounded flows; i.e., flow through pipes, diffuser and along plates,
etc. The wall bounded flows can further be divided in three groups on
the basis of their pressure gradients: (1) negative (favourable)
pressure gradient flow: pipe flow; (2) zero pressure gradient flow:
flow along a flat plate and, (3) positive (adverse) pressure gradient
flow: diffuser flow.

The pipe flow and the boundary layer on a solid surface, which
are important in engineering and convenient to explore experimentally,
have been studied vigorously by various investigators working in the
field. The diffuser which is a simple, useful, fluid-mechanical

\ . .
element used for example in turbomachinery as a pressure recovery




device should be the next logical field of investigation. Physically,
a diffuser converts mean kinetic energy into flow energy which

produces positive pressure gradient in the direction of flow. This
also increases the intensity of highly energetic turbulent processes
near the wall, which results in high turbulence intensity in the flow
field far beyond any other wall bounded flow. This high intensity of
turbulence makes the diffuser research interesting and experimentally
challenging, while the effect of adverse pressure gradient on the
structure of turbulence is of considerable importance from the point of
view of scientific knowledge. Understanding of the structure of this
turbulence has been the subject of continuing turbulence research.

By structure of turbulence is meant the organization of turbulence
phenomenon, the source of its energy supply and the mechanism by which
this energy is extracted from the mean flow, and distributed to the
whole flow field and finally how it is converted to the internal (heat)
energy by the action of viscosity.

The properties of the mean flow for different geometries of the
diffuser have been studied by various workers and these have been
summarized by Okwuobi (1972); But the experimental work on the
turbulence characteristics of the flow field is generally meagre in
comparison to the work for cther wall bounded flows. The structure of
turbulent shear flow in a diffuser was probably first investigated by
Ruetenik & Corrsin (1955). They experimentally studied the
turbulence properties of fully developed, plane diffuser (diverging
channel) flow at a total divergence angle of 2°. Their results

showed that there were large increases in turbulent energy and average




shear levels compared with those of Laufer (1951) for parallel wall
channel flow. Okwuobi & Azad (1973) provided detailed measurements
of the Reynolds stress tensor and also computed kinetic enefgy budget
for one axial station in a 8° conical diffuser. The conical geometry
of the diffuser was chosen as it provides a symmetrit distribution of
the mean and turbulent quantities about its axis. On the basis of
their results, Okwuobi & Azad (1973) claimed that the dissipation
of turbulent energy is generally negligible in the conical diffuser
and the production of turbulent energy is mainly balanced by the
kinetic and pressure diffusion in radial and axial direction. This
was reported to be due to the adverse pressure gradient in the direction
of the flow. No further studies have been reported about this
pecularity of the diffuser flow. Thus, further experimental studies
are required to understand the physical processes involved which make
the dissipation of turbulent energy negligible in the diffuser. The
importance of such a study is further enhanced by the work of Hummel
(1978), who measured various structure functions in the diffuser and
indicated many similarities with the boundary layer flows.

Generally, the turbulent flow of real fluids is of a dissipative
nature. Because of this dissipation of turbulent energy, a continuous
supply of energy from some external source is necessary to maintain
the turbulence. This external source is usually the mean flow. The
rate of supply of kinetic energy to the turbulence is the rate at
which work is done by the mean rate of strain’against the Reynolds
stresses in the flow as it stretches the turbulent vortex lines. The

stress producing eddies are the larger ones, which are best able to




interact with the flow and extract its energy. The vortex stretching
‘tends to make the smaller eddies lose all sense of direction, and thus
become statistically isotropic. The structure of these smaller eddies
is similar for all turbulent flows (Batchelor, 1947). These eddies of
smallest length scales dissipate through the action of viscosity. The
turbulent kinetic energy budget provides the mean balance between the
production and dissipation of turbulence in the flow field. It has
also been pointed out by Townsend (1956) that the turbulent energy
balance should be studied first to fully understand the structure of
turbulence. This is a rather natural and logical step as the energy
ba1ance is the study of the trace of Reyno]dskstress tensor, which is
the first consequence of the turbulence. Since the apparent stresses
appear in the mean momentum equations for turbulent flow and thus
should first be investigated. The study of energy balance involves the
Tong time averages of turbulent quantities which may obscure some
details, but still provides significant information about the physics
of flow. Knowledge of the energy balance is also important from the
point of view of developing and testing mathematical models for
turbulence.

Recent visual studies have further focused attention on the
disturbance mechanism and the turbulence production process. Based on
the visual studies, Kline et al (1967), Kim et al (1971) and Corino
& Brodkey (1969) reported that the disturbance mechanism consists
substantially of inrushes of fluid with high axial momentum into low
momentum fluid near the wall alternating with ejections of low

momentum fluid outward from the wall. Kim et al (]971), Grass (1971),




Willmarth & Lu (1972) and Wallace et al (1972) have shown that the
energy production process is strongly associated with and dominated
by this intermittent inrush-ejection cycle, and consequently by the
large-scale turbulence, thereby confirming the earlier hypothesis.
Wallace et al (1972) have pointed out that the turbulence dissipation
process is also strong]y related to the random and intermittent
inrush-ejection cycle, because the region of the inrush and ejection
events appear to éorrespond to the region of high local shear rates
and consequently to high local dissipation of energy, which implies
the presence of finer scale structure of turbulence.

The finer structure (smaller eddies) also represents the
turbulence vorticity field of the flow. This vorticity is three-
dimensional and the vortex stretching provides the essential maintenance
mechanism. Therefore, the study of the turbulent vorticity balance is
essentially an attempt to understand the finer structure of turbulence
which is inevitably required for better understanding of theyturbu]ence
mechanism. |

The primary objective of the experimental work presented here
was to test the hypothesis put forward by Okwuobi & Azad (1973)
that the dissipation is negligible in the conical diffuser. In this
respect the present research work is a follow up of the work of Okwuobi

& Azad (1973) which was also conducted here at The University of
Manitoba. |

The energy balance presented by Okwuobi & Azad was only for

one axial station and thus no information is available about the

nature of decreasing dissipation from the pipe flow at the diffuser




inlet to its exit. Thus it is proposed that the energy balance would
be evaluated at several axial stations to study the mechanism of'
decreasing dissipation in detail. This would also provide a check on
the results of Okwuobi & Azad. Also, since the pressure recovery

is the basic physical feature of a diffuser, it would be worthwhile

to estimate the relative magnitude of the pressure-velocity correlation
in the turbulent field. To this end, the convective diffusion due to
kinetic effects would be evaluated from the experimental data, and the
pressure diffusion would be estimated by balance. At present there is
complete lack of such an information in the literature available for
adverse pressure gradiént flows.

Most of the vorticity present in the flow field is associated
with the smaller eddies which tend to be isotropic. Therefore,
one of the objectives of the present study was also to gain
information about the isotropic vorticity-balance through detailed
measurements of the fine structure of turbulence in an adverse pressure
gradient flow, thereby also investigating the applicability of isotropic
assumptions to such a non-uniform flow.

The conical diffuser chosen for this study was the same as used
by Okwuobi & Azad (1973), having an 8° included angle and an area
ratio of 4 to 1. Sovran & Klomp (1967) have shown that such a
diffuser possesses optimum pressure recovery characteristics. Also
the property of axisymmetry of the conical diffuser offers the experimental
advantage as it provides two similar points in the same flow situation.
A1l tests were conducted with fully developed pipe flow at the

diffuser entry.




2. SURVEY OF PREVIOUS WORK

In this chapter, material relevant to the present study is
reviewed. The chapter is divided in two sections, first dealing with
the turbulent kinetic energy and the second with the turbulent vorticity.

Each section contains the necessary mathematical equations followed by

a review of published experimental results.

2.1 The Turbulent Kinetic Energy Equation

The turbulent kinetic energy equation for the axisymmetric flow,
assuming stationarity, may be written in the form (Okwuobi & Azad,

1973)*
I +IT+IIT+IV+V =0 (M

where the different terms have the following meaning.

Mean flow convection:

[nng

2 7z
_ 1 1 3 2y 2
L= 3llg) e (ﬁ‘?) ) 5, <§-b~g>1.

o
o

*Hereafter also referred to as OA.




Production:
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and the normalizing quantities R and Ub are the pipe radius and the pipe
bulk average velocity respectively. In the above terms the overbar

indicates a time averaged quantity. The turbulent kinetic energy



budget is a conservation equation for the quantity —;—-pq2 and as such
each term describes a rate of appearance or disappearance of turbulent
kinetic energy at a point.

The terms of the energy equation can be divided into two classes:
those dealing with the Tocal creation or the dissipation of turbulent
kinetic energy within the control volume and those dealing with the
movement of kinetic energy into or out of the control volume. The
structure of the flow both upstream and downstream of a partiéu]ar
point determines the behavior of the turbulent kinetic energy and
therefore the normal stresses at that point. This is implicit in the
energy balance equation because these quantities appear in spatial
derivative terms which would require integration over the whole flow
field for analytic solution.

The fundamental starting points for the development of the
turbulent kinetic energy balance equation are the Navier-Stokes and
the continuity equation which are respectively sfatements of Newtons
law (a force balance) and mass conservation. Multiplication of the sum
of these two equations by the total velocities yields an energy
equation. By the usual processes of Reynolds decomposition and time
averaging followed by subtraction of the mean energy equation, the
dimensional form of the above equation is obtained. The detailed
derivation of the turbulent kinetic energy equation is available in
Hinze (1959) (in rectangular coordinates), Huffman (1968) (in mixed
cylindrical and rectangular coordinates), Laufer (1954) in cylindrical
coordinates and the details will not be repeated here. The genealogy

of the turbulent kinetic energy equation is summarized diagrammatically
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in figure 1. In fully developed turbulent pipe flow the energy
equation becomes much simpler as both the longitudinal space derivatives
and the mean radial velocity are zero. In particular, the mean flow
convection term disappears entirely.

Many researchers have reported data on the turbulent kinetic
energy budget for various wall bounded flow fields; i.e., Laufer (1954)
in pipe flow, Ruetenik & Corrsin (1955) for slightly divergent
channel flow, Klebanoff (1955) in boundary layer with zero pressure
gradient, Nakagawa et al (1975) in channel flow and Hanjali¢ & Launder
(1972 a) in an asymmetric channel flow. A general picture which emerges
from these flows is that in a turbulent flow fie]d; energy is extracted
from the mean flow (production) and converted into internal energy
(heat) by viscosity (dissipation). Transfer terms such as mean flow
convection and convective diffusion due to kinetic and pressure effects
transpdrt energy from surplus to deficit areas, where it is dissipated.
At any cross section there is always an overall energy balance between
production and dissipation, which is achieved with the help of transfer
terms.

Okwuobi & Azad (1973) have provided some data on the turbulent
kinetic energy budget in a conical diffuser. Their results showed
that the dissipation is negligible in the diffuser and the production
is mainly balanced by convective diffusion term. This finding is in
direct contradiction to other wall bounded flows. The diffusion term
was obtained by them as a closure term in: the energy equation and thus
acted as the balancing term of the equation. The diffusion term

simply transports the energy from one place to another and does not
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dissipate it. Therefore the energy stays in the flow field and as

such must show up somewhere else in the field. Okwuobi & Azad (OA)
postulated that the convection of energy must be taking place inthe axial
and radial direction. However, the energy equations derived from the
Navier—Stokes equations provide for such movement of energy. To

achieve local equilibrium, OA implied that the convective diffusion is
similar to that of dissipation and attributed it to the existence of
adverse pressure gradient in the flow field. Such an explanation makes
this flow, with adverse pressure gradient, appear entirely different
from other wall bounded flows. Ruetenik & Corrsin (1955) have also
measured energy budget in a fully developed, equi]ibrium plane diffuser
flow at a total divergence angle of 2° and found that production is
mainly balanced by dissipation. Since the mean pressure gradient in a
conical diffuser is usually not in equilibrium, a direct comparison may
not be justified. However, Sovran & Klomp (1967) stated that a
diffuser with Tinear amplification acts as an amplifier of velocity
fluctuations entering it and thus it could be expected to have some
similarities to flow entering the diffuser. In the experimental setup
of OA, flow at entry was fully developed pipe flow. But the enerqgy
budget presented by OA tends to imply that something very drastic happens
to the’f]ow after entering the diffuser. Since data of OA were only for
one axial station, no detailed information could be gathered about this
sudden change in the turbulent nature of the flow. Therefore, it would
be interesting to investigate the energy balance in the whole flow

field of a conical diffuser, radially and axially. This would help to

check the validity of the conclusions reached by Okwuobi & Azad (1973)



12

and to fully understand the structure of turbulence in a conical diffuser

with an adverse pressure gradient.

2.2 The Vorticity Equation

The vorticity equation derived directly from the Navier-Stokes
equation byVon Karman and as reported by Batchelor & Townsend (1947)

for homogeneous isotropic turbulence is:

3 =2 Wy = + 2V w.

where
mi is the component of vorticity in the i-direction.

The first term on the right hand side is positive and represents the
rate of production of vorticity; whereas the 2nd term on the right side
is essentially negative and represents a rate of destruction of vorticity
due to viscosity. In a flow field, when positive extension of a vortex
filament occurs, the maanitude of the local vorticity increases due to
the consequent lateral contraction and angular acceleration. Thus in
parts of the fluid where there is a positive rate of extension of the
vortex filament, the magnitude of the vorticity will be high; Taylor
(1938) (referenced in Batchelor & Townsend, 1947) pointed out that
this production of vorticity due to random, diffusive extension of
vortex lines is a fundamental process in the mechanics of turbulence

and is the reason for the very high rate of dissipation of turbulence

energy.



The effect of extension of the vortex Tines is to tend to make
the vorticity distribution 'spotty', with small regions of high

vorticity; on the other hand, the effect of viscosity is strongest in
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regions of high vorticity, and tends to diffuse it evenly throughout the

fluid (Batchelor & Townsend, 1947). The vorticity equation (2)
" represents the balance between these two effects, and a simp]ified form
of this equation which could be used for comparison with experimental

data as given by Batchelor & Townsend (1947) is:

w' S -—uw'" 5 (3)

where S is the minus skewness factor of the probability distribution of
au']/ax1 (the minus sign is introduced because the skewness is found to

be negative) and is defined as:

(3u1]3 [BU]JZ
S = |1 1
9x, 9X, . (4)

The contribution to dw'z/dt from the process of vortex extension is

directly proportional to S.
The factor G/RA is re]ated‘to the decay of vorticity due to

viscosity and is defined as:

] | (5)
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and:

A representative measure of the factors S, G and A can be obtained by
au
measuring (SE—) and using Taylor's assumption of space-time equivalence.

Thus:

513/2

au] 3 au]
S: R ——
ot ot

: 2
u
2 _ |2 ] 2

The skewness, S, of has been measured for grid turbulence (which

ot
provides a good approximation to isotropic turbulence) and the
reported values vary between 0.3 & 0.5 (Batchelor, 1947; Batchelor &
Townsend, 1947; Saffman, 1963; Betchov, 1956; Panchev, 1971).
Batchelor & Townsend (1947)‘c1aimed that S was essentially constant
and a value of 0.39 was suggested. Ueda & Hinze (1975) reported

the values of S for boundary layer with zero pressure gradient. They

found that it has a constant value of about 0.38 in the outer region



but increases near the wall reaching a maximum of approximately 0.9
at y+ = 20 before decreasing further towards the wall. A similar
distribution was also indicated by Ueda & Mizushina (1977) and Elena
(1977) for pipe flow. Since S is the 3rd moment of the time derivative
sf Uys 1t is a good indicator of the fine structure of turbulent flow
field. And the similarity in the distribution of S in shear flows to
that of grid turbulence indicates that the isotropic assumptions in
the small scale turbulence can be extended to these flows except near
the wall. However, no such data are available for diffuser flow.
Batchelor & Townsend have also provided some information about
the factor G. It was shown to vary Tinearly with the turbulence
Reynolds number in the range 20 to 60. Values of G have not been
reported for any other flow. Therefore, this study was undertaken to
obtain the relative values of these parameters in a conical diffuser to

assess the turbulent vorticity balance in such a flow.

15
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3. EXPERIMENTAL EQUIPMENT AND PROCEDURE

3.1  Wind Tunnel, Diffuser and Traversing Mechanism

The experiments were conducted in a low speed open circuit wind
tunnel described previously by Azad & Hummel (1971) and Okwuobi & Azad
(1973). Briefly, air was blown through an 89:1 Contraction Cone and
74 diameters long steel pipe of 10.16 cm inside diameter before enter-
ing the diffuser.

The diffuser (figure 2) was machined from cast aluminum. A
machined reinforcement ring which could be rotated to any angular
position was adapted to the outlet end of the diffuser to support the
traversing mechanism (figure 3) with a micrometer head graduated in
0.001 mm. The traversing mechanism was basically the same as used by
OA with some minor changes to improve its positioning accuracy. The
probes were mounted on a 2.5 cm diameter tube entering the diffuser
from the downstream end. A 22 cm lona taper was fitted between the end
of the tube and the probe support to minimize any flow blockage effect
upstream of the tube. The hot wire holder could be rotated about its
axis to align the probe with the desired plane, s1id in and out (in X,
direction), and pdsitioned in the Xo direction by the traversing
mechanism. The overall mechanical structure of the traversing
mechanism was sufficiently robust to minimize probe vibration and
offer ease of maneuverability. The Reynolds number of the flow was
varied by changing the fan speed and observing the pressure drop across
the contraction cone which was calibrated with pitot tube in terms of

centre line mean velocity in the diffuser.
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Okwuobi & Azad (1973) have shown that the flow in pipe up-
stream of the diffuser is fully developed and by using forward and
reverse-facing pitot tubes, they have also shown that the flow in the

diffuser does not separate.

3.2 Instrumentation

Mean static pressure along the diffuser wall was measured with
a static pressure round tube having an external diameter of 1 mm. Mean
velocity for hot-wire calibration was obtained using a round total
pressure tube of 1 mm and 0.76 mm external and internal diameters
respectively. The probe readings were recorded on a Betz projection
manometer with 0.1 mm of water scale intervals. No corrections were
attempted to account for turbulence.

Turbulent measurements (except that of Z;l) were made with
standard DISA 55P51 gold plated x-probe (1.25 ﬁm wire length, 5 um wire

au
diameter). For measurements of — a special DISA 55P01 gold plated

ot
single wire probe (0.625 mm wire length, 2.5 um wire diameter) was
used. A standard DISA 55P01 gold plated single wire probe (1.25 mm wire
.length, 5 um wire diameter) was also used to measure U spectra and
g;l-at one station to compare it with the results obtained with special
single wire probe. The %/d ratio of the wires in each case was 250.
The electronic equipment included DISA 55MO] constant temperature
anemometers, 55D10 linearizers, 55D35 r.m.s. meters, 55D31 digital
voltmeters, Krohn-Hite 3770 filter, Tetronix 466 dual beam storage
scope and a true integrating digital voltmeter. A]sb used were a multi-

function turbulent processor TM377, a differentiator TM-TD-1 and a 5




channel multi-integrator, which were made locally and a detailed
‘description has been given by Arora & Azad (1978).

The standard procedure recommended in the DISA technical
literature for the hot-wire operation was followed to obtain the
Tinearized turbulence signal from the single and x-wire probes. The
circumferential velocity component (u3) was obtained by rotating the
X-probe on its axis by 90° from the uqu, plane. The u,u5 component
was similarly obtained by aligning the x-probe at 45o to both X1Xo
and X1X3 planes. The probes were calibrated in situ on the diffuser
axis at 6 cm from the diffuser exit plane. Pressure tube measurements
of the centre line velocity in the diffuser at station 12 for diffefent
static pressure difference across the contraction cone formed the
basis of the hot-wire calibration. The linearized outputs from the
x-probe wires were matched to within 1.5% over the required operation
range. The probes were calibrated for measurements at each station.
The thermal stability of the electronic equipment was maintained by
allowing the units to remain powered during the course of the
experimental work even when the instruments were not in use.

The x-wire probe was operated at an overheat ratio of 0.8,
but for the operation of special single wire probe, this ratio was
reduced to 0.4. No corrections were applied to the turbulent
measurements of x-wire to account for wire length effects or variation
of the inclined wire response from the cosine law. The accuracy of
the dissipation measurements was improved by the use of special DISA
'55P01 probe, as its length and diameter were both half as compared to

the standard DISA probe. However, the wire length was still larger
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than the Kolmogoroff length scale n = (ﬁi)%. Therefore, the dissipation
measurements obtained from special single wire were corrected for wire
length effects using Wyngaard's (1969) analysis for single wire. But

no such correction was applied to the measurements of S and G, as these
quantities were normalized by ;%1-2.

To measure various moments, fhe linearized outputs from the x-
wire were fed to the multifunction turbulent processor. At the output
of which moments up to 4th order of the signals formed by adding and
subtracting the input signals were available. For dissipation measure-
ments, the linearized hot-wire signal from the special DISA 55P01 probe
was fed to the TM-TD-1 time differentiator. This time differentiated
signal was then fed to the two inputs of TM377. The output at B

Channel of the signal processor provided the second and third powers
ot
TM377 on Channel A was used. The hot-wire signal was filtered at

of For the second derivative the built-in time differentiator of
28 kHz before and after each differentiation. For this purpose, three
built-in filters of TM377 and a Krohn-Hite filter was used. The
differentiators used were of solid state, low noise type and were
better than that of DISA 55A06. The multipliers used in TM377 were
of Burr-Brown 4205-k type and provided an overall precision better
than 1% for reference voltages between 0.1 and 10 volts. To improve
the operation of multipliers and to decrease the measuring errors, the
input signals to multipliers were amplified considerably but not
enough to saturate the corresponding circuit.

In the operation of hot-wire anemometry, even small amounts of

dirt depositions on the sensing element can affect its frequency
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response, thereby giving erroneous results. The possibility of such
an error is discussed in Appendix C along with considerations for

other possible errors.

3.3 Data Acquisition

Static pressures along the diffuser wall were measured at 42
axial locations using a static pressure tube for 7 different Reynolds
numbers varying from 32000 to 86000 based on pipe average veTocity and
pipe radius. Measurement positions were 1 cm apdrt near the diffuser
entrance and were increased to 2 cm in the downstream direction. The
radial variation of the static pressure was, however, measured for
only one Reynolds number of 58000 and at 12 equidistant (6 cm) axial
stations in the diffusers. These axial stations were the same as used
by Okwuobi & Azad (1973).

The Tinearized signal from each wire of the x—probevwas used
as input to turbulent processor TM377. At the output, all possible
combinations up to the 4th order moments of the turbulent quantities
obtained by adding and subtracting the two input signals were available.
The voltage output of the moments were integrated over a period of 100
seconds and then read on a digital voltmeter. ATl these moments were
measured for 13 axial locations at 69, 67, 65, 61, 57, 50, 40, 30, 24,
18, 12, 6, and 0 cm from the diffuser exit plane (hereafter referred
to as stations). These axial stations were chosen on the basis of the
results of static pressure measurements. Moments were measured along

the whole diffuser diameter at each axial station to confirm the

existence of axisymmetry.
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To measure the correlations of the two transverse velocity
fluctuations (u2u ), the x-probe was placed in the flow in such a way
that its planewas parallel to the flow and at an angle of 45° to the
Xy and X3 axes (Townsend, 1959; Wygnanski & Fiedler, 1969; Hanjali¢ &
Launder,1972a and Irwin, 1973). The output of the hot-wire sets are

then (see Arora & Azad, 1978, for details):
e; o uy + k(u2 + u3)
€y o Uy - k(u2 + u3)
subtraction of the signals gives:
(e - e,) a (u2 + u3).

The squaring of this combined signal yields:

2 2 2
(e] - e2) au,” + 2u2u3 * ug

and the cube:

3 3 2 v 2 3
(e] - e2) o u,” + 3u2 us + 3u2u3 Uy

and

3 4 3 77 3 4
(e] - ez) au, + 4u2 us + 6u2 ug" + 4u2u3 tug .

The results of uus, correlations had shown that terms involving the odd

powers of u, are zero (as should be the case for the axisymmetric flow),
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. 3 — 2 .
i.e., us, UoUss and u, Us s etc. vanish.

Then:

and:

3 3 2
(e] - e2) _ uy” + 3u2u3
[ey - e)1¥% ()2 + u 2)¥/2 (6)
and
4 4 2 2 4
(e] - e2) i Uy + 6u2 g™ + ug
[ey - €)1 [u)f? + u, 272 (7)

is formed. From which, using earlier obtained data of u22, u32, u23,

4 4 - 2 2 2
u, and uss the quantities U,ug and u, us" were then calculated.

3.4 Data Processing

The static pressure data obtained were normalized by total

velocity head in the pipe and polynomials of degree 1 to 5 were fitted
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to these data. It was found that the 4th order polynomial gave the
’best fit to the experimental data. Quality of fit was based on the
least square error of estimation (Appendix A). Pressure derivatives
were obtained by analytically differentiating these polynomials and
then evaluating the same at the desired axial position. Reichert &
Azad (1976) used only the 5th order polynomial for all the curve
fitting analysis. They claimed that it fully represented the data
though no statistical comparison was made.

Using the hot-wire data, various moments up to 4th order were

normalized as follows:

u; ", "
i

where m, and n vary from 0 to 4.

The normalized quantities for i = 1 and J=28& 3 were hand
plotted and checked for symmetry. A1l quantities exhibited a symmetrical
nature. A smooth continuous and symmetric curve was drawn through the
data points, and obvious outliers were eliminated. These faired
symmetric curves were then evaluated only on one side of the diffuser
axis. These non-dimensionalized data up to 3rd order were converted
into proper units and were renormalized using pipe bulk average velocity
and its radius for evaluation of the energy balance. The resulting
data was punched in formatted form on computer cards. Simple Fortran
computer programmes were written to handle the data and to generate

data points at 50 to 100 equally spaced radial positions between the



centreline and the wall using Aitken's interpolation method.

Since the x-wire was operated at an overheat ratio of 0.8 which

produced a temperature difference in excess of 22006 between probe
wires and the surroundings. Close to the diffuser wall, due to the
high thermal conductivity of aluminum, one wire nearer to the wall
lost more direct heat to the diffuser wall than the other. This
caused an imbalance of d.c. voltage of two wires, making the measured
turbu]ence data unreliable. Therefore, data obtained very close to
the wall, where this effect was found to exist, were not taken into
consideration. If considered, these data could lead one to erroneous
conclusions, which would be the result of the physical limitations of
the measuring instrument rather than the physical characteristics of
the flow.

Having established the axial symmetry in all the moments of
Ups Ugs u3,and the correlations of u,u, and u,u,, it was decided to

U 172 173
measure u,u, and §fl data only on one side of the diffuser axis.

24
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4. RESULTS OF MEAN FLOW MEASUREMENTS

4.1 Flow Specification

Okwuobi & Azad (1973) and Hummel (1978) have reported the
existence of Reynolds number similarity for turbulent quantities in a
diffuser flow. Since pressure recovery is the basic feature of a
diffuser, it was decided to investigate the ﬁeyno]ds number similarity
on the basis of the static pressure in the flow. The static pressure
measurements taken for 6 Reynolds number and normalized by the total
velocity head in the pipe were found to co]]épse onto a single curve
within the experimental error, (figure 4), thus confirming the
existence of Reynolds number similarity in the mean flow.

Based on this finding, a single pipe Reynolds number of 58000
was chosen for further study. Table 1 gives the mean parameters of
flow for this Reynolds number at the diffuser entry. This Reynolds
number was the same as used by Hummel (1978) for most of his experimental
work and was close to tﬁe lower Reynolds number used by Okwuobi & Azad
(Re = 76000). - It was thought that improved experimental accuracy
could be achieved with the reduced high frequency content of the 10Wer
Reynolds number turbulence. Both the high frequency signal to
anemometer noise ratios and the wire length attenuation were less
important for turbulence with reduced high frequency content. |

In order to have a fully developed pipe flow at diffuser entry,
‘a pipe of 74 diameters length was used upstream of the diffuser. Laufer
(1954) has shown that a value of L-of 50 is adequate for complete flow

D
development in a pipe. Also Sabot & Comte-Bellot (1976) have shown
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that a length of 70 diameters 1is sufficient to ensure the renewal of
turbulence in pipe for nearly the same Reynolds number as used in the

present study.

4.2 Mean Static Pressure

To provide a complete picture of the pressure field in the
diffuser, the axial static pressure data were analytically analyzed
(Sec. 3.4, and Appendix A). It was found that the 4th order poly-
nomial provided the best fit to the experimental data (figure 4). The
analytical differentiation of the polynomial showed that a pressure
gradient difference of more than an order of magnitude existed from
the beginning of the diffuser to its exit (figure 5 and table 2).

The pressure in the diffuser increases continuously till it
reaches atmospheric at the exit. This is why it is referred to as a
pressure recovery device. The rate of recovery is maximum in the
beginning of the diffuser and decreases gradually in the downstream
direction. By station 30, most of the pressure has already been
reéovered and from here till 10 cm from the exit plane, the pressure
gradient, though still positive, is more or less constant. The choice
of station 30 for the energy budget measured by Okwuobi & Azad (1973)
was based on geometrical reasoning, but as figure 5 indicates, it is
also the beginning of the region where pressure gradient is constant
and very small in magnitude. Following Okwuobi & Azad, Hummel (1978)
also conducted most of his experiments at this station and found many
similarities with the boundary layer results.

As the pressure in the diffuser is increasing continuously in
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the flow direction, it forces the flow to adjust as it moves in the
downstream direction. Therefore, it might not be inappropriate to
refer to this flow as "developing diffuser flow". But itAshould be
differentiated from the "developing pipe flow", where pressure
gradient is negative and constant, and a non-turbulent core region
exists. This core region is a consequence of the flow entering the
pipe. In diffuser flow too, characteristics of flow at entry are re-
tained in the core of the diffuser (Hummel, 1978). But the 'develop-
ment' or the 'adjustment' of flow occurs due to preﬁsure recovery and
is independent of the Reynolds number of the range tested.

Since pressure recovery is the main feature of a diffuser, it
was decided to use the pressure gradient as the parameter in selecting
the axial locations for further investigation as opposed to equidistant‘
stations chosen by Okwuobi & Azad (1973). On the basis of figure 5 of
pressure gradient, the diffuser can be divided in 4 regions. The first
region is where pressure gradient can approximately be described by 2
straight lines, one from entrance to station 63 and the other from 63
to about station 57; the 2nd region describes the curvilinear portion
of the graph from station 57 to station 30; the 3rd region is where
pressure gradient is more or less constant; i.e., station 30 to 10; and
the 4th region being the exit region where the pressure gradient
approaches zero. On the basis of this division and in an attempt to
study all the regions, the following axial stations were chosen for

detailed study:

69, 67, 65, 61, 57, 50, 40, 30, 24, 18; 12, 6, and 0
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where the numbers refer to distance towards the pipe in cm from the
diffuser exit. It was thought that the study of energy budget at
these stations would help in the complete understanding of the mean
turbulent structure in the diffuser flow. Data for stations 69 served
as boundary conditions and were not used in the final data presentation.
The Tocal radius of the diffuser for these axial stations is also

given in Table 2. |

Because of the continuous and strong adverse pressure gradient,
the flow adjustment also takes place continuously. Since there is no
flow separation (Okwuobi & Azad, 1973) and the pressure gradient is
varying smoothly, it is expected that flow adjustment would also be
smooth. Therefore, on the basis of pressure recovery characteristics
of the conical diffuser, no sudden changes in its flow structure were
expected.

The mean radial static pressure in the diffuser was measured
along the whole diameter of the diffuser (on both sides of the diffuser
axis) to see the radial variation in the static pressure. As indicated
by the data in Table 3 (Table 4 gives the relevant atmospheric
conditions for data in Table 3), this radial variation was generally

small. This is in agreement with the results of Okwuobi (1972) for

the same diffuser, also with fully developed pipe flow at entry.

4.3  Mean Velocity

The mean axial velocities obtained from the hot-wire measure-
ments for 12 axial stations are plotted in figure 6. As demanded by

flow contiauity, the change in diffuser cross-section in the axial
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direction produces a reduction in mean axial velocity, this results in
simultaneous rise in pressure (thus converting kinetic energy of the
flow into pressure energy). The decrease in slope and magnitude of
profiles, especially near the wall, is due to the retardation of the
fluid layers relative to each other caused by the rising pressure in
the downstream direction. Because the radial variation of the static
pressure is comparatively small (Sec. 4.2, Table 3), the amount by
which the axial velocity is reduced would tend to be of the same order
of magnitude across the diffuser, but is modified by the shear forces.
Since the flow in the diffuser does not separate, this implies that
the gradient of axial velocity in radial direction at the wall never
reaches zero. However, in the immediate neighborhood of the wall the

curvature of the velocity profile depﬁnds only on the pressure gradient
U

d
and in decelerated flows (37— > 0), —% > 0 (Schlichting, 1968, p. 123).
82U 1 X o
Since, in any case ; <Céat alarge distance from the wall, there must
X ocU
exist a point for which ; = 0. This is a point of inflexion of the
X

velocity profile. Such a pgint was noticeable in the mean velocity
profiles near the diffuser outlet, a conclusion also reported by
Okwuobi & Azad (1973) and Hummel (1978).

Mean axial velocity data were normalized by pipe bulk average
velocity. The normalized data were hand plotted and a smooth symmetric
curve was drawn through these data points. For further analysis, data
were extracted from these faired curves in the manner described
previously. An analytical description of the profile development was
obtained by fitting a polynomial with a best degree of fit. For axial

fit, data were divided in two groups of 7 sets each, with station 40 in
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both groups. Polynomials were fitted to each group Separate]y. This
was done to get better fit of polynomials to experimental data. Since
the change in flow is maximum in the initial stages and is minimum
near the outlet, it was thought that analysing axial data in such a
manner would improve the accuracy of po]ynomfa] fit. Polynomial with
lesser error of estimation was used for analytical ana]ysis‘of data at
station 40. Differentiation and evaluation of these polynomials
provided the longitudinal velocity gradient data required for the
computation of the radial component of the mean velocity. The mean
radial velocity profiles (figure 7) wére computed using the continuity

relation:

U (r) [’52 U
2 1 3 1
—— = e —— — (r‘ _) dr. (9)
Up 20, % Y

Before integration, data for the derivative of U] were smoothed
manually. This process of fairing tended to eliminate small irregularities
which appeared in the computed derivative profiles but were inconsistent
with flow pattern. 1In figure 7, according to sign convention adopted, a
positive radial velocity indicated a motion towards the diffuser wall.
The radial velocity components were less than about 12% of pipe average
velocity. This ratio decreases considerably towards the diffuser

exit. This is consistent with the observed pressure gradient. Since

it is the continuous increase in cross-sectional area which produces
mean U2 and the pressure rise, and as such must be interrelated. There-
fore, it is not surprising that mean U2 has a Targe magnitude in the

entry region of the diffuser as compared to near the exit. After
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station 65, the mean U2 is under 6% of the pipe average velocity.
Okwuobi & Azad have reported that mean U2 is generally less than 6%

of the pipe average velocity. Since their results did not include
'any station upstream of station 66, the two results are in agreement
with each other for velocity profiles at about station 66. However,
the velocity profiles further downstream tend to differ from each other
considerably with the present data indicating lower magnitudes.

Since the U2 profiles were computed from the axial derivatives of U]'
profiles, it was decided to compare the axial velocity profiles at
stations common to both studies. The profiles at station 30 are shown
in figure 8, which indicates a good agreement between the two velocity
profiles. This suggests that the U2 profiles could only be different
due to the difference in axial slopes obtained. To check this
possibility, it was decided to evaluate U2 profiles at station 30 by
numerical analysis of the Uy data. For this purpose, Okwuobi & Azad's

(1972) data for3 profiles of U, at station 36, 30 and 24 were analysed.

1
This was preferred because the data upstream of station 30 in the
present study was at station 40 while Okwuobi & Azad's data was
available at station 36. This should not make any difference as the
axial velocity profiles compare well with each other. The three axial
velocity profiles were plotted and the difference in magnitude in
axial direction at various radial positions between two stations 36 &
30 and 30 & 24 was taken. This difference (U36 - U30 and U30 - U24)
was divided by their axial distance which was 6 cm in both cases. The
average of these two slopes was taken to be the velocity gradient at

.o

station 30. The gil-was thus obtained for 0 <&, < 1.04. These
1
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derivatives were p]ottéd on a large scale and were graphically integfated.
The magnitudes of U2 were computed using the continuity equation. This
profile along with that of Okwuobi & Azad (1973) and from the present
study at station 30 is shown in figure 9. If we assume that the present
method gives better estimate of the axial derivatives, then figure 9
implies that tﬁe polynomial fit (used in present study) underestimates
the axial derivatives while the exponentia] fit (reported by Okwuobi
et al, 1972) over estimates the same. The peak in the U2 profile of
Okwuobi & Azad (1973) occurs at slightly different radial position
than indicated by other two methods. Dotted line in figure 9 is the
extrapolation of the U2 profile which was later used in checking the
mean flow convection term of the energy equation.
This exercise thus indicates that the quantities evaluated
using axial derivatives should be accepted with some reservations. A
similar opinion was also expressed by Ramaprian and Shiva-Prasad (1976).
:This lack of accuracy in the axial derivatives is generally due to the
following reasons:
i The data profiles are quite far apart in the axial direction.
In the present study it varies from 2 to 10 cm.
i1 Number of data points available for using analytical functions
are generally small. In the present study there were 13 data
sets in an axial distance of 72 cm.
111 The data at different axial stations were taken on different
days. Thus the data in axial direction contain daily variations
in the wind tunnel and instrument if any, in addition to that of

the normal data fluctuations.



4.4  Mean Strain and Vorticity
In an axisymmetric flow where U] >> U2 and U3 = 0, and the

downstream derivatives of mean quantities are small compared to cross-

stream derivatives (—§-<<»5%—), a condition generally fulfilled by
2

o0&
1
the diffuser flow, the only non-zero components of mean rate of strain

and vorticity are given by:

. l{BUZ BU]]
e = —_—
x1x2 2 x1 sz (10)
U U
1 2 1
= olx==5- 1.
x3 2 ax] 8x2 (11)

The radial description of the axial velocity profiles for this was also
obtained by fitting polynomials of order 1 to 5. Generally, the 4th

or 5th order polynomial resulted in the least error of estimation.
These polynomials were differentiated analytically for the required
derivatives. In the present case, ;;E-is about an order of magnitude

ol 1
smaller than 5;§,thus the rate of strain and the mean vorticity are

approximately equal in magnitude but opposite in sign and are about
half of 5—1'. Figure 10 shows the ~-—J—-which in turn can be viewed as

Xy 8x2
representing both mean strain and the mean vorticity.

Since the velocity and its gradient decrease in the downstream
direction at any given radial position, this also causes a corresponding

decrease in the mean rate of deformation and rotation of the fluid

element. This is expected as the diffuser which produces‘a strong

33
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adverse pressure gradient in the direction of the flow, acts as a
damper for the mean quantities. As figure 10 shows, . a large value of the
mean velocity gradient in .the radial direction that exists near the wall
results in high rate of deformation and rotation of the fluid in the proxim-
ity of the wall. This feature also exists in other wall bounded flows.
Also over the whole of flow field the sign of vorticity is positive.
This indicates a tendency of the mean flow to turn towards the diffuser
wall,

In an attempt to further specify the flow, the directions of
the mean principal stresses and strain rate were also calculated using

the following relationships (Corrsin, 1957);

1%
2 9x
~ 1 -1 2
o 5 tan BU]
ax] (12)
and
2u;u
B = %' tan-] ] 2 .
— —3 .

Due to the similarity of the curves, data for only 6 stations
are presented (figure 11 and 12). At the diffuser axis, values of both
o and B are zero but a short distance away (&2 ~ 0.5) they tend to
reach a constant value. Magnitudes of o in the constant region reaches
almost 45° and that of B varies between 13° and 18° and tends to

approach zero at the wall. This variation is similar to other wall



bounded flows but is different from that of wake flow (Corrsin, 1957).
Hanjalic¢ and Launder (1972 a) have also reported the angle o to be 45°
and B to be approximately 17° for the asymmetric plane channel flow.
Corrsin also suggests that if the direction of these two principal
axes are different, as is the case in diffuser flow, then assumptions

of simple gradient transport of momentum model in such a flow would not

be successful.
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5. TURBULENT STRESS TENSOR SURVEY

In order to understand the physical processes involved in an
adverse pressure gradient flow, the turbulent Reynolds stress tensor for
the entire diffuser was first surveyed. The turbulent stress tensor,
when written in matrix form, consists of terms involving the intensities
of velocity fluctuations and correlations between pairs of the fluctuating

velocity components:

(14)

Physically, the presence of fluctuating vélocities superimposed on the
mean flow introduces additional mean momentum fluxes within the fluid.
By Newton's law these additional momentum fluxes appear as additional
stresses within the fluid. The Reynolds stress tensor is symmetric and

for axisymmetric flow the terms involving the time averaged odd powers

of ug (i.e., u1u3and u2u3) are equal to zero. The stress tensor there-
fore reduces, for the present study, to the three normal stress terms
on the diagonal and the tangential G;UE' term. Each of the stress terms
were measured with the x-wire probe using the multifunction turbulent

processor TM377.
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5.1 Turbulent Intéensities

The distributions of the three components of r.m.s. relative
turbulence intensities are shown in figure 13. At each station the u;
component has the highest value, with u;/U] > u;/U] > ué/U] and the
ratio of u;/ué increasing from the diffuser axis to the wall (for
example, from 1.410 to 2.762 at station 30) thus indicating an increase
in the degree of anisotropy in the positive radial direction. These
data are in agreement with those of previously reported by Okwuobi & Azad
(1973). Generally, the magnitudes of u; and u; increase in radial
direction at each station, while ué component shows a peak near the wall.
Such a distr%bution of intensities was also reported by Klebanoff (1955) |
for boundary layer flow, Laufer (1954) for fully developed pipe flow
and Reutnik & Corrsin (1955) for slightly divergent channel flow.

Also in the axial direction, the magnitude of the intensities
increases at each radial position except in the wall layer. Because of
the expanding geometry; i.e., the wall is gradually moving away from the
flow, there is always a point where intensity is Tower than compared to
the same upstream radial position. Thus the crossing over of the curves.
This is the direct consequence of the increases region over which to attain
the maximum intensity level. Since the relative magnitude of ué fluctuations
actually decreases near the wall, this crossing over is not observed in
this component.

Figure 14 shows the distribution of the turbulence intensity

u]'normalized by the pipe bulk average velocity. The peak which

develops very close to the wall near the diffuser inlet (gz ¥ 1.0)
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moves towards the diffuser axis in the stream wise direction. Also

the intensity level_ge?era11y increases in the downstream axial direction.
The peak position of';%-in the radial direction specifies the point of
maximum turbulent production in the field. In the pipe and boundary
layer, this position is found to exist at y+ = 15. 1In case of conical
diffuser this position shifts slightly towards the axis in the downstream
direction. Thus the wall layer (from wall to the point of maximdm
turbulent intensity) in the diffuser expands in the direction of the
flow. Also the level of turbulent activities is higher in the diffuser,
which is caused by the adverse pressure gradient in the flow. Ramaprian
& Shiva-Prasad (1976) have also reported that the turbulent intensities

in the boundary layer are significantly enhanced by the concave

curvature.

5.2 Stress Tensor Trace

Figure 15 shows the distribution of the trace of Reynolds
stress tensor q2 = u]2 + u22 + u32, which is directly proportional to
the total turbulence kinetic energy. The values of the stress tensor
were computed from the normal stress measurements and were normalized
by the pipe bulk average velocity. Since the total turbulence kinetic
energy exhibits the same basic features common to the normal stresses
the individual distributions of u, & us are not shown here. As

shown in figure 15 the total kinetic energy increases in the downstream

direction. In the radial direction, the turbulent energy like that of

u

Ul' shows a peak which shifts slightly towards the diffuser axis, with
b

the distance in the downstream direction. A similar variation existed
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in the distribution of normalized u], Ups Ug data of Okwuobi & Azad.
As expected, the magnitude of stress tensor trace is higher in the
diffuser as compared to the pipe flow which specifies its inlet

conditions.

5.3 Correlation Coefficient

S uyu
The correlation coefficient ] ? (figure 16) varies consider-
U7 Us
ably in the radial direction. Due to]sgmmetry, it has a value of zero

at the diffuser axis and shows a region of constant coefficient which
starts near the point of maximum kinetic energy and extends towards the
wall. This is in agreement with the data of Okwuobi & Azad. This
region of constant coefficient expands in the downstream direction,

and appears to be closely linked to the expanding region between the
diffuser wall and the point of maximum u; fluctuations. A region of
constant correlation coefficient also exists in fully developed pipe
flow (Sabot & Comte-Bellot, 1976). The maximum value of the coefficient
reached in this region (approximately 0.4) is almost the same for both
the flows and more or less remains constant throughout the whole

diffuser,

5.4 Tangential Stresses

Figure 17 shows the distribution of tangential stresses

THT
normalized by pipe mean velocity ( —172).

b
of tangential stresses is the same as that for the trace of Reynolds

The nature of the distribution

stress tensor. It also peaks at the pipe radius (gz = 1.0) in the
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entry region of the diffuser. This peak shifts towards the diffuser
axis in the downstream direction. The magnitude also increases in the
downstream direction but is generally an order of magnitude smaller
than the stress tensor trace. The condition of symmetry forces its
value to be zero at the axis. It also tends to approach a value of
zero at the diffuser wall.

For an axisymmetric flow, the Reynolds stress tensor is symmetric
and the only non-vanishing terms are q2 and UqUy- Since these terms
UsU,
[

are the basic mean parameters of the turbulence, their ratio ; which
q

represents the ratio of the magnitudes of correlated to the total

turbulence was also calculated (figure 18) to see the effect of changing
geometry on their relative magnitude. Due to similarity only 7 curves
are presented. Because of the symmetric nature of ﬁ;ﬁg} the value of
this ratio was zero at the diffuser axis and tended to approach the same
at the wall. 1In the central region (away from the wall and the diffuser
axis), this ratio approached a constant value between 0.11 and 0.14
which is comparable to that of boundary layer (Hinze, 1959). This
indicates that the diffuser flow, though developing, maintains a balance
among its turbulent stress components. This would imply that the

mean nature of turbulence would be similar throughout the diffuser,
though the pressure gradient is changing continuously. Bradshaw et al
(1967) and Hanjalié & Launder (1972 b) have attempted to relate shear
stress B;Dé‘to the turbulence energy q2. Figure 18 shows a close
relation between the shear stress and the turbulence stress tensor trace

independent of the pressure gradient and thus, it would appear that

their model could be extended to the region away from the wall in the
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diffuser with an adverse pressure gradient. The present study does not
give data close to the wall to justify such an extension in the wall

layer.

5.5 Wall Friction Velocities

The characteristic velocity parameter u, is important in the
correlation of both mean and fluctuating velocity components near a
smooth wall. The methods for accurately calculating u, in pipe flow
and constant pressure boundary layers are well established unlike the
case in adverse pressure gradients. Okwuobi (1972) considered 3
methods for obtaining u, values; namely, (i) The 'law of the wall',
(ii) Ludygjg & Tillman equation and, (iii) The total shear stress
extrapolation to the wall, and reported that the 3rd method gives
consistent results. The u, values for the present study were obtained

by the 3rd method using the relationship

o |1
I
<
i
=

3E, 142 (15)

at the wall. These values are shown in figure 19 (Table 2) along with
that of Okwuobi (1972) for both of his Reynolds numbers. The agreement
between the values for his lower Reynolds number and that obtained from
the data of present study is good except for one point at the»exit.
This might be due to the extrapolation of the equation 15 to the wall
in the present study, as the wall was approximately 2.5 mm away from
the closest data point. For station 57 and upstream, the equation 15

could not be extrapolated to the wall. As mentioned earlier, data very

close to the wall were not obtained in the present study.
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6. THIRD AND FOURTH ORDER MOMENTS

6.1 Measurements of Skeéwness and Flatness Factors

The skewness coefficient and the flatness factor are the non-
dimensional distribution of the third and fourth order moments
respectively. These factors are defined as:

—
Skewness = ——

u.l
I

o

3/2

| S

and the

| =
£

l“’

Flatness factor =

G

These quantities appear as figures 20 to 24. The data shown are the
skewness of Uy and u, component while the flatness factors are for Uy
Uy and Us components. The skewness of us was found to be approximately

zero throughout, as should be the case for axisymmetric flow.

6.1.1 The skewness of uy

The skewness of Uy has a' negative value at the diffuser axis.
In the entry region of the diffuser, the skewness near the axis is
constant for a short distance in the radial direction and thereafter it

increases and changes sign at about the point of maximum turbulent
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energy (figure 20). The radial point where skewness of Uy changes its
sign shifts slightly towards the diffuser axis in the downstream
direction (figure 25), which is in agreement with the earlier noted

. behavior of the trace of the Reynolds stress tensor.

After reaching the zero value, the skewness continues to
increase further towards the wall. Thus it has a maximum positive Va]ue
near the wall, while the maximum negative value near the diffuser axis.
This indicates that Uy is highly -asymetric near the wa11 and the‘axis.
At radial points where the skewness changes sign, the probability
distribution of Uy has been shown to be symmétric (Hummel, 1978),

Aindicating a Gaussion distribution at this position. The region.from
the wall to this point of zero skewness is generally referred to as
the wall 1ayer,-though Professor A.M. Yaglom (private communication,
1978) prefers to call it as a thick sublayer. This wall layer in the
diffuser corresponds to approximately y+ =~ 15 in the boundary layer
where the turbulence intensity is also maximum and the skewness of uy
is zero.

The constant region of the skewness of Uy begins to change
into a ridge near the axis in the downstream direction. This point
has the maximum negative skewness in the flow field. These ridges
which appeared on both sides of the diffuser axis, s]ow]y‘move towards
the axis with the distance in the downstream direction. These
negative ridges meet each other at the axis at about station 6. Similar
trend was ajso reported by Hummel (1978). It was further suggested by
Hummel .that these ridges cross over the axis after station 6. It could

"probab1y be due to the fact that in the diffuser, bursting activity
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is enhanced which was also reported by Ramaprian & Shiva Prasad (1976)
for a boundary layer along a concave wall. These bursts may be cross-
ing over the axis forming the ridges on both sides of the axis.

In the axial direction, the skewness of Uy at the diffuser axis
remains constant from the beginning of the diffuser to about station
30 and from here in the downstream direction skewness increased till
station 6 and after thaf in the axial direction it decreased again
(figure 26). This observation is also similar to that reported by
Hummel (1978). It is interesting to note that the skewness at the
diffuser axis remains constant in the high pressure gradient region
(figure 5), and increases after most of the pressure recovery has
taken place. It is quite possible that this may be due to the so
ca]ied ‘extra memory effects' of the turbulent flow. Builtzes (1977)
states that when there is a change in conditions with respect to position
(non-homogeneity), as is the case in the diffuser, there will be 'extra
memory effects'. Since no literature is available on the memory effects
in a strong adverse pressure gradient flow as found in the present case,
it is not feasible to compare present results with already published
data for memory effects. And the present study was not intended to
make analysis of the memory effects. However, the experiments reported
in flows with negative, zero and mild adverse pressure gradients have
indicated that the inner region of the boundary layer reaches an
equilibrium state sooner than the outer region (Builtzes, 1977). He
also reported, on the basis of the data available, that small eddies
close to the wall react more quickly to changes than the bigger eddies

away from the wall. It was also reported that the mean flow adjusts
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first to external conditions than the turbulent flow. .Thus the increase
in the magnitude of skewness of uy after station 30 at the diffuser
axis (far removed from the wall) may well be the result of high adverse

pressure gradient in the entry regioh of the diffuser.

6.1.2 The skewness of u,

The structure of turbulence in any wall bounded flow is to a
large extent affected by the relative diffusion of momentum and
turbulent kinetic energy. These diffusions are influenced to a consider-
able extent by the behavior of u, fluctuations. The expanding geometry
of the diffuser in our case, results in a direct production of u,
fluctuations in addition to their production during the transfer of
energy from the uy motions. A similar observation was also made by
Ramaprian & Shiva Prasad (1976) for boundary Tayer flow on a wall with
concave curvature. Thus in a flow with positive pressure gradient,
the magnitude of Uy is considerably higher than other comparable flows.
In view of all these, it appears that it is the effect on the u,
fluctuations which should be studied in greater detail to arrive at a
quantitative understanding of the effects of the expanding geometry of
a conical diffuser. With this view in mind, all moments of u, upto the
4th order were measured. At present no information is avai]ab]e about
this quantity for adverse pressure gradient flows.

The skewness of u, (figure 21 and Table B-1 to B-12) was zero
at the diffuser axis due to symmetry. However, the magnitude of u,
increases first with distance from axis in the radial direction with

a sign corresponding to uy and then decreases. A change in sign of
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the skewness of u, occurs at the same radial position as was the case
for Uy (figure 25). From the diffuser axis to this point the sign of
both of these skewnesses is negative, thus indicating that these fluxes
are directed away from the wall in the core region of the diffuser.
After the change in sign, both fluxes have again similar siagns which
is now positive further towards the wall. Very close to the wall, as
indicatéd by downstream stations, the magnitude of the Uy skewness
begins to drop. A similar trend in U, was also indicated by Hanjalic
& Launder (1972 a). The decreasing trend of ;;§.va]ues near the wall
was not evident in the entry region of the diffuser. This was
probably due to the lack of data in the wall region of the diffuser
at these stations.

The overall picture of the skewness of u, appears more like a
stretched sine wave with the curve passing through zero at the axis
and again at the edge of the wall layer, which expands in the downstream
direction. Hummel (1978) has shown that in the diffuser, like that in
~ the boundary layer, sweep is more important in the wall layer and
ejection more significant outside this layer. The skewness of u,
(figure 21) s negative outside the wall layer which corresponds to
ejection and it is positive in the wall layer, which indicates a
movement towards the wall and thus signifies the event sweep. Thus
the results of the skewness of u, agree with the findings of Hummel
(1978).

The skewness of a turbulent velocity component can be viewed
as representing the transfer of the intensity of that component by

itself. Further it is normally expected that the turbulence intensity
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would be transferred down the intensity gradient. Since the intensity
of u, fluctuations reaches maximum at the point of zero uy skewness and
decreases with distance from this point towards the axis or the wall.
Thus the skewness of u, would be expected to change sign here. And
since the u, intensity decreases with distance towards the wall, the
skewness would be positive towards the wall. The §ituation is reversed
from the edge of the wall layer towards the axis. The present results

are consistent with such a physical reasoning.

6.1.3 Flatness factors

The flatness factor is the measure of the fourth moment of the
probability density function for the corresponding parameter. While
the skewness of a function is an indication of its asymmetry, the flat-
ness factor is a measure of the extent of the skirt of its probability
density. Large flatness factors imply that the probability of
fluctuations quite different from mean is large; that is the normalized
probability density function appears relatively wide. A signal with
large amplitude, and intermittent nature produces high values of flat-
ness factors. For the present study, the flatness factors of Ups U,
and ug signals measured in the diffuser are given in figures 22 to 24
for 7 axial stations. Curves for other stations had a similar variation
and the experimental data for all stations are included in Tables B-1
to B-12. For comparison, the flatness factor for a random signal with
a Gaussian probability density function is 3.0, while sine wave has a
flatness factor of 1.5.

The flatness factors for all 3 signals (u], u, and u3)
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decrease with radial distance from axis, in the entry region of the
diffuser. However, like ridges in skewness of Ups @ bulge in the
flatness factors (more prominently in Uy and u2) appears close to
the diffuser axis after station 50 in the downstream direction. This
bulge which appears on both sides of the axis (all these functions
were found to be symmetric) moves towards the axis with distance in
the downstream direction and forms a peak at the axis at station 6.
This behavior is similar to that of the skewness of uy - However, this
phenomenon was not well defined in the flatness factor of us- In
radial direction, all the 3 functions had a minimum value of the flat-
ness factor, which occurred at the point of zero Uy skewness. The
magnitudes of the flatness factors for u, and Uy at this radial
position were almost 3, the Gaussian value. The magnitude of the
flatness factor of uy was, however, less than 3 (figure 27). Thus at
the edge of the wall layer, functions u, and us were Gaussian (their
skewness is zero) while u, was not in a true sense as its flatness
factor differed from 3. After reaching the minimum value at the edge
of the wall layer, the flatness factors increase again in the wall layer
and attain very high values near the wall.

AT1 three flatness factors at the diffuser axis (figure 28) had
a similar trend to that of the uy skewness (figure 26). The flatness factor
also remain essentially constant up to about station 30 and increase
after that in downstream axial direction. The flatness factors decrease
near the diffuser exit after reaching their maximum values. This
pattern was observed for all three fluctuating velocity components.

The increase in the magnitudes of the flatness factors at the diffuser
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axis occurs after most of the pressure recovery has already taken place.
This could again be possib]ykdue to the 'extra memory effects' discussed
in Sec. 6.1.1, as the turbu1énce may not be responding immediately to
the strong pressure gradient in the entry region of the diffuser.
However, this is merely a speculation and more work is needed to

confirm the existence of such a phenomenon.

6.2 Correlations of Third and Fourth Order

In addition to the measurements of the skewness and flatness
factors of Uys U and Uss their various correlations of 3rd and 4th order

were also measured. These included:

. ] 2 2 2 2
i) 3rd order: UjU,™,Uqls™s U Tuy and Uoly

.. . 2 2 2 2 2 2 3 3
ii) 4th order: Up s s Uy Ugs Uy s, UgTu and uqu,”.
The time average correlations involving the odd powers of uy were found
to be zero everywhere for the conical diffuser. These correlations
along with the skewness and flatness factors were needed to evaluate
the corrections for the non-Tinear hot-wire response. Magnitudes of these

corrections for u12, u22, u32 and uqu, are given in Appendix C.

6.2.1 Triple correlations

The Triple correlations for 7 axial stations are shown in
figures 29 to 32. A1l of these moments in addition to that of the

skewnesses of Uy and u, appear in the diffusion term of the turbulent

kinetic energy equation. The terms involving u2q2 appear as its radial
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derivative and the terms containing u]q2 with axial derivatives. These

terms contribute to the radial and axial diffusion of the undissipated

turbulent kinetic energy. The radial variation of the terms u2q2 is

generally greater than the corresponding axial variation of the

quantity u]q2 and thus u2q2 contributes more to the diffusion term.
However, in the entry region of the diffuser, the axial variation of

the term u]q2 is also very significant.

Among all these triple order velocity correlations, the

correlation of u2u32 shows more data scatter (figure 32). It should be
expected as the correlation of U, & Uy was obtained in an indirect way.
To obtain this correlation, the outputs of x-wire in three different
planes namely UqUys UqUs and Uyus were processed and data from these
orientations of the x-wire were obtained on different days. Also, the
aerodynamic effects of prongs are likely to be differént for each
setting. Further, because of the algebraic manipulations involved in
calculating Uyusg correlation, it may contain the normal data f]uctuafions
and errors associated with all the quantities required to obtain this
correlation.

0f all the triple correlations, probably the most important

are the u]uz2 and u]zuz. Nakagawa & Nezu (1977) have shown that using

these third order moments along with the skewness of Uy and Us> the
probability density of the Reynolds stresses can theoretically be
calculated. Forming the sum and differences of these quantities, they
also obtained the conditional probability distribution of the Reynolds
shear stress and thus predicted the contribution of each bursting event

to the Revnolds shear stress. Their results compared well to the




éxperimenta1]y obtained data and thus the importance of these triple
order velocity correlations is evident. However, the present study was
not intended to predict the various events of the bursting process in

a conical diffuser but was rather to study the turbulent kinetic eneragy
balance for such a flow.

A common and surprising feature of these triple velocity
“correlations was that the nature of their distribution was similar to
the skewness of the odd power function in the correlation. Thus the
nature of the ;;;;?.distribution was similar to that of the skewness of
Uy and of‘;;?;;‘was similar to the skewness of Uy- A similar trend
was also repofted by Hanjali¢ & Launder (1972 a) for terms involving
uneven power of u, for flow in an asymmetric plane channel. In the
present study, this observation also applies to the distribution of

u]u32 and u2u32. Thus, as expected, the correlations involving odd

powers of us were found to be zero as its skewness vanishes everywhere
in the flow.

The magnitudes of the non-zero triple correlations (where U,
and Ug have even power) at the diffuser axis showed an increase in the
axial direction after station 30 (figure 26). This behavior was similar
to that of the skewness and flatness factors.b In radial direction the
change in the sign of these triple order velocity correlations,
occurred approximately at the same radial position as for the skewness
of Uy and Uy. As figures 29 to 32 indicate that this radial position
where the correlations change sign shifts towards the diffuser axis
in the downstream direction. This trend is also consistent with that

of the skewness of u; and u, (figure 25). The curves for station 67 do

51




52

not show this position due to the lack of data in the wall layer of
the entry region. But it is expected that the change in sign for this
station occurs close to the wall. However this must take place before
52 = 1.05, the wall position for this station. This implies that the
radial position foir the change of sign in the diffuser entry region
must be moving towards the wall up to about station 57 and then moves
towards the axis. This was also indicated by figure 25 which shows
the radial position at each axial station where the skewness of uy & u,
is zero.

In order to evaluate the diffusion term in the channel flow,

Nakagawa et al (1975) assumed that:

2 3
usu4 x Uy

For the purpose of testing this assumption for the diffuser flow, the

two curves were gompared. Though the skewness of u, and the triple
U,u 2

correlation —?—25—-are not equal, the dimensional quantities indicated

U,u
273
good agreement (figure 33 for station 30). The small variations in

these two quantities was probably due to high data scatter of u2u32.
Similar agreement was also evident among data for other axial stations.
Thus such an assumption may also be justified for the diffuser flow.

However, in the evaluation of the energy balance, for the présent study,

no such assumptions had to be made as data for u2u32 for all axial

stations were obtained experimentally. A similar comparison was also

made between u]u32 and.u]3, but unlike u23 & u2u32, their magnitudes

173
34). However the magnitude of u]3 was generally larger than that of

were different with u,u 2 being much smaller than that of u13 (figure
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u 2 and u 3
ugls 2 °

A natural way to interpret the third order velocity correlations

is as a transport of the flux. This concept is embodied in the usual

grouping of the triple correlations into the convective diffusion term.

Thus the term u2q2 can be viewed as the transport of q2 by the radial
velocity fluctuations Uy and similarly u1q2 as the transport of q2 by
ug- The quantity uzqz when normalized by q2 has been defined as Bulk

Convection velocity by Townsend (1949). Thus

The distribution of this quantity (figure 35) is similar to that of
quantities involved in ;;a§: The figure 35 also shows that the direction
of the bulk convection is towards the diffuser axis in the core region,
and in the wall layer it is directed towards the wall. This is
indicated by the negative values in the core region and the positive
values in the wall layer. In our coordinate system, movement towards

the wall is positive while towards the axis is indicated by the negative
sign. This trend is in agreement with that of the pattern of the skew-
ness of u, and also of the ejection and sweep events.

2

6.2.2 Quadruple correlations

A1l the fourth order velocity correlations of 2 function Uy &

Uys Uy & ug and u, & u, are shown in figures 36 to 39. The arguments



about the accuracy of u2u‘32 also holds for u2?u32° A1l these moments

are shown for only 3 axial stations 61, 40 and 18 corresponding to 3
different main regions of the pressure gradiént curve of fiqgure 5. The
numerical data for all the akia] stations are given in Appendix B.

‘The fourth order velocity correlations can be divided in two
groups: i) first in which both the velocity functions are even; e.g.,

2 2

Uy uys etc.; ii) second containing correlations with both functions

having odd powers; e.g., u]3u2, etc. Both these correlations have

different characteristics.

i) Correlations with each component with even power:
These fourth order correlations can be reduced (Guitton, 1974)
by noting that the instantaneous signals u]2 are composed of mean and

fluctuating components

2 2
= U + z](t)

[
—
I

_ .2

? ;;?-+ z4(t) (17)

where

z1(t) = zz(t) = z3(t) =0

Taking the product of u12 and u22 yields

_.2.2, |
1 Y2 1 Y2 T A% | (18)
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This can be written as,

Ty -

uYy L a%
—2 2 2 7?7 (19)
Uy Uy up U

Guitton (1974) reports that

2.2
u

172

'“?‘u'é (20)

u
up U

A similar relationship will hold for u;’u,” and u,’u,%. The condition
for zero ETEE'in equation (19) corresponding to the lower limit in
equation (20), is that there be no correlation between the magnitudes of
Uy and u,.

These fourth order correlations in the diffuser generally vary
within the Timits given by equation (20) and also show a minimum at the
edge of the wall 1ayef (figures 36 to 38) where the skewnesses of Uy and
Uy changed their sign. At this radial position, the magnitude of all 3
correlations reach a value close to unity indicating that the square of
the velocity fluctuations are almost independent of each other. At
some stations the correlation between u]2 and u32 generally has a value
less than unity at the edge of the wall layer. This would imply a
negative correlation between these quantities (Irwin, 1973). But this
could also be due to the normal data fluctuations rather than indicating
a definite physics. However, if this correlation is considered to be

unity at this radial position, then it would imply that u]2 has less
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correlation with u32 than with u22, as the correlations between u]2 &

u22 and between u22 & u32~are comparable and higher than that of u]2u32.

Also, the correlations of u]zuz2 and u22u32 show a bulge in the core

~region which moves closer to the diffuser axis in the downstream direction.
Such a bulge was not present in the correlations of u]2 and u32. However,
the magnitudes of all three correlations at the diffuser axis show a
similar behavior as shown by the flatness factors of each fluctuating
velocity component (Sec. 6.1.3). They all have an approximately constant
value at the diffuser axis from entry to about station 30 and increase
after that in the downstream direction and decrease égain near the exit
(figure 40). At the axis, however, the magnitude of the correlation

u]2u22 is the least and not of the u]2u32. Near the wall, the magnitudes

of the correlations u]2u3‘ and of u22u32 are comparable and higher than

.«) .
that of u]“uzz. The magnitude of these correlations is generally lower
than the flatness factors of the velocity components involved, every-

where in the field.

i1) Fourth order correlations with each component in odd power:

The measurements of 3rd order correlations had shown that each
correlation followed the nature of the skewness of the function having
uneven power in the correlation. However, here both functions appear in
odd powers and thus we do not get a clear pattern corresponding to the
skewness of any function. Rather, there is a complex combination of
the both. Only other moment in which both functions have odd power
is the Reynolds shear stress G;ﬁ;} where both have first power and thus

a smooth curve results. In these two correlations of fourth order, one
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function involved has first power while the second is raised to the
third power. Thus a complex and wavy pattern of the correlation

emerges (figure 39). These two correlations, in a way, can be inter-
preted as interaction.between uyu, and u12 or u22. And since u]2 and
“22 are positive and have definite value at the axis, the correlation

u]uz3 and u23u] would be zero at the axis due to symmetry and will have

L —

a sign corresponding to the sign of UqU,. Such a pattern is indicated

by the present results (figure 39). Due to the complex interaction
u-u
172

between Uyu, and u12 or u22, the constant portion of the ——+ curve
Uql
172
takes a wavy pattern but close to the wall indicates a decreasing trend
ST
consistent with that of the —l~% .
u,u
172
Experimental results also indicate that both these correlations;
o uduy U :
1.8 — =3 and — ™3 collapse on to each other from diffuser axis
U Uz uyuy

to the edge of the wall layer and differ from each other further towards

the wall. In the region of the wall layer, the correlation u]3u2 had
slightly Tower values. The two curves differed from each other in the
wall layer from station 57 in the downstream direction. This is thought
to be due to the lack of data in the wall layer at the upstream stations.
| Near the wall, both these correlations show a peak before
decreasing in magnitude towards the wall. This peak position however
shifts away from the wall in the downstream direction similar to the
point where these curves start to differ from each other. |
Another fourth order, tripple velocity correlation u1u2u32

where us has even power but uy and U, both have odd powers was needed



for calculating the high intensity correction factor for uyu

This

N
o

was not experimentally measured but was assumed equal to u]uz3

(Appendix C). This approkimation was justified on the basis that

3 2
" x uyug (Sec. 6.2.1).
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7.  TURBULENT KINETIC ENERGY BUDGET

Each term in the energy balance equation except the pressure-
velocity correlation part of term II, could be calculated from the
experimental results. Term II which was not entirely available
experimentally, was obtained as a closure term in the equation. Using
the third order velocity correlation data obtained experimentally,
pressure-velocity correlation was extracted from term II of the energy
budget equation. The dissipation term was estimated from the root mean
square measurements of the time derivative of the longitudinal velocity
fluctuations, assuming small scale isotropy and Taylor's frozen

turbulence hypothesis such that:

du,  du.| ou, du. |2 u,|2 u. |2
€=\)(-—l+——ﬂ]-]_...l_—.\)___1_=]5\) ]=15\) 1

OX.  oX.!| 9x. X, X 2iot
J i) %5 N] L (21)

The expediency of this method of dissipation méasurement for the
survey study of the energy balance was obvious because of the relative
ease with which';;l-profi1es could be measured.

As a preliminary experiment, a comparison of the dissipations
determined from time derivative measurement was made with those

evaluated from one dimensional spectra measurements using the equation:

oo

= 2 |
0
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Measurements were made in the diffuser at station 12 and at g, = 0.91
using a regular single wire probe DISA 55P01 (2 = 1.25 mm, d = 5 um)
operated at an overheat ratio of 0.8 and 0.5, and also with a special
single wire probe DISA 55P01 (% = 0.625 mm, d = 2.5 um) operated at an
overheat ratio of 0.5 and 0.4. The filter cutoff frequency in both
cases was 28000 Hz. The data obtained from time derivative measure-
ments were lower by approximately 24% in case of regular probe and by
27% in case of special probe (Table 5). The difference in data
obtained from the two methods must be in the electronics involved, as
bdth methods are based on the isotropic relations. A cutoff frequency
different than the Kolmogoroff frequency would also result in different
values from the two methods. Values of e obtained at different over-
heat ratios were comparable; i.e., € did not appear to be dependent on
the overheat ratio. Also a comparison of the e obtained from two

wires at an overheat ratio of 0.5 indicated that the values obtained
from the special probe were higher than that obtained from the regular
probe. The difference was of the order of 18% from ;;l data and 24% in
values obtained from the spectra. Thfs difference could possibly be
due to the fact that the effective length of the special probe was

half of the regular probe. For best results, the wire length should be
of the order of Kolmogoroff length scale which varied from 0.06 mm to
0.14 mm in the present case. Therefore the accuracy of ;;limeasure—
ments would obviously be better in case of the special probe. Thus it
was decided to use the special probe for time derivative measurements.

Since the wire length of the special probe was also larger than the

Kolmogoroff's length scale, the dissipation estimates obtained from



it were corrected using Wyngaard's (1969) analysis for single wire.
It was thought that such a correction would improve the accuracy of
dissipation measurements.

The longitudinal derivatives of the turbulence measurements
appearing in the energy equation were obtained by a process similar
to that used to get the longitudinal derivatives of U] required for
the evaluation of U2 from continuity (Sec. 4.3). Similarly the radial
derivatives were obtained in the same fashion as of the mean velocity
for the mean vorticity and the strain rate. Both the longitudinal
and radial second order derivatives were obtained by application of the

same procedures to the data for the first derivatives.

7.2 Terms of Enérgy Equation

7.2.1 Production

61

The distribution of the total turbulent kinetic energy production

(figure 41) is similar to that of Reynolds stress tensor terms. It
also has a peak in the radial direction at the pipe radius in the entry
region of the diffuser.. The peak shifts towards the diffuser axis with
the distance in the downstream direction. The total production is very
nearly zero at the axis and also approaches the same at the wall. As
we move in the downstream direction, the region from the wall to the
point of maximum u; fluctuation increases. Approaching of the zero
value of production at the wall is very clearly demonstrated in this
enlarged wall layer region (after axial station 50), as the wall layer

is thick enough to allow the measurement of all parameters accurately




without the wall effect. A similar nature of the production term was
also indicated by Ruetenik & Corrsin (1955) for a.slightly divergent
channel and Okwuobi & Azad (1973) for a conical diffuser. However,
Okwuobi & Azad also show a sharp rise in production very close to the
wall. In the present study, data so close to the wall were not taken
into consideration. It was thought that measurements very close to
the wall obtained with x-probe at an overheat ratio of 0.8 would not
be reliable. Since Okwuobi & Azad also obtained their data using an
X-probe operated at an overheat ratio of 0.8 and in the same diffuser
as used for the present study, their wall data would also be affected
by the presence of the wall. Also, such changes in production near the
wall have not been observed for any other wall bounded flow.

While the production term III (equation 1) is a grouping of

four terms, only the first term was significant except in the entry

‘ aU
region where the 2nd term involving 5§l-was also important. Generally,

1
the other terms were approximately one to two orders of magnitude

smaller. For example, at station 67, gz = .54, the magnitude of the

3 3

first term is .3 x 107, 2nd term is .6 x 10 and the 3rd and 4th terms

4

are .6 x 100", And at £, = .54, station 30, the magnitudes of each

term are I = .7 x 1075, II = .86 x 10°%, III = .65 x 1075, and

IV = .54 x 10'5. The first term of the production, which is significant

- aU
throughout, contains the product of Uqus, and 521-. And since both of

2
these quantities are zero at diffuser axis (due to symmetry), production
was almost negligible at the axis. Overall, the production describes

the action of Reynolds stresses to extract energy from the mean flow.
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The radial velocity gradient of the mean axial ve]ocity,silgdecreases
' 2

in the downstream direction, but due to the expanding geometry the

cross sectional area increases towards the diffuser exit. The net
resu]t is that the total kinetic energy producticn increases in the
downstream direction.

In general, the energy is supplied to the flow in the form of

mean f]o’wkenergy° Thé prbduction terms indicate an increase in the
turbulent kinetic energy at the expense of the mean flow energy. And
the usual cynamic processes involve transfer of kinetic energy to

higher wave numbers and eventual dissipation. Such a process has been
confirmed fbr pipe flow (Lawn, 1971), éhanne] flow (Nakagawa et al,1975)
and boundary layer (Klebanoff, 1955). These situations represent a

case of negative and zero pressure gradient flow fields. In the
diffuser flow, where the pressure gradient is positive and changing,
‘the nature of production of turbulent kinetic energy is similar to pipe,
boundary layer and slightly divergent channel flows. It should also

be of considerable interest to study the movement of this turbulent
kinetic energy and its eventual dissipation in comparison to other wall

bounded flows.

7.2.2 Mean flow convection

Term I in the turbulent kinetic energy balance describes how
the mean flow moves the turbulence energy in the flow field. Figure
42 shows the complete distribution of this term. In the entry regibn

of the diffuser, magnitude of the mean flow convection at the axis is
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also very small and increases towards the wall. Very close to the

wall this term would decrease and approach zero at the wall. Such a
trend is clearly indicated as we move downstream. Also in the downstream
direction, the peak in the mean flow convection shifts towards the axis.
Near the exit, this peak appears at the axis itself and towards the

wall its magnitude decreases, approaching zero at the wall. Except in
the‘entry region, the contribution of this term is almost negligible

near the wall. It is worth noting that the magnitude of this term at

the axis (gz = 0) increases considerably after most of the pressure
recovery has taken place. Klebanoff (1955) has reported that in a
boundary layer with zero pressure gradient the contribution of the mean
flow convection is also negligible near the wall. For a slightly
divergent channel, Ruetenik & Corrsin (1955) reported that the mean

flow convection was generally small and constant throughout except near
the wall where it decreased to zero. A1l these results emphasize the
fact that near a solid wall, the contribution of the mean flow convection
is negligible.

Results of Okwuobi & Azad do not agree with the present data
for station 30, as their data show a valley at gz = 0.96 and a peak at
52 = 1.28 before decreasing towards the wall. This would imply the
presence of certain physical phenomenon, which was not confirmed by the
present data. In an attempt to investigate this discrepancy of the two
data, each term of the mean flow convection was studied. The mean
flow convection term is the sum of two parts. The first part is the

product of the mean axial velocity and the axial derivative of the
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Reynolds stress tensor trace. The mean axial velocity U] is positive
2 2

everywhere and since'qz = Uy + u, +-u32 increases in the downstream
direction, its axial derivative is also positive, thus the first part
~of the term is always positive. The second part involves the product
of the mean radial velocity UZ’ which is always positive in our flow,
‘and the radial derivative of q2. The sum of the normal stresses (q2)
increases from the axis to the point of the maximum u; fluctuations
in the radial direction and then decreases further towards the wall.
Thus its radial derivative with respect to Xo from the diffuser axis
is positive up to the point of maximum q2 and then becomes negative
towards the wall. Also this 2nd part of the term is usually an order
of magnitude smaller than the first part except in the region from
the wall to the point of maximum u; f]uctuations, where they are almost
of equal order of magnitude. Thus when summed, they tend to cancel
each other in the wall region and complement each other away from it.
In an attempt to obtain the nature of the curve given by
Okwuobi & Azad, two parts of the mean flow convection term were sub-
tracted rather than adding. The resultant curve is shown in figure 43,
along with the data of OA. Two curves are similar in nature though
different in magnitude. This shows that OA could possibly have. erred
in analysing their data. The energy equation involves all the radial
derivatives with respect to Xos but OA have presented their data in
terms of y/R, where y is the distance from the wall. Taking the radial

derivative of q2 with respect to y would reverse its sign as compared

to its derivative with respect to Xo- But in this case, with the




66

coordinate system at the wall, sign of U2 would also change. It is
quite possible that the authors inadvertently retained the positive
sign of U2. Such an error could produce aforementioned behavior of
the mean flow convection. For the difference in magnitude,attention
should be drawn to the difference in mean radial velocities as
discussed in Sec. 4.3.

In order to obtain the correct nature of the mean flow
convection term for the data of Okwuobi & Azad (1973) and to be
reasonably sure that OA had indeed erred in analysing their data, this
term was evaluated from their data for station 30. The requifed
necessary data were taken from another publication of Okwuobi & Azad
(1972). The numerical method adopted for evaluating the axial derivatives
of aﬁnwas same as used for‘;l(for U2 profiles) from OA data discussed in
Sec. 4.3. The radial derivagives of ;?- were obtained by taking the
difference in the magnitude of q2 at two radial points at gz =+ .02
from the radial position where the slope was required. This difference
in magnitude was divided by the radial distance (52 = 0.04) to obtain
the required radial derivatives. The derivatives thus obtained were
compared to the one obtained analytically in the present study. The
radial derivatives were found to be in good agreement with each other
while the axial derivatives though agreeing in trend were slightly
higher for the present study. A smooth curve was drawn through these
points and both terms of the mean flow convection term were evaluated

at various radial positions. These terms are shown in figure 44.

The mean radial velocities required for the calculation were taken from
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figure 9, which were calculated by graphical integration. For this
purpose the curve for U2 was extrapolated as indicated by dotted line
in figure 9.

The first term involving the axial velocity is positive every-
where while the 2nd.term is negative in the wall layer. This is so,
because the quantity ;E-decreases towards the wall after reaching
maximum at the edge of the sublayer. The mean flow convection term
calculated by the addition of these terms is shown in figure 45, which
also contains the curve obtained by subtracting the two terms. The
term obtained by subtraction agrees in trend with that presented by OA.
The difference in magnitude is most Tikely due to the overestimation
of the mean radial velocities by OA. The true nature of the mean flow
convection term indicates a negative value near the wall. The
negative trend of this term was also present in the results of this
study, though it was generally negligible compared to the total term.
However, the underestimation of mean radial velocities in the present
study would also tend to suppress the magnitude of negative part.

To be definite about this negative trend of mean flow convection
term, data of Okwuobi & Azad (1972) for 2 more axial stations were
analysed. The two stations chosen were 42 & 18, one upstream and one
downstream of station 30. The mean radial velocities required were
also taken from Okwuobi & Azad (1973) which are overestimated. For
this comparison, the data for mean flow convection at station 30 were
recalculated using their mean U2. The resulting data are shown in

figure 46 for the wall region. This figure shows that the negative
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magnitude cof this term decreases towards the diffuser exit. The
decrease in the slopes of the curve while approaching the wall for
downstream axial stations tends to confirm the fact that peak of this
term slowly moves towards the diffuser axis. The negative part of the
term is magnified in this case because of the overestimation of mean

U Thus the true nature of this term may Tie somewhere between this

o
and the one represented by the figure 42 for the present study.
Therefore it may be reasonable to assume that the contribution of

mean flow convection near the wall is generally small.

7.2.3 Viscous transport

Term IV of the turbulent kinetic energy balance is the viscous
transport term. Only the part of the term involving the Laplacian of
the turbulent kinetic energy was calculated and of these two terms
only the first was significant. The second part of the Laplacian
involving the 2nd order axial derivative of q2 was at least 2 orders
of magnitude smaller than the first part. The remaining part of the
viscous term involving the viscosity vanishes for an isotropic flow,
an assumption made in evaluating dissipation in diffuser flow.

As shown in figure 47, the viscous transport term is about 2
orders of magnitude smaller than the production. This is in agreement
with the results of OA. Thus the viscous work term does not contribute
significantly to the energy loss in the field. This is similar to

Laufer's (1954) findings for fully developed pipe flow.
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7.2.4 Dissipation

The nature and magnitude of the dissipation curves as determined
from‘;;l-(figure’48) is similar to that of the total production.
Dissipation also has a peak at the pipe radiﬁs in the diffuser at entry
but it shifts towards the wall with the flow in the downstream direction.
Also 1ike production, the total magnitude of the dissipation increases
in the downstream axial direction. But unlike production, dissipation
is significant in the wall layer and decreases in a thin layer next to
the wall.

These results tend to contradict the fihdings of OA for station
30. They claimed that dissipation in general is very small compared to
production.and thus in the diffuser production is not balanced by
dissipation. They also indicated that the dissipation is more or Tess
constant from the axis to 52 = 0.9 where it starts to decrease and
reaches zero at 52 = 1.40 and stays at zero further towards the wall.
A11 wall bounded flows have a very high rate of energy dissipation near
the wall, a result also confirmed by the present study for the diffuser.
However, results of OA for the same diffuser do not agree with the
present findings.

Since it is extremely unlikely that the differences between
the pipe and diffuser flow could cause such drastic changes as claimed
by OA, in the dissipation phenomenon of the fluids, the two methods
used for evaluating the rate of energy dissipation were studied. For
the present study e was calculated, as discussed earlier, from the

root mean square of the time derivative of u]—f1uctuations. In doing
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so, the condition of Tocal isotropy and Taylor's hypothesis of frozen
turbulence was assumed. The results thus obtained were corrected by
using Wyngaard's length correction. OA obtained the dissipation
estimates from the one-dimensional u]-spectra measurements using x-wire.
In the process, Kolmogoroff's hypothesis of an inertial subrange is
assumed to apply. The Kolmogoroff's hypothesis implies that for the
spectrum of a velocity component to have an equilibrium range, rates
of production, diffusion (from other layers of the flow), and transfer
from other components, be small compared with the rates of dissipation
and of inertial transfer through the spectrum in that range (Lawn, 1970).
A wave spectrum of u;Z can be divided into three subranges
. corresponding to eddy sizes as follows (Bradshaw, 1971, p. 32; Nakagawa
et al, 1975):
1. Productive subrange or energy containing range (large-
scale eddy). It usually satisfies the 0 or -1 power
law.
2. Inertial subrange (intermediate-scale eddy) - has a
~5/3 power law.
3. Viscous subrange or dissipation range (small-scale
eddy). It may be divided into two stéges: one is
the initial stage of a large dissipation scale at
which the -3 power law is applicable and another is
the final stage of a small dissipation scale at which
the -7 power law is valid.

Using the spectrum data of inertial subrange, OA calculated the
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rate of energy dissipation from:
= 5/3,, £a93/2
€ = [E1(k]) k1 /0.53] (23)

which also assumes the condition of local isotropy and Taylor's hypotheis.
Normally in the wall bounded flows the region of inertial subrange
extends to about 1 log cycle (Laufer, 1954; Monin & Yaglom, 1975, vol.
IT, p. 491) and the region beyond -5/3 slope on the higher wave number
side represents the dissipation range. The Uy spectra graph of OA
(figure 49) has a very wide inertial subrange‘extending to ébdut 2% log
cycles. A surprising feature was the complete absence of the dissipation
%ange. Also the data of u, spectra of OA showed a 1% log cycle region
of the inertial subrange and again the dissipation range was absent.

The u,-spectra normally shows no inertial subrange (Laufer, 1954).

’Hummel (1978) measured u;-spectra in the same diffuser at 6 radial
positions at station 30 and all curves exhibited regions of -1, -5/3,

-3, and -7 power slopes (figure 50). The absence of the dissipation
range in OA data could possibly have occurred due to a x-wire having
heavy dirt depositions. As discussed in Appendix C, the data

obtained from a hot wire even with small dirt depositions can lead to
highly erroneous results. Such a wire is not likely to respond

properly to fluctuations of increasing order and thus affecting the
measured spectra. The dissipation estimates from such a data could very
well be in error and thus forcing a highly erroneous physical conclusion.

Also Tutu & Chevre (1975) have reported that Uy measurements from x-wire
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are generally in error. Lawn (1971) and Nakagawa et al (1975)

claimed that the spectral method may give the most reliable results

for e, but since the spectra is essentially the frequency distribution
of energy, it is imperative that it be measured very accurately. And
the one dimensional spectra measured with the x-probe is contaminated

by cross-talk from other component (Wyngaard, 1968).

7.2.5 Convective diffusion due to kinetic effects

The convective diffusion due to kinetic effects which involves

the derivatives of triple order velocity correlations was calculated

from the experimental data. The axial derivatives of 52 u]q2 and the

radial derivatives of 52 u2q2 were needed for the computation of this
term. Both these quantities were normalized by the pipe radius and

pipe bulk average velocity. The radial derivative was at least an

order of magnitude higher than the axial derivative. The convective
diffusion due to kinetic effects which is the sum of these two effects

is very negligible in the entry region of the diffuser (figure 51).

In the downstream direction, a valley with a negative value near the

axis and a peak with a positive value at the pipe radius appears.

Further towards the wall, the sign of the kinetic diffusion again becomes
negative. The effect of the kinetic diffusion is to transport the energy
away from the region where production is maximum to the region of the high
dissipation. Also, its magnitude in the diffuser increases in the down-
stream direction. In the entry region, where the radial distance between

the diffuser wall and the pipe radius is not large, the kinetic diffusion
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does not reach a negative value in this region. This is presumed to

be only due to lack of data acquisition very close to the wall. In

the downstream direction, the valley and the peak tend to shift towards
the diffuser axis. Near the exit, where the region between the wall and
the point of maximum u; fluctuations is large and the data could be

obtained in the wall region without any wall effects, diffusion of energy

due to kinetic effects tends to reach a value of zero at the wall.

7.2.6 Convective diffusion due to pressure effects

The contribution of the convective diffusion due to pressure
effects is also to transfer the turbulent kinetic energy from surplus
to deficit areas. This term (figure 52) has a large magnitude in the
regions where the difference in the production and dissipation is also
large. And unlike other wall bounded flows, pressure diffusion in the
diffuser is not negligible. Since there is a net transfér of turbulent
gut > q?n)
integral of the pressure diffusion term is not equal to zero for the

kinetic energy out of the diffuser (q (figure 15), the
flow in the diffuser.

The pressure diffusion term involves the derivatives of the
correlations of pressure and the velocity fluctuations in radial and
axial directions. This was the only term that could not be measured
experimentally and was thus obtained as a closure term in the energy
balance equation 1.

At the wall since all other terms of the energy equation; i.e.,
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production, dissipation, mean flow convection and kinetic diffusion all

are zero, pressure diffusion would also be expected to go to zero.
Since the convective diffusion due to pressure effects is

obtained as a closure term, it would also have the inherent cumulative

errors of all other terms of the energy equation.

7.2.7 Convective diffusion due to kinetic and pressure effects

The term II of the energy balance equation is the sum of the
kinetic and pressure diffusion. The total diffusion term also
shows a valley at about the pipe radius in the entry region (figure 53)
which shifts towards the axis in the downstream direction. Also the
magnitude of this valley decreases towards the diffuser exit.

OA have also presented convective diffusion by kinetic and
- pressure effects for station 30. Their curve also has a peak but at
different radial position and the magnitude at the peak is about 4
times greater than found in the present study. Very close to the wall
it showed & sharp rise in its magnitude. OA obtained this curve aS a
closure term in the energy equation. In their case, magnitudes of
the mean flow convection and of dissipation terms were very small
and because of that nature, the magnitude of the convective diffusion
was similar to that of the production. And as discussed earlier, the
mean flow convection and the dissipation data presented by them appear
to be in error, therefore the resulting convective diffusion would

also be in error.
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production decreases gradually to zero at the wall. The dissipation
also decreased after reaching its maximum but this decrease occurs in
a very thin layer near the wall. The maximum of dissipation reaches
closer to the wall than production. Thus, near the wall, dissipation
is much greater than production while in the region 0.25 <_£2 < 1.2
production is greater than dissipation. It is from this region that
the transfer terms transport energy to the high dissipation regions.
On the average, the areas of two curves for this station are
approximately equal with dissipation being about 8.7% less than the
production. Also dissipation near the wall is much higher than at the
diffuser axis, thus contradicting the claims of Okwuobi & Azad (1973).
At any cross-section, the total turbulent energy available is
the sum of the energy produced there and the energy transferred to that
place from other regions. The transfer terms of equation 1, involve
the radial and axial derivatives of 2nd and 3rd order functions. The
magnitude of the axial derivétives is very significant in the entry
region of the diffuser and decreases in the downstream axial direction.
The undissipated turbulent energy at any cross section is moved down-
stream by these transfer terms. This relationship for any cross-

section can be expressed as:

/
Production + inflow = Dissipation + outflow (24)

An estimation of the areas of production and dissipation
curves indicated that the dissipation was about 27% less than the

production at station 50 but was 12% more than production at station 6
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(Table 6).

It is expected that the dissipation would be much less than
production in the entry region of the diffuser. However, a true
estimation of the magnitudes of two terms in the entry region could
not be obtained as the data very close to the wall were not taken
into éonsideration and thus the two curves could not be integrated over
the whole cross-section.

This indicates that in the region of high pressure gradient,
production exceeds dissipation and the extra undissipated energy is
transferred in the downstream direction. But the dissipation increases
gradually in the downstream direction to dissipate the energy being
transferred there. A balance in the form of equation 24 is maintained.
Since the turbulent kinetic energy leaving the diffuser is greater than
entering it (figure 15), therefore the total production is greater than
the total dissipation and the two terms would not balance each other
for the whole diffuser as a control volume.

Figure 55 shows the parameter Bég- across the diffuser radius
at station 30. Once again, the graph is presented for only one station
due to qualitative similarity. The curve identifies clearly the regions
with exceés and deficient turbulent energy. In the region near the
diffuser axis 0 < 52 < 0.25, dissipation is greater than production
(indicated by the negative sign) and the same is true near the diffuser
wall. And in the region 0.25 < 52 < 1.2 production is greater than the
dissipation. Though the production may'be maximum at about the pipe

radius (£, = 1.0) (figure 54), the maximum positive difference between
2
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production and dissipation (excess energy) occurs at about £2 ~ 0.7 and
maximum negative difference is seen to occur at the wall (figure 55).

The curve changes its sign at 52 ~¥ 0.25 and at ® 1.2. Since the

region between the diffuser wall and the point of maximum ui fluctuations

increases in the downstream direction, the wall radial position where

Eég- changes its sign also shifts. In the entry region, we do not even
reach gz = 1.2 and since the data very close to the wall were not
obtained, this radial position could not be established. But as figure
54 shows, this position would be between the wall and the point of

max imum ui fluctuations. At the exit plane this change in sign occurred
at 52 = 1.1 instead of 1.2. This is consistent with the radial position
of maximum production which also shifts away from the wall with the
distance in the downstream direction.

On the basis of the production and dissipation data presented,
it could be concluded that the turbulent energy dissipation is greater
than the production in a small region next to the wall. This means
a diffusion of energy towards the wall to satisfy the requirement of
high dissipation there. These results are in agreement with Klebanoff's
(1955) conclusion for the flat plate boundary layer. However, in the

case of the diffuser, the region where dissipation is greater than

production, grows .in the downstream direction.

7.4  The Turbulent Kineti¢ Energy Balance in the Diffuser

Figures 56 to 62 show the turbulent kinetic energy balance in

the diffuser covering the entire pressure gradient range. Because of
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qualitative similarity, the energy balance curves for other measured
stations are not presented. As expected, these curves show that the
development of the flow due to changing pressure gradient is very
smooth and as such all measured parameters should vary smoothly in
radial and axial direction.

In the curves presented, sign convention adopted is the same
as of OA and of Ruetnik & Corrsin (1955). Thus production is viewed
as a gain to the turbulent field and diésipation as a loss. The sign
of the other terms was based on the mathematical evaluation of each
term. Thus physical and mathematical reasoning had to be used in
grouping the different terms of the energy equation. Since the
contribution of the viscous term was generally negligible throughout,
it was not plotted in the energy balance curves.

Basically, the overall picture emerging from all these curves
is the same; i.e., production and dissipation at any cross-section are
of same order, though not necessarily equal. Thus refuting the claim
of OA that the dissipation was negligible in the diffuser. Any
difference in the amount of energy produced and dissipated at any
point is convected and/or diffused away in axial and radial direction
by the transfer terms. Also as the difference in the magnitude of
production and dissipation decreases in the downstream direction, so
is the net magnitude of all transfer terms. This should be expected
as the transfer terms neither produce nor dissipate any energy in
the flow field.

The plotted energy balance curves give the distribution of




each term as a function of radial distance from the axis. At radial
points where production and dissipation are equal, the radial

component of transfer terms would approach zero as there is no energy

to be transferred from there. After station 50 in the axial direction,
a change in the sign of convective diffusion due to pressure and kinetic
effects occurs in the radial direction near the wall. This change
occurs where production and dissipation are equal in magnitude and the
mean Tlow convection is zero and stays the same up to the wall. In

the entry region, the contribution of the convective diffusion is
negligible at the axis but develops a peak at about 52 ~ 0.9. In the
downstream direction, its magnitude increases at the axis and its peak
also shifts towards the axis. Also towards the diffuser exit, magnitude
of the peak decreases, which could possibly be due to the fact that

the energy is being distributed over a larger area and also the difference
between production and dissipation is less here.

The mean flow convection also has a peak very near the wall in
the entry region. This peak also shifts towards the axis and its
magnitude decreases in the downstream direction. Also the magnitude
at the axis increases and eventually the peak appears at the axis itself.
However, generally the mean flow convection has a lower magnitude as
compared to the convective diffusion. Therefore, it is the diffusion
of the turbulent energy towards the wall which satisfies the requirement
of high dissipation near the wall. In the total diffusion term, it is
the pressure diffusion which governs its ﬁharacteristics as opposed

to kinetic diffusion. This finding is significantly different from
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other wall bounded flows where the contribution of the pressure diffusion
is generally negligible except close to the wall. The effect of kinetic
diffusion is to transport the turbulent energy away from the region of
high production. This is similar to other wall bounded flows, however
its magnitude increases in the downstream direction in the diffuser.
Figure 60 also shows the energy budget data of OA for station 30.
The two production curves are comparable except near the wall but similar-
ity ends there. Their dissipation is very small and is zero at and close
to the diffuser wall. Also the mean flow convection shows a valley at
€2 ~ 0.9. As discussed earlier, their data of these terms appear to be
in error. The convective diffusion term of OA was not plotted as it was
obtained from the erroneous results and thus would also be in error.
The similarity between the two production terms in figure 60
was also investigated. The production term at station 30 mainly involves

8U]

uqUs and E Since the mean velocity is calculated from the d.c. out-
2

put of the x-wire probe in both cases, it is generally not critically
affected due to a drop in frequency response of a hot-wire probe with
dirt depositions. The correlation of Uqﬁz'is mainly due to the Tower
frequency components and are not affected to the same degree as are
high frequency components. ATso since the magnitude of g;%-is
usually higher than E;UE'and thus it controls the magnitude of the
production. Therefore, the agreement between the two production data

should not be surprising.
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7.5  Comments on the Turbulent Energy Budget in Wall Bounded Flows

Since the energy budget provides insight to the turbulence
structure, a comparison of the data obtained for the diffuser is made
to other wall bounded flows with different pressure gradients. Hummel
(1978) has shown that the region En > 1.0 in the diffuser approximately
corresponds to the region y+ < 15 in the pipe and boundary layer and it
has been found that the turbulence energy production is maximum here.
This region from the wall to the point of maximum production is
referred to as the wall layer. In the diffuser, this wall layer region
grows with the distance in the downstream direction.

The distribution of o and B, the angle of the principal strain
and of the principal stresses is similar to that of the other wall
bounded flows. It is also true for the turbulent intensities and thus
indicates a similarity in the production of turbulent energy. Nakagawa
et al (1975) state that the dissipation rate of turbulence is an essential
quantity for dynamics of turbulence and it has been found to be true
for the diffuser as well. However, the maximum of production and
dissipation do not occur at the same radial position in the diffuser.
Dissipation reaches maximum closer to the wall than the production,
which probably is due to the growth of the wall layer in the diffuser.
At station 30, for example, dissipation at the radial position where
production peaks is 82% of its maximum value and is only 60% of the
production. Transport terms carry this excess energy to the regions of
high dissipation. Since the local inequilibrium in production and

dissipation is higher in the diffuser as compared to other wall bounded
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flows, the magnitude of the transport term is significantly higher.
Particularly the diffusion of turbulent energy is very important in
the diffuser, while it is much smaller in the pipe and boundary layer
(Schubaur, 1954). It is the magnitude of this term that makes the
eddy viscosity model unapplicable to such a flow (Klebanoff, 1955).
The total diffusion at the point of maximum production is about 58%

of the production (at station 30 of the diffuser), while it is
approximately 16% in the fully developed pipe flow (Laufer, 1954).

It is so because in the pipe, production and dissipation reach maximum
at the same radial position, and thus ho excess energy is available to
be transferred to other regions. Also the axial component of transfer
terms vanish in the fully developed pipe flow.

The magnitude of the diffusion term for the conical diffuser
used in the present investigation is much higher than the Ruetenik &
Corrsin's (1955) results for a divergent channel. However, the total
divergence angle of the channel used by Ruetenik & Corrsin was only 2°,
whereas it was 8° for the diffuser used in the present study. Such a
diffuser produced an extremely complicated flow with a very high
positive pressure gradient (figure 5). Ramaprian & Shiva-Prasad (1976)
have shown that the diffusion of the turbulent kinetic energy fs
enhanced by the concave curvature in the wall of a plate. Schraub &
Kline (1965) have reported that the positive pressure gradient increases
the rate of the bursting process; i.e., ejections, sweeps and interactions.
Also Nakagawa & Nezu (1977) have reported that there is a direct

relationship between the turbulent diffusion and the bursting process.
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Therefore, it is reasonable that diffusion of turbulent energy be very
high in the conical diffuser used for the present investigation.

If the whole diffuser is considered as a control volume, then the
turbulent kinetic energy leaving the control volume is higher than
entering the diffuser (figure 15). An integration of the curves of
3E?-Vs gg at stations 67 and 0 indicated that the mean turbulent kinetic

b ;

energy ([(%5) fA q2 d E%/Ac] where Ac is the Tocal cross sectional area)
. c

at these two stations was respectively 0.0047 and 0.0093 per unit mass.
This shows that, since there is a net outflow of turbulent energy out of
the control volume, the integral of transfer terms would not be zero in
the diffuser. The results indicate that unlike other wall bounded flows,
the integral of pressure diffusion in the diffuser was not zero. However,
in other wall bounded flows, the production and dissipation of turbulent
energy are equal and there is no net outflow of turbulent energy from the
control volume. Whereas in the diffuser, total production exceeds total
dissipation and therefore the transfer terms must exist to convect the
undissipated energy out of the control volume.

The present results also show that of all the transfer terms, the
pressure diffusion is the most significant. Laufer (1954) has reported
that in fully developed pipe flow, the pressure diffusion is generally
negligible except close to the wall where it is significant and also
higher than the kinetic diffusion. Ramaprian & Shiva-Prasad (1976) have
also reported the same for the flow along a flat-plate. They have also
shown that a mild Tongitudinal concave curvature in the wall increased

the contribution by both terms but the magnitude of the pressure diffusion
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was still higher than the kinetic diffusion. Since the presence of
strong adverse pressure gradient in the diffuser increases the
significance of u, fluctuations (Sec. 6.71.2) this in turn, would increase
the contribution of both the terms of diffusion; i.e., by kinetic effects
z;;;?5 and pressure effects (EUE) in radial direction. However, it is
difficult to estimate the expected relative increase in the contribution
of each term. It is though possib]é that the existence of adverse
pressure gradient (conversion of kinetic energy into pressure energy) may
contribute more to the pressure velocity correlation. This is further
complicated by the presence of the derivative of Eﬁ;'corre1ation which
vanishes for negative pressure gradient flow. Therefore, though it may
be justified to neglect the effect of pressure-velocity diffusion for
negative prassure gradient flows (Hanjali¢ & Launder, 1972 a & 1972 b),

it cannot be assumed true for the case of a diffuser flow.
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8.  LENGTH AND TIME SCALES IN DIFFUSER FLOW

The fine structure of turbulence that is responsible for the
viscous dissipation was obtained by the electronic differentiation of
the single hot-wire signal Uy and using the simplified expression for

e in the form of equation 21 (Sec. 7.1).

8.1 Distribution of Length Scales

The Kolmogoroff's length scale n and the dissipation length

scale (Taylor's microscale) Awere obtained using the expressions:

3%
Vo
[ 5] (25)

Ull2
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]5\) '€ . (26)
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and
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i

The turbulence Reynolds number was calculated from:
u,A

R :_]_._.

A v (27)
These parameters are shown in figures 63 to 65 for 7 axial stations, as
a function of the radial distance €2' The Kolmogoroff's length scale n
decreases monotonically in radial direction with the distance from the
diffuser axis (figure 63). A typical range of magnitude being from
about 0.138 mm maximum at the diffuser axis to about 0.056 mm in the

wall region at station 67. This range decreases to about 0.105 mm at

the axis to about 0.073 mm near the wall at station 6. Data at
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station 50 and downstream.show an increase in the values of n in the
wall region. Absence of this feature in upstream stations is probably
due to lack of data in the wall region. The thickness of the wall
layer increases in the downstream direction due to the expanding
geometry and allows the measurement of required quantities without
any wall effect on the sensing device. Up to station 40 in the down-
stream direction, values of Kolmogoroff's length scale n collapse on to
a single curve between the diffuser axis and 52 = 0.9. The length
scale n decreases in this radial region further in the downstream
direction. The increase in the values of n near the wall is more
pronounced at stations after 40 in the direction of the flow. Also the
range of n values from axis to wall decreases towards the exit from
station 40. It is worth noting that in this region the pressure
gradient is more or less constant and has a very small magnitude as
compared to the entry region of the diffuser (figure 5). That is in
the axial direction, the magnitude of n away from the wall collapses
onto a single curve for high pressure gradient but decreases in the
region of constant and small pressure gradient.

The dissipation Tength scale (Taylor's microscale) A has a
peak in the radial direction at about 52 = 0.4, which shifts away from
the axis in the downstream direction up to station 50 and remains at
the same position for station 40 (figure 64). However, further in the
downstream direction the peak starts to shift back towards the diffuser
axis. From the peak position to the wall, the magnitude of A

decreases monotonically. Also the magnitude of A at any radial position




increases up to station 40 in the axial direction but starts to

decrease from station 30 onward and thus causes the crossing over of

the curves at 52 = 1.0,- as the expanding geometry provides larger

region to reach the same lower value. However, it is again worth noting
that the decrease in A Tike that of n occurs when most of the pressure
recovery has already taken place and pressure gradient has become more
or less constant. From station 40 in the downstream direction, the
values of X in the wall layer decrease linearly with increasing radial
distance while upstream data show a more complex variation.

The turbulence Reynolds number RA also shows a peak initially
abpearing at about 52 = 0.75 which shifts towards the wall up to station
40 in the downstream direction. Thereafter it starts to move towards
the axis (figure 65). The values of RA after the peak decrease linearly
towards the wall as a function of radial distance. The magnitude of
RA generally increases in the axial direction from entry to exit, thus
indicating an increase in the turbulence in the flow field.

A characteristic length scale of the flow field defined as

(Lumley, 1970):

3
L = __g...__

e 33/2, (28)

was calculated and its ratio with the Kolmogoroff's length scale n
(equation 25), which represents the length scale characteristic of
dissipative range of wave numbers was plotted (figure 66) for 3 axial
stations. These 3 stations represent the 3 distinct regions of the

pressure gradient curve from entry to exit. The ratio Lg/n has a

88



89

peak at about €2 = 0.75 in the entry region which shifts towards the

- diffuser axis in the downstream direction. From the peak position
towards the wall, the ratio of characteristic lengths decreases
linearly. But in axial direction, the magnitude of the ratio increases
in the direction of the flow. The value of the ratio except close to
the wall generally varies between 100 and 750. A large value of this
ratio, as found in the present study, indicates that the dissipating
eddies are independent of the large energy extracting eddies which are
of the order of mean flow.

A characteristic Reynolds number defined as (Lumley, 1970):

was calculated and is shown in figure 67 for the same 3 stations as was
figure 66. Its distribution is similar to that of Le/n. In grid
turbulence RL€ is usually constant (Lumley, 1970), but as figure 67

indicates it is not the case in the conical diffuser.

8.2 Distribution of Time Scales

In addition to the length scales of the flow, the time scales
are also equally important in the study of the fine structure of
turbulence. A time scale defined by Kolmogoroff which is indicative

of the dissipative range of the wave numbers is:

T = (v/e)™. | (30)
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Figure 68 shows this parameter for the 3 axial stations. The
time scale decreases towards the wall but increases again very close
to the wall. This is indicated by two curves for stations towards the
exit. The inverse of the time scale T represents the vorticity of the
flow. And as figure 69 indicates, vorticity reaches a maximum near
the wall where time scale had the smallest value. Vorticity increases
in the downstream direction in the core region but the reverse is
true near the wall.

The time scale (equation 30) was also investigated in relation

to the characteristic time scale of the flow (f) defined as:

=
f

N

YN

(31)

and forming the ratioc of 31 to 30:

Chavacteristic time scale of the flow _ q°/2 _ _q°

Characteristic dissipative time scale (\)/e)!5 2(&:\));5

The distribution of the ratio of these two time scale (figure 70) is
similar to that of the length scales of figure 65. Also, the ratio of
time scales has a similar range of variation as compared to length
scales.

The time scale of the Reynolds stresses may always be expected
to be of the order of the inverse of the mean strain rate, however, this
is not true of the time scales of the dissipation. The ratio of two

time scales in fact is of the order of RLe% (Lumley, 1970), so that
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the time scale (\)/e);2 may be expected to become shorter and shorter to
that of the mean motion as the Reynolds number increases. Lumley (1970)
also states that the 1nf1uence of the strain rate on the structure of
=%
e -

the dissipative region is proportional to the RL Since the

characteristic Reynolds number RLe (figure 67) increases in the down-
stream axial direction, the quantity RLE—;2 would be expected to decrease
in the same order. Such a distribution is shown in figure 71. The

value of RLE%; i.e., the inverse of numbers given in figure 71 has been
reported to vary from 6.6 to 60 in homogeneous turbulence (Lumley, 1970).
An estimate of RLE% from figure 71 indicates it to vary between 20 and

80.
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9. THE ISOTROPIC VORTICITY BALANCE

.. 9u

1
9.1,.Skewnesslof.§fe=(s)

Measurements of S (equation 4) at 7 different axial stations
are shown in figure 72. These 7 stations represent different slopes
of pressure gradient curve. Curves for other 5 stations had similar
distribution. As figure 72 indicates, values of S vary within a range
of 0.38 to 0.5 from the diffuser axis to the point of maximum u']
fluctuations, which occurs approximately at the pipe radius (gz = 1.0).
A similar range for the values of S was reported by Batchelor & Townsend
(1947) in a grid generated isotropic turbulence. They suggested that
S is essentially constant and has an average of 0.39. A value of 0.37
was reported by Kuo & Corrsin (1971) and it was estimated to be 0.44
by Kolmogoroff (Batchelor, 1947). Betchov (1956) reported it to vary
between 0.4 and 0.5. Saffman (1963) suggested its range to be from
0.3 to 0.5. The present results up to €2 = 1.0 compare favourably with
these data for grid turbulence. In the wall layer (between the wall
and the point of maximum u‘1 fluctuations), however, values of S
increase with increasing radial distance towards the wall. The
magnitude of S near the wall, towards the diffuser exit reaches as high
as 1.0. Since the data very close to the wall were not obtained, its
behavior further towards the wall for the diffuser is not known. In
the entry region, values of S obtained near the wall were not as high
as 1.0. This is probably due to the lack of data obtained in the wall

layer in the entry region of the diffuser.



93

The increasing nature of S near the wall has also been reported
by Ueda & Hinze (1975) in a flat plate boundary layer, Ueda & Mizushina
(1977) and Elena (1977) in a fully developed pipe flow. Their results
indicate that at about y+ = 20, S reaches a maximum value between 0.9
and 1.0 before decreasing further towards the wall. In the region away
from the wall (y+ > 100), S remains constant and has a value of
approximately 0.38. From y+ = 100 towards the wall, it starts to
increase with radial distance till it reaches its maximum value. The
present results are in agreement with these previously published results
in wall bounded flows, indicating that the fine structure of turbulence
is similar. Thus there is a possiblity that even in the diffuser, S
would decrease after reaching its maximum value. However, a notable
difference is that in the boundary layer and the pipe, S attains its
maximum value approximately at the point where turbulence production
is maximum, whereas it remains constant up to the point of maximum
production in the diffuser. Hummel (1978) has compared the position
of y+ = 15 as the outer edge of viscous sublayer in the boundary layer
to the &y = 1.0 in the diffuser. On the basis of data of S, such a
comparison may not be valid. However, it is possible that another
layer, where viscous effects are dominant as compared to the inertia
terms, may be developing near the diffuser wall. The skewness of S in
the diffuser may be reaching its maximum value at the edge of this layer.
The point of maximum turbulent production and the edge of the viscous
sublayer coincide in the pipe and boundary layer, but are being forced

apart by the expanding geometry in the diffuser..
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Since S represents the rate of production of vorticity by the
process of vortex stretching, and because its distribution and magnitude
in the diffuser eXcept in the wall layer is similar to that for an
isotropic flow, it can be argued that the assumptions of the local
isotropy in the diffuser away from the wall are justified. With the
same argument, it can be said that the increasing}va]ues of S near;the
wall indicate the increasing degree of anisotropy. The ratio ofA;Té- in
the diffuser increases towards the wall (Sec. 5.1), which is also a
consequence of increase in the degree of anisotropy. The lack of
isotropy near the wall has been reported for all other wall bounded flows
(Ueda & Hinze, 1975; Lawn, 1971). Therefore, the results obtained with
isotropic assumptions near the wall would be subject to error and this
fact should be borne in mind while interpreting the same. But since
the magnitude of S in the diffuser reaches the same value as for the
other wall bounded flows, it can be said that the degree of anisotropy
would also be the same. Thus the errors introduced due to isotropic
assumptions would also be of the same order, hence, the results in the
diffuser can be compared to that of the pipe and boundary layer.

The high values of S near the wall indicates it to be a
region of high turbulent activity. This is in agreement with the results
of the visual studies of Kline and his associates and also of Brodkey

and his associates that the turbulence is generally produced near the

wall. Ueda & Hinze (1975) have reported that the skewness factor of

ou
5?1 is associated with the inrush of the high momentum fluid lumps into
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the inner wall layer. Hummel (1978) has shown that like other wall
bounded flows, the sweep phase represented by the 4th quadrant correlation
of ﬁ;ﬁg'is higher than the ejection phgse of 2nd quadrant correlation in
the wall layer. In addition to this, theoretical calculations of

Nakagawa & Nezu (1977) have also shown that the ejection phase should

be Tower than sweep close to the wall. This would require that the

values of S be large in the wall layer, as was found in the present

study (figure 72). Also since S involves the measurement of ;;l-which
represents the ffner structure of turbulence, it can be concluded that

the fine structure of turbulence is similar fn all wall bounded flows.

In pipe and boundary layer flows, the point of maximum ui
fluctuations specifies the edge of sublayer. Inside the sublayer (to-
wards the wall), sweep is more important while outside of the sublayer,
ejection is more significant. A similar situation also exists in the
diffuser, and on this basis the wall layer of the diffuser can be
viewed as a rather thick sublayer as suggested by Professor A.M. Yaglom
(private communication, 1978). The diffuser flow amplifies this
region where sweep event is higher than the ejection, as compared to the
pipe and boundary layer flows.

Batchelor & Townsend (1947) reported that the measurements of S
in their flow were independent of the turbulence Reynolds number RA'
The values of RA in their flow varied from 20 to 60. The region where
S remains appfoximate]y constant (within the range .37 to .5) in the

diffuser has a turbulence Reynolds number varying from 200 to 600

(figure 73), which is an order of magnitude higher than that of the
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grid turbulence reported by Batchelor & Townsend (1947). In the wall

layer (from wall to the point of maximum u%

towards the wall after reaching its maximum value but S increases with

fluctuations) RA decreases

decreasing Rx. However, the lowest value of RA measured near the wa11
is 130 which is still higher than the grid tdrbulence of Batchelor &
Townsend (1947). Ueda & Hinze (1975) reported that in the region where
S was constant, lowest value of RA was of the order of 100. 1In the
present study, deviation in values of S occurred near the wall at
values of RA for which S was constant away from the wall. This indicates
that the increaée in S is due to proximity of the wall and not due to
decrease in RA' This illustrates that it is the wall that influences
the level of turbulent activity and thereby the degree of anisotropy in
the flow. Thus it can be concluded that the concept of isotropy can be
used in a region away from the wall in a flow as complex as ours, but
it may not be valid close to the wall. This was also pointed out by
Frenkiel & Klebanoff (1975).

Saffman (1963) following Batchelor & Townsend (1956) suggested
that the Kolmogoroff's time scale (equation 30) is related to the

du ;
skewness of 551-1n the form:

y_ 7 S
6/15 *1
or.
o = 1 &% s 5‘“’1“*’\1:(3“'1‘/3"‘? . 2
Y A ~ (32)
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This function oy is shown in figure 74 and (e/v)? which represents the
vorticity in the field was given in figure 69. The units of oy would

be the same as of (e/Q)%; i.e., sec']. The behavior of oy follows the
distribution of S in the field. The region where S was constant,'a1 is
also seen to be constant and for increasing S, d] also increases. Thus
the ap curve which represents the product of S and the turbulence
vorticity of the field, identifies the region of nonisotropy in the flow

field.

9.2 Second.Derivative.of.u].(G)

Measurements of G which represent the decay of vorticity in the
flow field due to viscosity are shown in figure 75. Due to similarity,
data for only 7 axial stations are presented. Generally the magnitude
of G increases slightly in the axial direction and near the wall ih
the radial direction, it also shows a rising trend after station 50.
The increasing values of G in the axial direction indicate that the
effect of viscosity in smoothing out turbulent fluctuations increases
in the direction of flow. Since the effect of viscosity is usually
fg]t at very small length scales, it must decrease in the downstream
direction to satisfy the higher values of G. Such a decreasing trend
of the Kolmogoroff length scale n was found in the flow (figure 63).
Also near the wall the length scale decreases considerably, thus
indicating that the effect of viscosity is also higher near the wall.
~ The generation of the small scale fluctuations is due to the non-
Tinear terms in the equations of motion. As the‘f]uidbmoves downstream,

its length scale decreases due to the presence of inertia in the flow,




98

thus increasing the ability of viscosity in dissipating small scale
energy into heat. Such an explanation would imply that the turbulent
energy is being transported in radial and axial directions. The
turbulent kinetic energy budget (Sec. 7) indicated such movement of
turbulent energy in the radial and axial direction.

In the vorticity equation 3, parameter G appears in the form

G
"X

direction, their ratio (figure 76) was found to be independent of the

And <ince G and RA both increase in the downstream axial

axial position. This indicates the dependence of G on RA. At large
Reynolds number, though the relative magnitude of viscous effects in

a flow tend to become vanishingly small, however, the increased effect
of non-linear inertia terms in the Navier-Stokes equation generate
additional motion at scales small enough to be affected by viscosity.
This ensures a balance in the flow field by keeping viscosity effects
at a finite level.

In the radial direction, the ratidﬁg-is constant from the
diffuser axis to €5 ¥ 1.0 and increases sharply further towards the
wall. This behavior is similar to that of S (figure 72) and indicates
a close relationship between the production of vorticity and its decay
in the flow field. The effect of viscosity on small scale motions
in dissipating the energy depends on the rate at which it is supplied
with the energy by the larger-scale motion. Therefore, a close

relationship between the parameters S and G should be expected.
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9.3 Vorticity Balance

Using isotropic assumptions, Batchelor & Townsend (1947)
simplified the vorticity equation 3 in terms of S, G, and RA parameters

in the following form:

6=F+7RS. (33)

This relationship was shown to hold (with S as constant = 0.39) in the
decay of vorticity in grid generated isotropic turbulence. To check
the applicability of this equation for the flow under investigation,
values of G were plotted as a function of RA (figure 77). The solid
Tine represents the equation 33 with S = 0.39 as suggested by Batchelor
& Townsend for isotropic flow. Agreement between grid turbulence data
(20 5_RA < 60) and the diffuser data (200 5_RA§_600) excluding the wall
region is excellent. Because of the interrelation between S and G, the
values of G near the wall do not follow the isotropic distribution.
Values of G deviating from equation 33 are those obtained in the wall
layer of the diffuser. It has been known that the degree of anisotropy
increases closer to the wall, this fact is further confirméd by the
‘nature of S and G distribution in the diffuser.

Rewriting equation 33 as:

26, _60
R,S 7R3 (34)

If S is assumed as constant and equal to 0.39, then the above equation
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can be written as:

If RA is large enough, then the second term on the right hand side can

be dropped. Thus:

Rs - 1.0 (35)

for isotropic turbulence.

This relationship was plotted and is shown in figure 78. Since
S and Ef-are both constant in the core region, equation 35 was found to
be true in the diffuser. But in the wall region, the curve deviates
from unity. Equation 35 implies that in the core region, magnitude of
S is about twice that of ﬁf-. This was also evident from figures 72 and
75. However, in the wall region, plot of SGS deviates from unity and
increases with distance towards the wall. Vehy close to the wall, it
reaches a value as high as 4.0. If SGS can be considered as a ratio of
decay to production of vorticity," then its magnitude equal to unity
would imply that the terms of production and dissipation of vorticity
approximately balance each other. Thus the increasing nature of gGS
towards the wall would indicate that the effect of viscosity is greater
and exceeds the effect of vortex extension in the wall region. This
increase in the effect of viscosity reaches almost 400% very close to
the wall. As indicated by %fg-values, it is not a simple function of

RA but is rather influenced by the proximity of the wall (figure 79).
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The increased contribution of viscosity in dissipation near the wall was
also indicated by the turbulent kinetic energy balance for the conical

diffuser (Sec. 7).

9.4 Visual Results

Perhaps the most significant progress towards an understanding
of turbulence mechanism has been achieved recently, by using direct
visual studies of individual events and by sampling the turbulence
upon detection of a specific event. The turbulent signal and its
derivative which formed the basis of this study were observed on a
storage oscilloscope and were photographed. The statistical analysis
of the data had shown that though the wall region indicates a consider-
able degree of anisotropy, the flow away from the wall has propertigs
of isotropic turbulence. Therefore the three signals uys ;;l and ° :]

ot
were studied visually in both the isotropic and anisotropic regions.

The storage capability of the oscilloscope was an invaluable asset for
this purpose.

Two sets of photographs were taken at axial station 12 and at
radial positions £p = 0.69 and 1.71 (figure 80 a & b). Both figures

have 3 photographs; in photograph (i), the upper trace is the Uy signal
u

and the lower trace is of Efl . In photographs (ii% and (iii) the upper
3u {ouy )3
. 1 . 1 . 9. U .
trace is 3T and the lower trace is of . and .21 respectively.

at
The uy signal at £2 = 0.69 is somewhat negatively skewed but

the signal and its derivative both are continuous, thus indicating that

its intermittency factor would be close to one. However, near the wall
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Uy signal itself is positively skewed and rather shows some inter-
mittent movement of the fluid and its derivative shows this intermittency
even more clearly. There are periods of sudden activity followed by
quiet periods. Since'S; i.e., skewness ofygg—-is associated with the
inrush of the high momentum fluid into the inner wall layer, the (au]/at)3
signal further shows that this inrush of fluid occurs in lumps and is
intermittent in nature. This signal has a very small magnitude in the
core region and in comparison is very significant near the wall giving
high values of S in the wall region. The 2nd derivative of Uy signal
which is indicative of high frequency components decayed by viscosity,
is also intermittent. Since the 2nd derivative is related to the first
thus has some similarities to it. These findings tend to confirm
qualitatively the results of statistical analysis. The 2nd derivative
is very uniform near the axis but shows abrupt changes near the wall.

It can be inferred from these visual studies that the turbulence
production generally occurs near the wall. This production process is
very intermittent but organized. Since the turbulence production is
mainly due to the fnteraction of the mean flow and the large scale
eddies, it should be expected to be anisotropic. Turbulence needs time
to distribute its energy and reach isotropy. Therefore it cannot be
expected to reach this stage at its place of production. As this newly
produced turbulence travels away‘from the place of its production, due
to inertia it transfers its energy to small scale turbulence and thus
tends to attain the state of isotropy. And since near the axis, no

new turbulence s produced, the photographs taken show low level of
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turbulent activity. Even near the wall, large eddies do transfer
significant amount of their energy to smaller eddies because of high

mean strain and shear in the field. These smaller eddies are immediately
acted upon by the viscosity to dissipate their energy. The 2nd
derivative of uy near the wall attests to that since the 2nd derivative
is much more significant near the wall, it indicates that the effect

of viscosity is higher here. This would confirm the statement of
Klebanoff (1955) that a significant part of turbulence dies in infancy.

9.5 Consequénces of the Vorticity Balance

The study of the vorticity balance in terms of the parameters
S and G provides information about the process of vorticity production
by vortex stretching and its dissipation due to the effect of viscosity.
The results very close to the wall were not obtained, but since the
wall layer, which occupies a very small region in the pipe, expands in
the diffuser with the flow in downstream direction and thus allows some
measurements in the wall layer without any wall effect on the sensor.
Therefore, the nature of the various parameters measured downstream
can be considered to be true in upstream stations as well. With this
fact in mind, the results show that the ratio of the rates of production

2 and the nature of vorticity balance is essentially

and dissipation of w'
the same at all axial stations. This suggests that there is a dynamical
similarity at all axial stations of those aspects of the turbulence
which control the vorticity balance. In radial direction the ratio of

the production and dissipation of vorticity is constant from the
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diffuser axis to the point of maximum ui fluctuations. Further towards
the wall, effect of viscosity becomes larger than the vortex extension.
It is in this region that the contribution of sweeps to shear stress is
also larger than that of ejection event (Hummel, 1978).

The results also show that even in shear flows, there exists a
region which has certain similarities to that of an isotropic flow.
The presence of the wall and the ensuing complexities prohibit the
extension of these isotropic ideas to the wall layer. In order to under-
stand the Tlimitations of isotropy in shear flows, the mechanism of
turbulent energy transfer should first be investigated. Tennekes &
Lumley (1970) have stated that the vorticity found in the larger
eddies in a turbulent flow is of the same order as the vorticity of
the mean flow, and that the respective strain rates are also comparable.
Except in the entry region the axial derivative of U2 is generally
negligible in the diffuser used here and the radial derivative of U]
(figure 10) is the main contributing factor to the mean vorticity and
the mean strain. In the cofe region of the diffuser, the radial
derivative of U] is small and is the same for all axial stations and
varies linearly with distance. This may account for small values of S
and G in this region. However, in the wall region;';gg is very high
which would help in increasing the rate of vortex stretching in
producing eddies and also decreasing their scale to the level to be
acted upon by viscosity. This results in high values of S and G in the
wall region.

Turbulence is produced as a Targe scale structure and is
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..U
directly influenced by the magnitude of — . The energy from large

)
scale eddies is passed on to smaller eddiig through vortex stretching.
The process of vortex stretching tends to make the smaller scale eddies
loose all sense of direction and become statistically isotropic and
also their contribution to the Reynolds stress vanishes. This fine
structure has also been reported to be intermittent in nature (Batchelor
& Townsend, 1949). Therefore, it may be of interest to investigate the
intermi ttency of'ggl signal in relation to the changing role of the
parametek ;;% which controls the large scale structure of thg
turbulence.

Following Kuo & Corrsin (1971), Hummel (1978) measured the
maximum flatness factor of narrow band filtered uy signal and the inter-
mittency factor oflggl-at station 30 (figure 81). His results indicate
that the intermittency factor is almost constant and has a value of 1.0
in the core region where S was also conétant. There after the inter-
mittency factor decreases towards the wall. The photographs of ;;l taken
from the oscilloscope (Sec. 9.4) also showed that the signal was inter-
mittent near the wall. The maximum flatness factor is also almost
constant in the core region and has a value between 22 to 25 where the
intermittency factor of';;l-is 1.0. The flatness factor increases
sharply in the wall region (figure 81). There is an obvious relation-

ship between the maximum flatness factor of the narrow band filtered uy
.. ou

signal, the intermittency of 551 and its skewness. It suggests that if
the maximum FF of the narrow band filtered uy signal is less than about
.. ou ..ou '

25, then gfl-is not intermittent and skewness of 5El-is é]so constant.
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In this region of shear flows, the isotropic assumption can be applied.
.ou
] » i1ts skewness

With the decrease in the intermittency factor of
and the FF of the narrow band filtered uy signal increases, indicating
an increase in the level of anisotropy.

It was also found that the results of the skewness of 3E-(S)
for the diffuser compare very well to that of the pipe and boundary
layer. The nature and the magnitude of S in these flows is almost the
same. Therefore, the degree of error introduced in the diffuser results
with the assumption of isotropy would be of approximately the same order
as in the pipe and boundary layer. However, in the fully developed
pipe flow, S reaches a maximum at the point of maximum turbulent
energy production while in the diffuser it remains almost constant up
to this point. That is, in the pipe S deviates from its constant
value before the point of maximum production. This indicates that the
region of constant S Where isotropic theory is valid is larger in the
diffuser in comparison to the fully developed pipe flow.

Hummel (1978) has stated that the outer edge of the viscous
sublayer (y+ ~ 15) is comparable to that of £, ~ 1.0 in the diffuser.
This appears to be valid from the point of maximum turbulent energy
production. But the study of vorticity balance indicates that the
maximum of S does not occur at 52 = 1.0 but rather occurs very close
to the wall. This indicates that the maximum of S is probably affected
by the wall. It is also probable that another layer anologus to the
viscous sublayer in the boundary layer is developing near the wall in

..ou
the diffuser. The skewness of ——l (S) may be reaching maximum at the
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edge of this layer. This would suggest that unlike pipe and boundary
layer flows, the maximum of turbulence kinetic energy and vorticity
productions are being. forced apart by the strong adverse pressure in

the diffuser.




10. = RECAPITULATION

The present ekperimental study was undertaken as a result of
the finding of Okwuobi & Azad (1973) that the dissipation of turbulent
energy in a conical diffuser is negligible and the production is
generally balanced by the convective diffusion by kinetic and pressure
effects. The purpose of this study was to investigate the-physical
phenomenon which renders the dissipétion negligible in the flow. At
the outset of this study, it was thought that this process of changing
from the pipe flow characteristics where dissipation is significant to

~the diffuser characteristics where the dissipation is reported to be
negligible, must be gradual. With this objective in mind, detailed
measurements of all the quéntities except that of the pressure velocity
correlations were made in the diffuser at 13 axial stations. Since
most of the turbulent energy is dissipated by the action of viscosity
on smaller eddies, it was also decided to make detailed measurements of
the parameters indicative of the fine scale structure. Attempts were
made to minimize the experimental errors that can occur during the
course of a survey type experimental study.

The results of the present analysis contradicted the earlier
reported claims of Okwuobi & Azad (1973), that the dissipation was
negligible in the diffuser. On the contrary, it was found that even in
the diffuser, dissipation was of the same order as production. However,
the production and dissipation were not necessarily equal in magnitude
at all the axial stations. The results indicated that in the entry
region of the diffuser, production was much higher than the dissipation.

The difference in production and dissipation of turbulent energy

108
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decreases in the downstream direction and eventually dissipation exceeds
production near the diffuser exit. As a result, there was some undissipated
turbulent energy in the entry region of the diffuser. This excess energy
was transported downstream by the inhomogeneity in the turbulence
quantities in the axial direction. The picture here is different from
the fully developed pipe flow where all the energy produced at a cross-
section is dissipated there. It turns out that for the case in study,

an appreciable proportion of the energy produced is convected and
diffused both in the radial and axial directions. The results indicated
that of all the transfer terms in the flow, the pressure-velocity
correlation (pu] and pu2) is the most significant in the diffuser. Thus
the assumption of negligible contribution of pressure diffuéion for many
other flows can not be justified in the case of diffuser.

Because of the expanding geometry, the wall layer in the diffuser
~expands considerably in the downstream axial direction. Thus the radial
position where the turbulent production reaches maximum moves farther
away from the wall with the distance in the downstream direction. The
dissipation was generally more than production in this layer from wall
to the point of maximum ui fluctuations. The edge of this wall layer
is comparable to the edge of sublayer in pipe and boundary layer which
occurs at about y+ ~ 15. It was also noted that the point of maximum
production of turbulence coincides with that of zero skewness and
minimum of fourth order velocity correlations including the flatness
factors of all 3 fluctuating velocity components. This is consistent

with the pattern exhibited by pipe and boundary layer flows at the
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point of maximum production.

The measurements of fine structure of turbulence, which
contains most of the.vorticity, indicated that in the region from
diffuser axis to the. edge of the wall layer, there is qualitative and
quantitative similarity between fhe isotropic and diffuser flows.

This similarity existed at all the axial stations. Thus, on this basis,
the assumptions of local isotropy in the core region of the diffuser can
be justified. However, in the wall layer the pattern of the fine
structure differs considerably from that of the isotropic behavior.

This structure in the wall layer of the diffuser is influenced by the
proximity of the wall and is highly intermittent. It is also the region
of high turbulence activity. This behavior is similar to that reported
for pipe and boundary layer flows. |

Tﬁe parameter S increases in the wall layer and reaches maximum
close to the wall. In pipe and boundary layer flows, it reaches maximum
at the edge of sublayer where turbulence production is maximum, whereas
it remains constant up to this point in the diffuser. Thus the maximum
of S and of the production of turbulence do not occur at the same
radial position in the diffuser. This implies that these are governed
by two different physical phenomena which are being forced apart by
the adverse pressure gradient in the diffuser. In this respect, diffuser
flow is considerably different from the pipe and boundary layer flows.

Initially, the fully developed pipe flow entering the diffuser
is in a state of dynamic equilibrium between pressure force and shear

stress force. When . the flow enters the diffuser, the mean axial



velocity U] decreases to preserve the continuity. Simultaneously, the
pressure ihcreases resulting in a change in momentum with maximum
effect on the velocity profile near the wall. This changing momentum
flux in the wall proximity produces a thickening wall layer and a
displacing effect on the position of maximum velocity fluctuations and
turbulent shear stress towards the diffuser. The retardation of the
mean axial velocity increases the relative turbulence intensities. The
third and fourth order moments of these velocity fluctuations indicate
that the 'extra memory effects' may be present in the flow in the

region far removed from the wall.

1M
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11.  'CONCLUDING REMARKS

An experimental study of the turbulent kinetic energy and the
isotropic vorticity balance for a conical diffuser with fully developed
pipe flow at entry has been presented. Quantitative data of the measure-
ments of mean static pressure, mean velocity, turbulence intensities,
correlation coefficients, skewness & flatness factors, all the 3rd &
4th order correlations of two velocity components, first & second
derivative of the Uy signal and also the skewness of'ggl-signal are
_presented for an entry Reynolds number of 58000.

The mean static pressure distribution in the axial direction of
the diffuser showed that the rate of pressure recovery is maximum in
the entry region and decreases significantly towards the exit. The
general feature of the radial distribution of the turbulence fluctuations
’is the occurrence of a peak very close to the wall near the diffuser
inlet; the peak progressively shifts away from the wall with the distance
in the streamwise direction. This causes the thickening of the wall
layer in the diffuser in the downstream axial direction. The
distribution of the turbulence intensity levels is qualitatively similar,
but quantitatively much in excess of those in pipe flow. |

The results of the turbulent kinetic energy budget show that
the rate of turbulent energy production approximately reaches a
maximum at the edge of the wall layer which extends from the wall to
the point of maximum ui fluctuations. At the edge of this layer, thg

skewness of Uy & Uy changes sign and all the 4th order moments show a

minimum at this point, which is similar to that of pipe and boundary

1
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layer flows. Within the wall layer, diséipation is more than
production and thus a need for energy diffusion towards the wall. The
results also showed that not all the turbulence energy produced at any
cross-section is dissipated there. In the entry region production is
higher than dissipation, while near the exit dissipation is higher
than the production. To maintain an overall balance between production
and dissipation in the diffuser, transfer terms transport the excess
energy in both.radial.and axial directions. It is also shown that the
diffusion due to pressure velocity correlations (pu] and puz) is the
most important parameter in transferring the excess turbulent energy
to the deficient regions.

The measurements of the fine structure of turbulence revealed
that the analysis of Batchelor & Townsend (1947) for isotropic turbulent
vorticity balance is equally valid for the diffuser flow except in
the wall layer. In the core region, where this analysis is applicable,
ratio. of the rates of production: and dissipation of w'z is constant,
and the vorticity balance is essentially the same at all axial stations.
Thus there is a'dynamica1 similarity at least of those aspects of the
turbulence which control the vorticfty balance. It was also seen that
in this region: i) thé'ggl is not intermittent; ii) mean strain ;gi,is
small and linear; iii) ratios of length and time scales of the flow to
the dissipating eddies wére high and similar; and, iv) flow was far
removed from the wall.

In the wall region, however, vorticity parameters S and G do

not follow the isotropic pattern, but the behavior of S is similar to
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pipe and the boundary layer flows (measurements of G are not reported
for these flows). But the maximum of S does not reach at the point of
max imum ui fluctuations as in the fully developed pipe and boundary
layer flows. It attains its maximum value very close to the wall.
This provides a larger region in the diffuser where S is constant as
compared to the pipe flow. This also indicates that another layer near
the wall analogus to the viscous sublayer in pipe and boundary layer
may be deVeloping in the diffuser.

A11 the experimental results presented here indicate that the
“flow in the diffuser can be divided in two main distinct regions:
i) the core region; and, ii) the wall layer. This division of flow in
the radial direction is very much similar to that of the pipe flow
except that the expanding geometry of the diffuser makes tﬁe wall layer
thicker. This wall layer which occupies a very small region in the
pipe flow at the diffuser inlet expands considerably in the downstream
direction. Since the wall layer is the most important region from the
point of view of the structure of the turbulent flow, its expansion
allows the measurement of turbulent quantities in this layer without
being very close to the wa]].} This substantially decreases the wall
effect on the sensor and thus provides experimental advantages as

compared to its study in other wall bounded flows.
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RECOMMENDATIONS

It seems apparant following the present investigation that

further work should pursue the following course:

i) Data of the present investigation should be used to investigate
the app]icabi]ity'and the required modifications, if any, of
the mathematical models for the energy balance used in other

flow fields, to the flow in a conical diffuser.

i1) In order to understand the mechanism of energy transfer between
the wall and the core-region of the diffuser, the space-time

correlations of the various functions should be studied.

iii) For the purpose of understanding the structure of turbulence in
the diffuser, the wall layer should further be explored. This

is of particular importance in the entry region of the diffuser.

iv) If possible, the pressure-velocity correlations should be
measured experimentally. This may help in gaining information
about the relative significance of this term in axial and radial

directions.

v) The possibility of the 'extra memory effects' on the structure

of turbulence quantities in diffuser should further be examined.
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This was further confirmed by the plot of computed data from other

polynomials. Figure A-1 also shows the normalized wall static
pressure data obtained from the static pressure holes drilled 6 cm
apart in the diffuser wall. There were 4 holes at 90° at each axial
- station and the indicated readings are average of all 4.

The experimental data obtained in the entry and the exit regions
indicated an approximate lihear variation with axial distance (figure
A-1). Therefore, in order to investigate this possibility and also
to improve the aécuracy of the curve fitting, pressure data were
divided in 3 regions: first from exit to station 20; second from
station 22 to 56 and; the third from station 58 to 72, where station
72 is at the diffusure inlet. Polynomials of order one to five were
fitted to these regions. It was found that the 4th order polynomial
provided the best fit to region one and two; while the 2nd order
provided the best fit for region 3. Also the standard errors for
regions one and two decreased while that for the region 3 increased
as compared to the error of the 4th order polynomial fit to the
entire data set (Table A-2). Data points computed from these separate
analysis are also shown in figure A-1. This analysis showed that the
experimental data did not have linear variatioh in any region of the
diffuser. This, however, cannot be taken as conclusive because the
measured data were not corrected for any turbulence and the wall
effects. Therefore, it is possible that the true static pressure data
may exhibit slightly different variatibn than indicated here. This

aspect of the mean flow evolvement is being further investigated and
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might be reported later. However, for the present purposes, it was
decided that the polynomial curve of the 4th order to the entire data
set, sufficiently describes the pressure recovery characteristics of
the conical diffuser used. Various coefficients of the 4th order
polynomial are given in Table A-3. The pressure gradient curve

~ reported in figure 5 (see 4.2) was obtained from this equation. The
axial distance Xy for the pressure gradient in figure (5) is non-
dimensionalized by pipe diameter, whereas the equation given in
Table A-3 uses pipe radius for this purpose. Thus a factor of 2
should be used in comparing the figure 5 to that of equation given in
Table A-3. Also since axial distance g4 used in equatioh_(given in
Table A-3) is measured from the exit of the diffuser, the gradient
thus calculated would have negative sign, while the true sign in the

direction of the flow would be positive.
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APPENDIX B

THE DIFFUSER TURBULENEE DATA

The turbulence data collected for the conical diffuser using a
DISA single wire and an x-wire probe are presented in the following
Tables B-1 to B-12. The data obtained with an x-wire excluding that
of u,u, correlations were collected along the whole diameter of the
diffuser to check the symmetrical nature of the functions being
measured. A smooth curve was drawn through the data and the reported
data are from this curve, only for one side of the diffuser axis.
The data presented thus, reflect manual smoothing in radial direction
at each axial station. However, no such data smoothing was attempted
in axial direction. The data for u,u, correlations and also of €, S

and G were not smoothed in radial or axial direction.



TADLEL =}

- The diffuser turbulence data measured in the laboratory at station 67

2 1 UZ 1Yz Uy, ulu§ U, U

Dpow | w | w | ame | |

1. 4.10 § 2. 3. 0.0 -.550 0.0 -.303 0.0 -.300 | 0.016
1. 4,12 2. 3. .023 | -.555 -.020 | -.304 -.030 | -.296 -.041
1. 4.20 2. 3. .070 | -.560 -.075.1 -.302 -.075 | -.290 -.045
1. 4.43 3. 3. .170 | -.555 -.132 | -.294 -.152 | -.270 -.099
1. 4.82 | 3. 3. .246 | -.528 -.185 | -.278 -.195 | -.244 -.100
1. 5.28 3. 3. .303 | -.488 -.198 | -.258 -.200 | -.220 -.094
1. 5.85 3. 3. .342 | -.435 -.190 | -.235 -.185 | -.190 -.124
1. 6.50 3. 4. .365 | -.375 -.180 | -.208 -.172 | -.155 -.155
. 7.17 3. 4, .380 | -.305 -.160 | -.177 -.155 | -.115 -.138
7.80 3. 4, .390 | -.230 -.130{ -.145 -.133 | -.065 -.115

8.40 4, 5. .390 | -.145 -.130 | -.110 -.105 | -.015 -.102

8.58 4, 5. -390 | -.110 -.145 | -.095 -.090 | 0.0 -.150

8.80 . . -.075 -.230 | -.080 -.075 | +.030 -.083

9L




TABLE B-1-- Continued _ ‘
The diffuser turbulence data measured in the laboratory at station 67

u* u? ut u?y? u?y? uZu? ulu, u,ul €
£ ! ; ; oty | ey | —2 o | o] m¥/sec®| S 6
2 u,” u,” u,” U, U0 L u gt ufug® | ultuy uu,’ ~ _
0.0 3.34 3.38 3.38 1.315 1.38 1.314 0.0 0.0 | 12.80 405 | 41.13
.02 3.34 3.37 3.37 | 1.317 1.36 1.317 .09 .09 13.08 .406 40.89
.06 3.33 3.36 3.36 1.317 1.34 1.314 .25 .25 13.50 .405 41.67
.16 3.26 3.34 3. 31 1.315 1.28 1.314 .56 .56 15.12 .394 45.66
.26 3.14 3.30 3.26 | 1.310 1.22 1.283 .78 .78 17.94 416 48,58
.35 3.03 3.27 3.22 1.302 .1 1.18 1.256 .94 .94 21.72 -401 51.04
.45 2.96 3.23 3.19 1.293 1.14 - 1.263 1.04 1.04 | 27.39 -400 54.39
.55 2.90 3.21 3.16 :1.285 1.11 1.279- 1.09 1.09 | 34.16 | .399 56.77
.65 2.82 3.20 3.14 1.272 1.08 1.317 1.12 1.12 | 45.76 .394 57.56
.75 2.73 3.19 3.14 '1.258 1.06 1.325 1.13 1.13 | 63.11 .377 56.76
.85 2.66 3.19 3.16 1.240 1.05 1.250 1.14 1.14 [105.09 .380 52.45
.89 2.66 3.19 - 3.18 1.235 1.04 1.202 1.14 1.14 1144.20 .374 47.61
.93 2.67 3.20 3.16 |- 1.227 1.04 1.129 1.14 1.14 }255.58 .395 38.61
.96 2.72 3.25 3.10 1 1. e 1.08 1.08 |587.72 465 32.53

215
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TARL L D=4

The diffuser turbulence data measured in the laboratory at station 65

u' u' u' u.u u? ul u, u? u?u u,u? u, u?
gl x 107 g2 x 109 g x 104 L2 ! | 2y | LA — s
Ub ub Ub "i"z ET?. u, u,u, uxz"z ulung uzugz

1. 4.10 2.90 3.17 0.0 -.540 0.0 -.288 - 0.0 =-.300 -.023

1. 4.12 2.92 3.17 | .024 | -.545 -.020| -.288 -.023] -.300 0.0

1. 4.15 2.95 3.20 .068 | -.547 -.055! -.285 -.062] -.296 -.045
1. 4.43 3.03 3.35 .165 | -.540 -.148] -.278 -.138] -.280 -.078
1. 4.82 3.15° 3.53 242 | -.512 - =-.192] -.263 -.193| -.260 -.098
1. 5.28 3.30 3.73 .302 | -.475 -.205| -.244 -.2141 -.235 1 -.107
1. 5.85 3.43 3.95 .345 | -.426 -.205| -.220 -.202] -.210 -.128
. 6.50 3.62 4.22 .370 | -.370 -.190| -.195 - -.178} -.180 -. 141
7.20 3.75 4.50 | .388 | -.310 ~-.167| -.165 -. 160} -.142 -.125

7.90 3.95 4.85 .403 '} -,245 -. 150} -.140 -.145] -.100 -.108

8.63 4.17 5.17 413 | -.170 -.1501 -.118 =.125] -.045 -.123

9.05 4.40 5.40 417 | -.120 -.170] -.105 -. 1101 0.0 -.128

9.35 4.70 5.55 -.085 -.195] ~.096 =097 +.030 -.041

-415
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Fhe diffuser turbulence data measured in the>1aboratory at station 65

BT b &  WUVITL FHIVICN

u* u? u? u3u? uy? uy? udu u ud
¢ : . : —ror| ey | ey | —ir | m%/sec®| S G
2 ulq uzu "1‘3‘i U, w1 Uty u, U, u13u2 uluz3 o

0.0 3.43 3.39 3.29 1.310 1.45 1.345 0.0 0.0 13.04 .444 42.78
.02 3.42 3.39 3.29 1.310 1.45 1.344 .10 .10 13.27 .451 43,78
.06 3.40 '3.38 -3.29 1.313 1.44 -1.346 .26 .26 13.61 .453 44 .20
.16 3.31 3.34 3.28 1.318 1.40 1.348 .58 .58 15.21 .459 47.29
.26 3.20 3.31 3.25 1.320 }  1.33 1.352 .79 .79 18.03 .436 49,97
.35 3.12 3.29 3.22 1.322 1.26 | 1.342 .92 .92 22.00 .429 55.09
.45 3.02 3.26 3.17 .1.322 1.20 1.324° 1.00 1.00 27.42 431 59.44
.55 2.92 3.23 3.13 1.320 1.15 1.338 1.05 1.05 34.65 407 61.30
.65 2.84 3.20 ~3.12 '1.318 1.10 1.327 1.10 71.10 44,86 413 63.23
.75 2.75 3.21 3.13 1.310 1.07 1.257 1.13 1.13 61.23 405 62.08
.85 2.71 3.20 3.16 1.310 1.05 1.272 1.16 1.16 97.29 409 59.07
.91 2.72 3.19 3.18 |- 1.292 1.04 1.247 1.16 1,16 161.62 .371 52.02
% | 273 1 306 | 3.8 | 1.277 | 1.03 | 1.258 | 1.17 | 1.17 | 206.21 | a0] 45,52
.98 2.78 3.15 3.16 ' 1.03 | - 1.15 ~1.15 571.36 .465 36.36

: 777.94 35.37

.600
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The diffuser turbulence data measured in the laboratory at station 61

——
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3 3 2 2 2 2

;_L X ]02 2 X ]02 uJ_ X 102 . lu2 ul u2 ulu2 uxuz u1u3 2u3
U u u;uj' u}" u,’ i u;zu; uiu;z SUy”

1. 4.43 2.95 3.35 0.0 -.565 0.0 -.285 0.0 -.280 -.016
1. 4.45 2.95 3.35 022 | -.565 -.020§ -.285 -.027 | -.280 -.010
1. 4.53 2.97 3.38 .063 | -.565 -.050| -.283 -.065 | -.275 -.015
1. 4.80 3.05 3.50 .152 | -.555 -.136} -.275 -.142 | -.260 -.078
1. 5.28 - 3.17. 3.68 .222 | -.530 -.190] -.263 -.192 | -.245 -.087
. 5.88 3.32 3.90 275 | -.495 -.200} -.245 -.210 | -.225 -.118
6.48 3.50 4.17 315 | -.450 -.200} -.225 . =.203 | -.200 -.106

7.13 3.70 4.47 .343 | -.400 -.1821 -.200 -.183 | -.175 -.115

7.82 3.85 4.80 .363 | -.358 - 177} -.183 -.167 | -.145 -.116

8.60 4.17 5.17 .380 § -.320 - - 1701 -,173 -.158 | -.110 -.106

9.50 4.43 5.52 .395 | -.290 -.175{ -.168 -. 152 { -.065 -.124

10.72 4.85 5.95 | .400 | -.250 -,200{ -.165 -.142 | 0.0 -.031

11.50 5.25 6.20 .390 | -.140 -.110] ~.082 -.067 | +.080 -.086

11.35 5.22 6.18 <385 1 - -.06 | -.030 -.035

ocl



The diffuser turbulence data measured in the laboratory at station 61

4 Yy "y 2.2 2,2 € .
£ uy uy uy ulu? uu? ulu? ulu, u,u’ n2/sec . .
[ [} [}
2 u” u,* 3 uyZu;? uyZuy? u;Zul’ upsu; THE
0.0 3.32 3.38 3.30 1.285 1.42 1.361 0.0 0.0 14.08 445 45.85
.02 3.32 3.38 3.30 1.287 1.42 1.367 .07 .07 14.22 .437 45,15
.06 3.32 3.37 3.30 1.290 1.42 1.382 .20 .20 14.49 .443 46.92
.16 3.28 3.35 3.29 1.297 1.38 1.395 .48 .48 15.81 .452 49,94
.26 3.23 3.32 3.26 1.305 1.34 1.393 .65 .69 18.40 .457 53.32
.35 3.15 3.29 3.23 1.310 1.28 1.350 .86 .86 21.30 441 59.€6
.45 3.05 3.26 3.21 1.315 1.21 1.318 .94 .94 26.31 .456 61.52
.55 2.96 3.23 3.20 1.315 1.16 1.333 .99 .99 32.53 457 | 66.34
.65 2.89 3.23 3.19 1.318 1.1 1.339 1.04 1.04 40.96 461 68.07
.75 2.83 3.25 3.19 1.327 1.08 1.342 1.10 1.10 55.33 .455 70.80
.85 2.80 3.28 3.19 1.333 1.06 1.312 1.16 1.16 84.28 .440 68.71
.94 2.80 3.28 3.19 1.325 1.04 1.199 1.21 1.21 183.77 .400 63.42
1.02 2.76 3.20 3.19 1.297 1.03 1.124 1.16 ~1.16 336.00 .400 56.89
1.04 2.74 3.17 3.19 1.230° 1.03 1.073 1.10 - 1.10 460.76 .438 50.05
1.06 2.77 3.16 3.19 '1.03 1.05 1.05 540.65 .654 51.00

LEL



The diffuser turbulence data measured in the laboratory at station 57

PN b &S T

£ U u' u' u' u u u’ u’ u, u? u?uy u u,u?

2 e 2 2 28 _3 2 1 2 1 2 172 172 1 23
%% S e | a | o | e | o | wee | g

0.0 .99 4.38 . 2.95 3.43 0.0 -.530 0.0 -.270 0.0 -.260 0.0

.02 .99 4.40 2.95 3.43 .022 | -.540 -.02 -.270 ~-.025 | -.260 -.025
.06 .99 4.45 2.98 3.47 .060 | -.550 -.08 -.270 -.065 | -.260 -.025
.16 .98 4,70 3.07 3.63 | .145 | -.555 -.140 | -.264 -.140 | -.260 -.088
.26 .96 5.10 3.20 3.83 213 | -.540 =.180 | -.257 -.185 | -.245 -.119
.35 .93 5.62 3.35 4.07 .268 | -.500 -.210 | -.238 -.205 | -.225 -.151
.45 .91 6.25 3.53 4.32 .310 | -.440 -.215 | -.218 -.200 | -.210 -.166
.55 .87 - 6.97 3.72 4.63 .340 | -.392 -.210 | -.200 -.185 | -.180 -. 141
.65 .82 7.67 3.93 5.00 .363 | -.365 -.200 | -.188 -.172 1 -.150 -.129
.75 17 8.28 4.15 5.50 .380 | -.345 . -.200 | -.188 -.170 | -.120 -.166
.85 71 9.43 4.20 5.97 .395 | -.340 -.210 | -.192 -.183 | -.090 -.148
.94 .63 10.85 4.88 6.42 | .405 | -.305 -.220 | -.160 =-.165 | -.040 -.099
1.04 .50 11.72. 5.35 6.65 405 | -.145 -.080 | -.040 -.060 | +.070 +.050
1.08 .44 11.40 5.30 6.57 -.050 +.010 | +.035 +.005 -.077

.398

115

eel



The diffuser turbulence data measured in’the"laboratory at station 57

TN U T UL ey

u 0 o €
£ uy uy u; ulu? ufu} uju3 uju, u,ul ni/sect | s e
2 u "t u,* ug* ujZu;? u:’u;2 u%ug? | uru; u'u;?

0.0 3.36 3.40 3.30 1.263 1.40 | 1.272 0.0 0.0 14,59 .478 47.96
.02 3.36 3.40 3.30 1.263 1.40 1.272 .10 .10 14.75 .486 48.43
.06 3.35 3.40 3.29 1.263 1.40 -1.281 .26 .26 15.01 .480 50.02
.16 3.30 3.38 3.31 1.275 | 1.39 1.294 .57 .57 16.32 .483 52.26
.26 3.22 3.37 3.31 1.292 | 1.35 1.317 .78 .78 18.89 -493 56.80
.35 3.14 3.35 3.29 1.308 1.31 - 1.318 91 .91 22.66 | .494 63.07
.45 3.06 3.32 3.26 1.320 1.25 1.316 .99 .99 27.40 .483 66.86
.55 3.00 3.28 3.20 1.333 1.20 | 1.359 1.02 1.02 33.74 .482 72.84
.65 2.95 3.28 3.18 1.347 1.17 1.374 1.08 1.08 43.21 .478 74.01
.75 2.94 3.30 3.25 .1 1.360 1.15 1.353 1.16 1.16 57.75 .448 78.43
.85 2.93 3.36 3.29 1.370 1.13 1.3009 1.23 1.23 89.24 419 78.72
.94 2.84 3.32 3.29 | 1.335 1.08 1.173 1.23 . 1.23 172.57 .393 79.18
1.04 2.71 3.14 3.21 1.235 | 1.03 1.182. 1.13 1.13 334.71 .407 | 68.92
1.08 2.70 3.10 3.19 | 1.180 | 1.03 -1.303 1.07 | 1.07 395.83 .439 67.99
1.12 2.74 3.12 3.22 1.140 1.04 1.01 1.01 445,86 .505 66.41

eel




The diffuser turbulence data measured in the laboratory at station 50

LEALE 25y

w=J

] 3 3 2 2 2 2

52 E.L ;L X 102 u, x 104 =& x 102 u,4, Y u; u,u, uyu, u,uy U, Uy
Ty, | G100 o | ow | a | w | | | o

0.0 .94 4.55 3.10 3.37 0.0 -.520 0.0 -.263 0.0 -.250 | .013
.02 .94 4.57 3.10 3.38 .020 | -.525 -.018 | -.263 -.030 | -.250 .015
.06 .94 4.62 3.10 3.40 .058 | -.532 -.050 | -.260 -.072 | -.250 -.047
.16 .93 4.97 3.17 3.53 .140 | -.540 -.128 | -.255 -.140 | -.250 -.084
.26 9T 5.40 3.30 3.77 .205 | -.530 -=.188 | -.245 -.178 | -.245 -.123
.35 .88 5.95 3.45 4.13 .255 | -.520 -.215 | -.235 -.195 | -.235 -.155
.45 .85 6.57 3.67 4.40 .295 | -.505 -.225 | -.227 -.198 | -.225 -.167
.55 .81 7.25 3.90 4.77 .322 | -.486 -.225 | -.218 -.190 | -.210 -.208
.65 A7 8.12 4.17 5.15 343 | -.462 -.230 | -.215 -.185 | -.190 -.209
.75 .72 9.10 4.47 5.58 .365 | -.430 -.240 | -.220 -.197 | -.160 -.205
.85 .66 10.10 4.87 6.05 .380 | -.380 -.255 | -.213 -.180 | -.115 -.219
.94 .59 11.60 5.35 6.52 .388 | -.275 -.190 | -.168 -.130 | -.035 -.119
1.04 .49 12.22 5.65 6.65 .390 | -.115 -.040 | -.055 -.040. | +.095 .016
1.14 .37 12.00 5.55 6.40 .390 | +.085 +.130 | +.140 +.092 .210 .102
1.20 .29 10.80 4.75 5.80 .360 .190 .248 .133 .390 | -.118

.230
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The diffuser turbulence data measured in the laboratory at station 50

§ " " ‘ €
£ u, U, Uy uju ujud uju ":uz u,u3 m/sec?| s e
z uxT u,” uy” u,"ut | e U | U7y, u,u,
0.0 3.32 3.40 3.33 | 1.275 1.39 1.322 0.0 0.0 14.47 .463 53.92
.02 3.32 3.40 3.34 1.275 1.39. 1.320 .07 .07 14.41 .463 | 55.20
.06 3.32 3.41 3.35 1.278 1.38 1.324 .21 .21 14.88 .464 53.95
.16 3.31 3.43 0 3.35 | 1.288 | 1.35 1.328 .49 .49 15.76 .455 56.46
.26 3.29 3.42 3.34 1.300 | 1.31 1.368 .70 .70 18.04 .479 60.40
.35 3.23 3.39 3.30 | 1.315 1.26 1.427 .86 .86 21.62 471 71.55
.45 3.16 3.36 3.28 1.335 1.24 1.518 - | .96 .96 26.37 .465 75.44
.55 3.08 3.37 3.26 1.358 1.22 1.588 1.03 1.03 33.20 .469 78.25
.65 3.07 3.43 3.32 1.387 1.21 1.527 - 1.09 1.09 42.29 .459 83.34
.75 3.10 3.46 3.37 1.402 1.20 1.387 1.1 1.11 60.26 437 89.71
.85 3.00 3.42 3.36 1.358 1.14 1.267 1.10 1.10 89.40 416 93.59
.94 2.80 3.26 | 3.28 | 1.255 1.02 1.165 1.04 1.04 153.20 .387 96.92
1.04 2.64 3.06 3.21 1.170 .98 1.129.. .97 .97 246.16 .415 93.88
1.14 2.65 3.1 3.22 | 1.130 | 1.02 1.250 W91 .95 333.62 .503 90.90
1.20 2.72 3.30 3.34 1.150 1.09 1.478 .86 .95 341.30 .548 92.26
1.24 3.48 - 1.15 .80 .95 | 361.82 .610 94.21

gel



The diffuser turbulence data measured in the laboratory at station 40

TADLE D=0

E u u' u! u' uu u’ ul u, u? u?y u,u? u,u?

2 3 . 28 _3 20 - 2 1 2 1 _2 172 173 23
U, |0, 0T X0 g 0 ool | w | v | | e | o

0.0 .89 4.95 1 3.50 | 3.60 | 0.0 [-.510 | 0.0 |-.249 | 0.0 | -.255 | -.010
.02 .89 4.95 3.50 3.60 | .022 -.510 -.020 | -.248 -.020 | -.255 +.009
.06 .88 5.05 | 3.52 | 3.62| .058 | -.510 | -.055 | -.245 | -.058 | -.255 | - oaa
.16 .87 5.32 3.60 3.75 .140 | -.510 -.135 | -.242 -.130 | -.250 -.087
.26 .86 5.70 § 3.77 4.00 .205 | -.510 -.200 | -.240 -.185 | -.250 -.122
.35 .83 6.35 | 4.00 | 437 | .268 | -.510 | -.250 | -.240 | -.213 | -.250 | -.132
.45 .79 7.05 | 4.3 | 4.83 | .300 | -.500 | -.275 | -.242 | -1207 | -.245 | -.170
.55 .76 7.80 4.70 5.33 .325 | -.500 -.295 | -.245 -.213 | -,235 -.224
.65 .72 9.15 1 5.15 | 5.85 | .348 | -.496 | -.310 | -.248 | -.223 | -.215 | - 214
.75 .66 10.08 5.60 6.40 .370 | -.475 -.300 | -.238 -.208 | -.170 -.192
.85 .61 11.08 6.10 6.93 | .385 | -.390 -.220 | -.175 -.155 | -.095 -.133
.94 .54 | 11.80 | 6.45 | 7.22 | .390 |-.210 | -.110 | -.085 | -.082 | -.005 | - 0o
1.04 46 | 11.88 | 6.52 | 7.22 | .393 | 0.00 +.020 | +.027 | 0.0 | +.100 | +.033
1.14 .38 11.55 | 6.30 6.90 .378 173 . 165 . 162 +.108 .230 137
1.24 .30 10.50 5.50 6.20 .363 | ..340 .315 .322 . 162 .370 - .214
1.34 .22 9.40 4.0 5.28 .322 | .495 .385 .525 . 185 .520 .048

9€l
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The diffuser turbulence data measured in'theAlaboratory at station 40

— — | , €
C SIS TN T T T O B
L} L] ) L
u,” u,” uitur? | uituiz u;Zug? | ultu; | u{u;’ . :
3.42 3.36 | 1.258 | 1.36 | 1.33 0.0 0.0 | 15.15 | .497
3.42 3.36 | 1.258 | 1.36 1.331 .05 .05 14.74 | .498
3.42 3.35 | 1.258 | 1.37 1.346 17 17 14.85 | .492
3.43 3.33 | 1.268 | 1.36 1.382 43 43 16.02 | .497
3.45 3.33 | 1.300 | 1.33 1.440 .66 .66 18.18 | .492
3.49 3.37 | 1.333 | 1.3 1.496 | .84 .84 21.41 | .474
3.54 3.42 1 1.373 | 1.29 | 1.556 | 1.00 1.00 26.95 | .490
3.61 3.46 | 1.415 | 1.28 1.594 1.12 1.12 35.64 | .47
. 3.67 3.46 | 1.445 | 1.24 1.519 1.16 1.16 46.89 | .439
. 3.60 | 3.38 | 1.400 | 1.16 1.370 1.13 1.13 68.16 | .444
. 3.42 3.32. | 1.273 | 1.06 | 1.202 1.00 | 1.00 99.36 | .413
. - 3.21 3.25 |-1.170 .99 1.116 94 1 .94 | 146.74 | .427
1. 3.02 3.21 1.100 | .98 1.076 - .93 -95. 1 194.63 | .449
1. - 3.04 3.24 | 1.120 | 1.04 1.108 | .94 | .99 | 241.59 | .473
1. 3.25 3.38 | 1.240 | 1.16 1.279 | .95 1.07 | 256.81 542
1. 3.86 3.56 | 1.345 | 1.35 1.518 .88 1.13° | 236.91 .623
1. 4.25 3.65 | 1.382 | 1.44 .82 1.09 | 219.66 | .738
1. 3.70 1.49 | 207.71 -840

el




8/ tm b W7

The diffuser turbulence data measured in the laboratory at station 30

' (. 3 3 2 2 2 2
;—L-x 107 u Y x 107 _L 2 Y u, u,u; U4, u, 4, 4,4,
b % V| oW | wT | e | e | ueyt |
5.20 | 3.52 3.52 0.0 -.550 0.0 -.270 0.0 -.245 | 0.0

5.22 |  3.52 3.53 -018 | -.555 -.025 | -.270 -.017 | -.245 .015
5.30 3.55 3.55 .052 | -.555 -.065 | -.273 -.055 | -.250 -.036
5.60 3.65 3.72 .128 | -.563 -.155 | -.283 -.132 | -.255 -.091
6.05 | 3.85 4.05 190 | -.580 | -.240 | -.298 -.193 | -.260 -.160
6.67 4.15 4.42 .245 | -.603 -.315 | -.320 -.240 | -.265 -.214
7.55 4.47 4.87 .285 | -.630 -.365 | -.327 -.265 | -.260 -.263
8.47 4.85 5.43 .320 | -.620 -.375 | -.318 || -.258 | -.240 -.244
9.85 5.35 6.00 .342 | -.532 -.320 | -.292 -.225 | -.195 -.226
10.70 5.85 6.57 .358 | -.365 | -.250 | -.285 -.165 | -.130 -.172
11.55 6.13 6.90 .372 | -.200 -.150 | -.132 -.090. | -.050 -.142
11.85 6.25 7.02 | .382 | -.045 -.040 | -.010 -.020 | +.050 -.003
12.05 | 6.22 6.93 .385 | +.090 | +.075 | +.102 +.055. .160 +.062
11.75 6.00 6.50 .385 .230 .200 .215 .133 .285 .108
10.72 5.60 5.83 .370 .365 .320 .330 .205 415 177
9.60 - 4.82 5.20 .345 1 .490 .420 -450 .258 .560 .238
8.00 3.77 4.55 .300 | .606 .480 .550 | .253 .720 .214
6.60 2.97 4.15 .245 .672 .430 .598 .218 .830 110

8¢l



The diffuser turbulence data measured in the laboratory at station 30

w | u? uZu? uZu? uZu? uiu uud | €
1 2 3 172 3 273 172 172 2 3 :
0.0 3.26 3.29 3.43 1.258 1.32 1.420 0.0 0.0 16.55 410 63.53
.02 3.27 3.30 3.44 1.258 1.32 1.417 .07 .07 16.44 412 62.96
.06 3.29 3.33 3.46 1.260 1.32 1.415 .20 .20 16.97 .416 62.88
.16 3.35 3.39 3.50 1.280 1.33° 1.471 .49 .49 18.02 .432 64.47
.26 3.40 3.47 3.55 1.315 1.36 1.563 .73 .73 21.29 .420 74.91
.35 3.45 3.57 3.63 1.390 1.38 1.667 .95 .95 27.22 .422 77.91
.45 3.43 3.66 3.66 1.505 1.34 1.690 1.12 1.12 35.79 .395° | 84.48
.55 | 3.32 3.65 3.66 | 1.410 1.28 | 1.572 1.15 1.15 48.42 427 91.35
.65 3.06 3.53 3.56 | 1.313 1.18 1.387 1.12 1.12 67.64 .420 94.92
.75 2.82 3.33 3.38 1.227 1.06 1.268 1.00 1.00 98.87 .388 | 103.95
.85 2.64 3.16 | 3.20 1.152 .96 1.126 .93 .93 | 132.17 .398 | 112.83
.94 2.52 3.02 3.11- | 1.095 .93 1.096 .90 .90 | 166.59 .406 | 116.24
1.04 2.53 2.95 3.08 | 1.0%0 .95 1.098 91 .91 | 200.08 | .427 | 122.49
1.14 2.61 3.02 3.18 1.160 .| -1.03 | 1.190 .93 .99} 227.92 .468 | 125,83
1.24 2.75 3.21 3.38 1.250 1.16 1.286 .98 1.09 | 287.00 .514 | 131.64
1.34 2.88 3.54 3.66 1.345 1.38 1.371 .98 1.20 | 236.59 .579 | 142.51
1.44 3.05 4.00 3.96 1.430 1.66 1.571 .86 1.13 | 225.90 .640 | 155.42
1.50 3.16 4.34 4.17 1.465 1.78 1.725 .70 1.05 | 218.00 .674 | 154.18
1.54 2.0 : 203.91 .889 | 168.89

6€L




TABLE B-8

| The diffuser turbulence data measured in the laboratory at station 24

£ u “u 1 zL u' IH uu, uw o oul wur | vy, | uu? u,u?
2 L x 2y _ - ‘ » 13 Va's
U:; U; 101 U: 10 U: x10 Il"ﬁf;' u’ u;® uju;? ulZu; ujui? ujuz’?
0.0 .83 5.90 4.27 3.98 0.0 -.715 0.0 -.325 0.0 -.305 | -.020
.02 .83 5.92 - 4,27 1 4.00 .020 | -.715 -.018 ] -.327 | -.032 | -.310 +.005
.06 .83 6.00 4.30 4.02 063 | -.720 -.092 | -.335 -.082 | -.320 -.021
.16 .81 6.43. 4.45 4.15 150 | -.745 -.195 | -.358. -.192 | -.325 -.163 o ;
.26 .80 - 7.15 4,72 4.55 .220 | -.795 -.300 | -.383 -.275 | -.320 -.245 - ’ §
.35 .77 8.22 5.12 5.18 275 | ~-.845 -.375 | -.408 -.315 | -.305 -.288 S . §
.45 - .74 9.50 5.68 5.78 315 | -.828 -415 ] -.415 | -.312}| -.320 -.270 5
.55 .69 10.60 6.20 6.33 342 | -.725 -.370 | -.365 .| -.290 | -.220 -.260
.65 .65 11.75 6.65 | . 6.85 .360 } -.570 -.300 | -.295 -.232 | -.160 -.215
.75 .59 12.77 - 7.10 7.33 373 1 -.386 -.212 | -.215 -.160 ] -.095 | -.160
.85 .53 | 13.33 7.42 7.63 .385 | -.220 - 115 | -.113 - -.088 | -.015 -.087
.94 .49 13.35.] 7.50 | 7.65] .392 | -.065 -.015 ]} -.010 -.013 | +.075 -.016
1.04 .43 13.10 7.40 7.50 .397 | +.070 +.100 | +.095 | +.060 | ..170 +.040
1.14 .37 12.67 7.12 7.07 .397 .205 +.210 .195 .135 .270 1 .101,
1.24 .32 11.98 " 6.60 6.50 .388 325 | .315 .297 . .200 .380 ‘| .190
1.34 .26 11.02 | 5.9 5.82 .365 .435 .420 .393. . .250 .505 .233
1.44 21 9.75 4.97 5.07 .333 .525 - .530 .464 . 275 .645 .229
1.50 .18 8.95 | 4.25 4.57 .303 .573 .600 500 | .273 735 }  .219
1.54 .16 8.40 | '3.70 4,22 275 | ..605 .590 .522 .263 .805 .206
1.57 .15 7.85 3.10 |  3.85 .240 .630 | .555 .548 | .238 | .890 | .022
5




The diffuser turbulence data measured in the laboratory at station 24

. TABLE B-8 - Continued

) ) Y ; €
£ u} us uy uiul uiul ujul u_’uz v u,u; ntisect | s .
2 u” U, Ut ) vl U " | Y, uu, R
0.0 3.38 3.42 3.64 | 1.245 1.57 . 1.818 0.0 0.0 18.65 .428 68.67
.02 3.39 3.43 3.64 1.250 1.57 1.816 .10 .10 18.44 .437 70.13
.06 3.42 3.47 3.65 1.290 1.57 1.800 .27 .27 18.52 .423 70.48
.16 3.50 3.58 3.70 1.385 1.56 | 1.759 .66 .66 19.94 441 | 71.44
.26 3.61 3.68 3.77 1.465 1.54 1.693 1.00 1.00 24.43 .433 75.12
.35 3.67 3.77 3.80 1.568 | 1.50 - 1.598 1.22 1.22 29.98 .438 81.66
.45 3.55 3.76 3.76 | 1.500 1.43 1.480 . 1.30 1.30 41.15 .389 87.34
.55 | 3.30 3.63 3.66 1.380 | 1.29 1.385 1.25 1.25 56.74 .393 94.19
.65 3.00 3.35 3.40 1.240 1.15 1.308 1.11 1.11 74.40 .382 99.45
.75 2.74 3.15 3.22 1.145 1.04 1.218 1.01 } 1.01 100.57 .387 1109.91
.85 2.58 | 2.98 3.13 | 1.095 .94 1.127 .96 .96 128.85 416 }113.46
.94 2.50 2.90 3.06 | 1.065 .92 1.146 .94 .94 155.53 423 | 125.85
1.04 2.51 2.91 3.05 1.070 .95 1.173 .93 © .96 185.85 .448 | 127.67
1.14 2.56 2.97 3.13 1.108 -} 1.02. | 1.184 .97 -1.04 204.94 .509 | 135.02
1.24 2.67 3.11 3.28 1.198 | 1.16 1.236 | 1.04 1.15 217.90 .525 | 136.28
1.34 2.80 3.39 3.51 1.292 1.36 1.357 1.09 | 1.28. | 209.12 .580 | 155.70
1.44 2.97 3.80 3.80 1.385 1.60 1.507 1.08 1.41 200.95 .617 | 161.84
1.50 3.08 4.14 4.02 1.420 | 1.79 1.524 1.04 1.48 184.97 .773 | 163.36
1.54 3.16 4.42 4,22 1.420 1.92 "1.639 .99 1.46 174.21 .786 | 169.75
1.57 3.26 4.75 4.36 1.415 2.06 1.646 .91 1.37 163.24 .854 | 188.24
1.61 3.33 5.11 4.55 2.20 - 152.22 .970 | 214.54

vt



TABLE B-9

The diffuser turbulence data measured in the 1aboratory at station 18

u' u u ud u?y u, u? u, u?
x 1 % 2 x 102 & x 102 1 2 1 172 173 Y2

0% T e | e ay | T |

6.27 4.60 5.10 0.0 -0.830 0.0 - 0.0 -.370 .012

6.28 4.62 5.13 .025 | -0.836 -. - -.025 | -.375 .007

6.35 4.65 5.20 | .068 | -.850 - - -.080 | -.378 |-.074

6.83 4.85 5.47 .160 | -.880 - - -.195 | =-.375 |-.170

7.75 5.20 6.00 .230 | -.890 -. -. -.285 | -.360 |-.269

8.87 5.63 6.55 .283 | -.865 -. - o =.313 | -.335 |-.312

10.0 6.17 7.20 .320 | -.770 -. - -.295 | -.285 |-.301.

11.15 6.67 7.85 .345 | -.640 - - -.248 | -.230 |-.266

. . 12.28 7.05 | 8.55 .358 | ~.460 - - -.185 | -,160 |-.227
. 12.75 7.32. |  9.00 .370 | -.286 -. - -.120 | -.085 |-.147

. 13.0 7.45 9.13 | .380 | -.130 - - =~.055 | +.010 |-.085

. 13.03: 7.47 9.13 .385 | +.012 +. + +.010 100 [-.033
. - 12.85° 7.35 8.95 .388 | .145 . +.,078 .200 [+.055
1. 12.35 7.02 8.35 .388 .265 142 | .310 102 -

1. 11.68 - 6.57 7.60 .380 .370 .200 .420 .151

1. 10.88 6.00 6.88 . 365 .468 .255 .540 174

1. 9.98 5.25 6.13 .345 .552 - .290 .670 .224

1. 8.85 4.35 5.40 315 .622 .292 .800 274

1.t 8.15 | - 3.65 4.95 .290 .660 .275 .900 .251

1. 7.53 2.85 - 4,50 .253 .690 .232 .990 .115

vl



$ABLE D=7 - LoNtinued

The diffuser turbulence data measured in the laboratory at station 18

1.050

P " Y 3 € '
3 u} u : uy Ei:;rr E;:;rr Egzirr E;:Er— g%grg—- m?/sec®| S (5
2 u u,” ug" TRl IR BTN u,*u uu 5 s
0.0 3.90 3.86 4.00 1.470 1.76 . 1.757 0.0 0.0 22.48 .425 70.85
.02 3.92 3.86 4.00 1.480 1.76 1.757 .12 .12 22.28 .433 72.14
.06 3.98 3.87 4.01 1.503 1.75 1.754 .36 .36 22.35 .433 71.78
.16 4.04 3.86 3.99 1.553 1.70 1.706 .84 .84 24.49 | .413 74.90
.26 4.01 3.85 3.92 1.595 1.62 - 1.635 1.18 1.18 30.15 .418 81.07
.35 3.87 3.82 3.82 1.592 1.50 . 1.533 1.27 1.27 38.60 .407 89.72
.45 3.51 3.70 3.68 1.515 1.36 1.429 - | 1.26 1.26 51.24 | .397 95.60
.55 3.16 3.45 3.49 ‘1.355" 1.21 1.353 1.19 1.19 66.62 .380 { 101.89
.65 2.86 3.25 3.33 1.240 1.08 1.264 1.08 1.08 87.79 .382 | 107.64
. .75 2.65 3.07 3.20 1.145 .099 1.178 1.00 1.00 112.43 .382 | 109.40
.85 2.55 2.92 - 3.10 1.088 .092 1.123 0.94 .94 136.37 394 | 120.09
.94 2.52 2.88 3.04 1.063 .091 1.149 .92 .92 156.24 418 | 121.86
1.04 2.52 | 2.90 3.05 | 1.075 .095 1.165 .94 - .96 182.20 442 | 132.96
1.14 2.58 - 3.00 3.14 | 1.117. -1.04 1.207 .96 1.03 - 187.44 472 | 144,95
1.24 2.69 3.18 3.29 1.210 | 1.16" ‘1.281 |.1.01 1.14 197.76 .521 152.60
1.34 2.82 3.43 3.49 1.320 1.31 1.402 1.07 1.27 202.86 .564 | 154,74
1.44 2.98 3.74 3.74. 1.427 | .1.49 1.533 1.12 1.43 195.35 .634 | 164.44
1.54 3.15 4.20 4.05 1.535 1.71 1.683 1.11 1.51 175.24 | .746 | 181.80
1.59 3.25 4.55 4.26 1.560 1.86 ~1.788 1.05 1.51 160.40 .791 199.21
1.65 3.38 4.96 4.51 1.560 2.01 1.946 .94 1.48 146.20 920 | 228.02
1.69 3.47 4.68 2. 1 137.31 269.98

erl
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D=1V

The diffuser turbulence data measured in the laboratory at station 12

E U u' u'  Ju u.u u? u? u? u?u uu? | uu?
2 - X ]020 2 x ]02 — X ]02 12 1 2 172 172 1°3 V273
oo |G R e | o | o | o | | e | g
0.0 .79 7.03 5.13 5.63 0.0 -1.000 0.0 -.453 0.0 -.420 ..007
.02 .79 7.05 5.15 5.65 .025 | -1.005 -.030 | -.453 -.055 | -.420 -.033
.06 .79 7.17 5.17 5.70 .068 | -1.010 -.080 | -.454 -.140 | -.420 -.088
.16 .78 7.75 5.37 5.95 .170 | -1.005 -.200 | -.455 -.250 | -.410 -.202
.26 .75 8.58 5.72 6.43 .242 | -.960 -=.300 | -.455 -.300 | -.390 -.258
.35 .72 9.65 6.15 7.15 .295 | -.850 -.362 | -.415 -.315 | -.350 -.276
.45 .69 10.63 6.55 7.77 .333 | -.685 -.357 | -.355 | -.300 | -.290 -.258
.55 .65 11.53 6.87 8.30 .355 | -.516 -.290 | -.287 -.243 | -.230 -.246
.65 .60 12.13 7.15 8.72 .370 | -.360 -.212 | -.200 -.177 | -.160 -.172
.75 .55 12.47 7.35 9.00 .380 | -.220 -.122 | -.115 -.110 | -.080 -.145
.85 .50 12.62 7.45 | 9.15 .385 | -.085 -.020 | -.03 -.093 ] 0.0 -.065
.94 .46 12.60 7.45 9.17 | .390 | +.035 +.065 | +.058 +.025 | +.085 -.018
1.04 .41 12.38 7.30 9.08 .393 . 156 .160 .142 .090. .170 +.020
1.14 .36 11.90 7.05 8.80 .393 .270 .250 .230 .153 .260 .085
1.24 .32 11.35 6.70 8.15 .390 .375 .340 .330 .208 .350 19
1.34 .27 10.63 6.25 7.40 .383 | .472 427 420 .250 .450 .143
1.44 .23 9.80 5.72 6.68 . 368 .565 510 .497 .286 .555 . 187
1.54 .20 8.95 5.00 5.93 . 345 .650 .595 .560 .303 .670 .229
1.63 A7 8.08 4.0 5.20 .310 .730 .680 .610 .293 .785 .232
1.69 .15 7.55 3.25 4.75 .282 172 .696 .612 . 267 .860 .225
1.73 .14 - 7.20 2.65 4.45 .260 .800 .650 .604 .228 910 .149

144
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The diffuser turbuTence'data measured in thé»1aboratory~at’station 12

Y ® Y 2 €
£ u3 u; u? ulu? uiul ulu2 uiu2 u,uj ntjsect| s .
2 u® u,” U Uptu," | 4,y U, u, u;"u uu - "
0.0 4.48 4.08 4.10 1.635 1.89 1.733 0.0 0.0 29.57 .407 75.59
.02 4.47 4.07 4.09 1.637 1.88 - 1.716 .12 S V- 29.22 | .420 76.14
.06 4.46 4.07 4.07 1.640 1.85 1,693 .36 .36 29.08 .409 78.09
.16 4.38 - 4.05 3.98 1.650 1.74 1.620 .86 .86 31.15 .386 81.16
.26 - 4.13 3.98 3.86 | 1.645 1.62 1.555 1.12 1.12 38.15 .390 84.16
.35 3.69 3.82 3.70 1.530 | 1.48 | 1.546 1.18 1.18 48. 30 377 t 91.81
.45 3.31 3.56 3.51 1.380 1.32 1.404 1.16 - 1.16 61.49 .383 98.95
.55 3.02 3.33 3.33 -1.265 1.17 1.310 | 1.04 1.04 80.93 .381. | 105.20
.65 2.81 3.15 3.20 1.170 1.05 1.211 .96 .96 99.74 .382 | 109.84
.75 2.66 3.00 -3.10 1.113 .96 1.156 .92 .92 123.10 405 1 119.16
.85 - 2.55 2.94 . 3.04 1.083 .92 1.150 .90 .90 144,57 406 | 121.93
.94 2.50 2.91 | 3.01. 1.070 .92 1.154 .93 .93 165.47 424 | 128.75
1.04 2.50 2.95 3.02 | 1.085 ..95 1.175 .98 - .98 172.98 442 | 140.72
1.14 2.59 - 3.06 3.09 | 1.120 .| 1.02 1.215 1.03 1.05 18G9.72 470 | 143.91
1.24 2.71 3.21 3.23 1.210 1.11 1,294 1.07 1.18 193.56 .528 | 154,66
1.34 2.86 3.42 3.42 1.308 1.22 1.401 1.10 1.30 180.26 .550 | 168.54
1.44 3.02 3.70 3.68 1.403 1.36 1.497 1.11 1.42 175.24 .586 | 171.36
1.54 3.20 4.08 3.96 1.500 1.54 1.601 1.09 1.53 163.24 .632 | 180.71
1.63 3.39 4.52 4,26 1.595 1.83 -1.708 1.02 1.62 149.60 .675 | 199,12
1.69 3.51 4.88 4.48 1.642 2.04 1.769 .95 1.63 141.28 .690 | 225.68
1.73 3.60 5.12 4.65 1.658 2.20 1.884 .89 1.60 135.77 | .839 | 238.18
1.77 3.69 5.38 4,82 ' 1.52 - 130.53 | 1.060 | 232.42

Gyl



tRbBLEL B=1{1

The diffuser turbulence data measured in the laboratory at station 6

u u' ¢ u.u uld ul uu? | u?u u, u? u, u?

2 20 21 1 2 1 2 172 172 173 273
bR ar | a | @ | e | e | o | o

7.40 5.80 5.97 | 0.0 |-1.292 | 0.0 -.445 0.0 -.442 | .049

7.45 5.80 6.00 | .020 | -1.275 | -.020 | -.445 -.030 | -.442 .012

7.65 5.82 6.05 | .060 | -1.193 | -.095 | -.445 -.087 | -.440 | -.049

8.75 | 6.0 6.27 | .150 | -1.035 | -.190 | -.435 -.193 | -.410 | -.166

9.60 | 6.32 | 6.72 | .220 | -.865 -.292 | -.390 -.268 | -.365 | -.181

10.45 6.60 7.27 | .278 | -.705 -.335 | -.340 -.280 | -.305 | -.205

11.20 6.85 7.77 | .323 | -.545 -.300 | -.285 | -.255 | -.235 | -.173

11.95 7.10 8.17 | .354 |-.387 | -.230 | -.212 -.193 | -.160 | -.162

12.65 7.27 8.45 | .375 | -.245 -.150 | -.128 -.130 | -.080 | -.132

. 13.10 7.42 8.60 | .383 | -.125 -.060 | -.045 -.068 | 0.0 -.17
. 13.30 7.50 | 8.65 | .390 | -.018 +.025 | +.040 -.005 | +.085 | -.069
. 13.35 7.42 8.55 | .390 | +.077 0.110 | .123 +.058 | .170 | -.011
1. 13.25 | 7.20 8.28 | .390 | .163 0.195 | .208 .120-| .250 | -.008
1. 12.85 6.87 7.73 | .386 | .242 0.270 | .290 175 | .335 | +.025.
1. 12.30 6.42 7.42 | .380 | .318 | .345 | .380 .220 | .420 .063
1. 11.50 | 6.02 6.48 | .370 | .402 425 | .463 | .260 | .505 .039
1. 10.65 5.45 5.80 | .357 | ..482 -~ .505 | .533 |. .288 | .585 .046
1. 9.80 4.83 5.25 | .333 | .539 .580 | .590 .303 | .670 | .060
1.6 9.10 |  4.15 4.63 | .302 | ..560 .660 | .638 .298 | .755 .083
1. 8.25 3.40 4.00 | .263 | .593 | .660 | .670 .255 | .840 1 .004
1. 7.75 2.85 3.63 | .228 | .603 .595 | .663 .208 | .890 | -.049
1. 7.45 2.45 3.38 | .193 | .597 .500 | .648 175 | .920 | -.010

4



1ADLE D=§§ = LONTinued

The diffuser turbulence data meaéured fn the laboratory at station 6

u* | u® ut uy? u2y? u2y? udu u,ud
£ 1 2 : 1Yz 103 | Uply 12 12 | 2scacs| g e
z u, uz“ usn u,"un 1 U u U, Uy | urauz uxuza ‘
0.0 4.62 4.15 3.99 1.718 1.85 1.685 0.0 0.0 39.68 .374 85.22
.02 4.60 4.15 3.99 1.718 1.81 1.665 .09 .09 - 40.23 .374 83.88.
.06 4.54 4.14 3.97 1.715 1.75 1.638 .23 .23 39.99 .408 84.88
.16 4.28 4.09 3.89 1.700 1.60 ‘1.573 .56 .56 41.80 .423 84.07
.26 | 3.93 3.93 3.76 | 1.610 1.45 - 1.523 .88 .88 47.83 419 91.72
.35 3.51 3.72 3.60 1.500 1.31 . 1.412 1.03 1.03 57.88 416 99.00
.45 3.14 3.45 3.42 1.360 1.18 1.326. 1.04 1.04 72.49 .436 | 106.03
.55 2.90 3.23 3.28 ‘1.240 1.08 1.236 .93 .97 88.70 424 | 110.40
.65 2.76 3.10 3.15 1.165 1.01 1.206 .92 .92 107.04 .423 117.27
.75 2.64 3.01 3.05 1.115 .98 1.165 .89 .89 127.56 .428 | 119.72
.85 2.55 2.94 - 2.99 1.090 .96 1.153 .89 .89 149,15 434 1 129,36
.94 2.54 2.93 2.9 | 1.004 .96 1.133 .91 .92 161.37 466 | 136.10
1.04 2.59 3.00 3.03 1.158 .98 1.136 .93 - .96 176.17 -490 | 140.84
1.14 2.67 3.12 3.12 1.213 .| 1.04 1.148 .98 1.03 187.54 490 | 145.52
1.24 2.77 3.30 3.25 1.285 | 1.16 ~1.213 1.04 1.12 185.20 .524 | 159.08
1.34 2.92 3.53 3.42 | 1.365 1.33 - | 1.285 1.08 1.22 191.03 .533 | 167.06
1.44 3.08 3.79 3.64 1.455 1.52 1.365 1.1 1.35 181.42 .585 | 177.38
1.54 3.27 4.14 3.90 1.568 1.75 1.427 1.11 1.44 170.13 .600 | 183.82
1.63 3.46 4.55 4.20 1.675 2.02 ~1.488 1.07 1.48 154.88 .607 | 198.55
1.73 3.66 5.07 4.55 1.752 .2.30 1.564 .97 1.46 139.68 .642 | 217.33
1.79 3.79 5.54 4.78 1.793 2.50 1.558 . .87 1.38 124.16 .741 245,90
1.83 3.88 5.59 4.95 1.797 2.64 1.660 .76 1.27 118.14 .848 | 259.53
1.87 4.0 5.84 5.12 1.795 2.80 .60 1.06 111.87 | 1.075 | 284.24

vl



The diffuser turbulence data measured in the laboratory at station 0

LEato ] =

R=1&

.830

.066

£ u u' u u uu u’ u’ u, u? u?u u, u? 2

2 X ; 2 3 ol 172 1 2 12 172 13 Y2Ys

BRI e | w | o | e | e | wee | g
0.0 0.76 9.40 6.63 6.58 0.0 -.990 0.0 -.470 0.0 -.410 | .021
.02 .76 9.42 6.64 6.60 .022 | -.990 -.0240] -.468 -.038 | -.410 .005
.06 .76 9.50 6.65 6.63 .068 | -.987 -.068 | -.463 -.095 | -.410 |-.006
.16 .74 9.87 6.83 6.81 .168 | -.920 -.168 | -.440 -.190 | -.385 |-.058
.26 72 10.55 7.00- 7.10 .247 | -.815 =.245 | -.400 -.235 | -.360 |-.117
.35 .69 11.45 7.22 7.50 .308 | -.668 -.282 | -.345 -.235 | -.285 |-.197
.45 . .66 12.12 7.45 7.93 .350 | -.512 -.250 | -.275 | -.200 | -.215 |-.105
.55 .61 12.62 7.62 8.30 .373 | -.370 -.180 | -.190 -.147 | -.140 [-.090
.65 .56 12.93 7.75 8.72 .385 | -.240 =-.100 | -.108 -.087 | -.065 |-.070
.75 .51 13.05 7.82 9.00 .395 | -.115 -.030 | -.025 -.033 | +.010 |-.044
.85 .46 12.92 7.80° 9.15 | .402 | +.002 +.050 | +.058 +.022 .085 [-.019
.89 .45 12.88 7.77 9.18 | .405 .045 .080 .090 .045 115 |-.008
.94 43 1 12.72 7.65 9.17 407 110 125 .140 077 .160 }+.009

1.04 .39 12.38 7.40 9.08 .408 .220 .200 .222 .133 .230 .037
1.14 .35 11.95 7.05 8.80 .404 .320 .278 .308 .183 .305 .064
- 1.24 .32 11.45 | -6.70 | - 8.15 .398 | .415 .350 .382 .230 .385 .084
1.34 .28 10.87 6.25 7.40 . 388 .505 435 .453 272 .470 .094
1.44 .25 10.20 5.80 6.67 .378 .594. .510 .520 .312 .560 .097
1.54 .22 9.50 '5.25 5.95 .370 .675 .582 .580 .350 .650 .097
1.63 .19 8.75 4.65 5.20 .349 .750 .660 | .640 .383 .745 . 084
1.73 17 - 8.02 4.00 { 4.45 .328 .820 .740 .693 .390 .840 .053
1.83 .15 7.30 3.20 3.48 .298 .884 .810 .742 .375 .940 |-.012
1.87 .13 7.00 2.85 3.22 .283 .910 .835 .743 . 345 .985 |-.034
1.91 .12 6.72 2.57 3.00 .267 .930 .730 »312 | 1.030 |-

8vl



The diffuser turbulence data measured in the laboratory at station 0

MULL DI ™ LvuiLinuey

% b 4 2,2 2 ) €
3 u}]r uin u? uiul uiul ulu? uju, u,u’ n2/sec® | s .

u Uy ugt o utuRT ) utuE Uptug " | uytu, uu,’ ‘ o )

0.0 3.99 3.83 3.81 § 1.550 1.640 1.533 0.0 0.0 53.83 .372 95.08
.02 3.98 3.83 3.80 1.545 1.640 1.535 .08 .08 53.07 .374 95.35
.06 3.94 | 3.82 3.77 1.528 -} 1.620 | 1.555 17 A7 51.40 . 388 92.36
.16 3.7 3.74 3.67 1.458 | 1.540 | 1.605 .68 .68 53.32 .375 92.99
.26 3.38 3.60 3.57 1.363 1.44 1.552 .89 .89 58.47 .379 97.73
.35 3.1 3.43 3.43 1.270 1.30 1.404 | 1.0 1.0 68.02 .379 | 104.82
.45 2.87 3.28 3.27 | 1.200 1.14 1.323 | 1.01 1.01 77.46 | .380 | 111.58
.55 2.68 3.14 3.14 1.148 1.01 1.275 .98 .98 94.82 .384 | 115.53
.65 2.57 3.03 3.07 | '1.112 .95 1.211 .96 .96 113.34 403 | 121.63
.75 2.52 2.95 3.02 1.093 .93 1.158 .95 .95 125.19 413 | 128.50
.85 2.51 2.90 2.99 1.088 .95 1.124 .95 .95 140.62 426 | 128.52
.89 2.51 2.90 2.98 | 1.090 .96 1.119 .95 .96 146.10 435 | 134.35
.94 2.52 2.93 3.00 1.103 .99 1.098 .96 .99 151.30 .456 | 140.35
1.04 2.56 3.00 3.06 1.138 | 1.06 ~1.7103 .98  11.06 164.76 .455 | 151.85
1.14 2.64 3.10 3.16 1.190 1.15 -7 1.130 | 1.02 1.12 169.81 .480 | 153.66
1.24 2.76 3.23 3.18 1.260 1.27 1.207 1.07 1.21 172.60 .538 | 162.53
1.34 2.89 3.43 3.44 1.348 1.41 1.251 1.13 1.31 167.81 .543 | 180.13
1.44 3.02 3.69 3.63 1.452 1.57 | .1.338 1.20 | 1.43 167.74 .564 | 178.40
- 1.54 3.17 4.08 3.83 1.575 1.75 1.407 1.29 1.60 162.76 .646 | 198.15
1.63 3.34 4.48 . 4.06 1.732 | '1.93 1.368 1.33 1.78 147.88 .669 | 218.41
1.73 3.53 4.9 4.30 1.848 2.14 1.553 1.31 1.92- 134.25 .789 | 247.57
1.83 3.77 5.40 4.58 1.937 2.36 1.619 1.22 |2.02 121.43 .802 | 280.03
1.87 3.89 5.60 4.70 1.970 2.46 1.686 1.17 2.04 115.59 .864 | 314.01
1.91 3.98 5.66 4.88 1.993 2.56 1.750 1.08 2.07 110.07 1.111) 312.08
1.95 4.23 5.96 5.06 2.015 2.66 2.10 104.87 1.250f 356.25

6¥1
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APPENDIX C

'ERROR CONSIDERATION

Considerable theoretical and experimental work has been directed
towards the study of errors involved in flow measurements made with -
both pressure tube and hot-wire equipment. Discussion of these find-
ings can be found for example, in Pankhurst & Holder (1952), Hinze
(1959), Bradshaw (1971), Chauve (1977) and Guitton (1974). The errors
involved with the turbulence laboratory measurements with hot-wire can
generally be divided in the following categories:

i) Measurement errors due to the effects of prong interference and
of Tongitudinal cooling;
i1) Error associated with the non-linearity of the respdnse equation;
iii) Error associated with large changes of flow direction with
respect to the wire;
iv) Errors due to the effect of high intensity turbulence;
v) Errors involved in the response of the basic senor to the flow
turbulence;
vi) Errors associated with the electronic measuring and processing
instruments.

The phenomenon related to the first error is associated with block-
age of the flow due to the presence of the stem and prongs and can arise
when a wire is being used in an orientation other than the one for
which it was originally calibrated. However, the modern probe design
(DISA types used in present study) has largely eliminated this error.

Further, the probe was calibrated in situ in the same orientation as
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was used for data collection.

The Tongitudinal cooling effectris associated with additional
heat convection effects when a wire is yawed to the mean flow. This
is generally taken into consideration by multiplying the velocity
component parallel to the hot-wire by a constant k in the hot-wire
response -equation. However, the data présented in the present study
were not corrected for this effect.

The non-linearily of the response equation can be conveniently
removed by lineariiing the signal to

E o U.I

and this type of response was assumed throughout this work. This was
achieved using a DISA linearizer. |

Guitton (1974) States that the large changes of flow direction
generally cause greater coolings than the cooling sought; viz., that
due to U] alone.

The corrections required due to the high intensity turbulence in
the conical diffuser were estimated for two axial stations 12 and 6
using Guitton's (1974) equations. These two stations were selected as
it was thought that the corrections would be maximum here. The
purpose of this exercise was to indicate the maximum possible error
that could exist in the data presented due to assumptions made in.
simplifying the mathematical response equation. According to Guitton
(1974), the corrected Reynold's stresses are expressed in terms of

coefficients multiplying the measured quantities. Thus
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1 Y3 Yy

(C-4)
(¢ is angle of inclined wire).

In the above correction factors, the constant k was considered to
 be of the order of turbulence intensity. These correction factors
include correlations up to 4th order and in the present work assumptions
did not have to be made for the third and. fourth order correlations
because all the necessary terms except Uyu,u 32 wecg_mgggyred.

Uy U,u
Guitton (1974) states that the correlation ——-%-35 varies between

U]UZU
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1 and 3, and he assumed a value equal to the arithmetic mean of the
1limits of this 4th order tripple velocity correlation. However, the
moments measured in the conical diffuser indicated that any correlation
involving odd power of?uz;must pass through zero at the diffuser axis
(Sec. 6). And since u;;;;;? involves the odd power of Uy and u, and
thus can be looked as the interaction of uyU, &, u3% and thus should

be zero at the axis. Earlier it was shown (Sec. 6.2.1) that

From the above equation, it may be justified to assume that the

instantaneous values of these functions would also be equal. Thus

Multiplying the above relation by uy and taking its time average yields,

u1u2u32 ¥ u]uz3 .
The above relationship was used in obtaining the correction factor for
ﬁ;ﬁ;ﬁ The third and fourth order correlations themselves were not,
however, corrected for high intensity.
The longitudinal cooling corrections (k) appear only in the first
term of the correction factors up to the order of magnitude being
considered. Thus these were no longer considered and the correction

factors were concerned solely with the high intensity turbulence
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effects (k = 0 in equations (C-1) to (C-S)L The magnitude of the
correction factors thus computed is shown in figures C-1 and C-2 for
station 18 and.6.;;Thefjntensity corrections  to u12 are small every-
where and for ;gziéndji;ﬁg'are quite significant in the wall layer of
the'diffuser; The . correction factor H4 for_;;Z is generally same
throughout and increases slightly élose to the wall.

The errors involved in the electronic measuring and processing
‘instruments are taken:into consideration by proper calibration and by
keeping a close check on the instrument drifts; Some shift was
noticed by Reichert (1977) in the linearization of the hot-wire signals
after an extended use of :the instruments and because of this the hot-
wire was calibrated before.and after each test. The D.C. shift in
the TM-377 was closely monitored and taken into consideration in data
analysis. A detailed discussion of errors due to the hot-wire
-anemometry is given by’ Trupp (1973).

The most important part of the turbulence data collecting system
is the hot-wire itself.' For this study a DISA single wire and the
x-wire were used. .The x-wire was used for measuring all the moments
up to the 4th order while the single wire was used for obtaining the
first and second.derivative of thevu] signal. Since the skewness
of';;l is}a very sensitive measurement, it was used tgutest the high
frequency response of the hot-wire. The skewness of'sil-obtained in
the diffuser with.a new single‘wire probe was comparable to the
boundary layer (Ueda & Hinze, 1975) and pipe (Ueda & Mizushina, 1977
and Elena; 1977). .The-Qa]ue of S at the diffuser axis was of the
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while hot-wire anemometry may not give accurate absolute results, it

is the ability of the equipment to give reproducible.results and
indicate proper trends which is most important; This is particularly
true since often the measurements are non-dimensionalized by a

quantity computed from themselves (e.g.; skewness:and f]atness factors).
Therefore, the errors:in trends are more significant than absolute
errors. Thornton-Trump (1971), who estimated x-probe anemometry
(without Tinearizers) errors using the technique of Kline and |
McClintock (1953), showed that the trend errors for ui, ué,-ué and

usu, are only about + 3%.



TABLE 1

Mean parameters of flow at the diffuser entry

U.R

Pipe Reynolds number;'-{}- 58000
Pipe bulk average velocity, Ub(m/sec) 18.32
Pipe radius, R(m) . 0.0508
Pipe friction velocity, u*(m/sec) 0.94

Kinematic viscosity of the air,

v(mz/sec) 1.59 x 1072
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Diffuser radius, Pressure gradient and the friction velocity

- TABLE 2

at various axial stations

Axial station Local radius dPm Us
on T/ T
69 5.17 0.3818
67 5.31 0.3432
65 5.45 0.3077
61 5.73 0.2453
- 57 6.01 0.1938
50 6.50 0.1261 0.029
40 7.20 0.0702 0.024
30 7.90 0.0470 0.019
24 8.32 0.0419 0.018
18 8.74 0.0390 0.017
12 9.16 0.0348 .015
6 9.58 0.0256 0.013
0 10.0 0.0081 0.017
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TABLE 3

Static pressure data in mm of water with respect to
atmospheric pressure (Given pressure data have been multiplied by -1. 0)

160

Axial Stations for Static‘Pkes

sure Measurements

£y ,
72 66 60 54 48 42 36
1.44 | 2.7
1.34 | 3.60 2.85
1.24 4.65 3.65 2.90
1.14 7.65 5.85 4.70 3.70 2.95
1.04 10.80 7.70 5.95 3.75 3.0
0.94 14.20 | 10.9 7.70 6.00 4.75 3.75 3.0
0.85 14.25 | 11.10 7.85 6.10 | 4.80 3.75 2.95
0.75 | 14.30 | 11.20 7.90 6.15 4.80 3.75 2.95
0.65 14.45 | 11.30 8.00 6.20 4.80 3.70
0.55 14.45 | 11.35 8.10 | 6.20 4.80 3.70 2.90
0.45 14.40 | 11.40 6.20 3.70 |
0.35 14.40 | 11.45 8.15 6.20 | 4.85 3.70 2.90
0.16 14.45 | 11.45 8.15 6.25 4.80 3.70 2.85
0.0 14.40 | 11.45 8.20 6.20 4.80 3.70 2.85
-0.24 14.40 | 11.40 | 8.20 6.20 4.85 3.70 2.85
-0.33 14.40
-0.43 14.40 | 11.40 8.10 6.25 4.85 3.70 2.90
-0.53 14.40 | 11.35 6.20
-0.63 14.35 | 11.30 8.05 6.20 4.85 3.70 2.90
-0.73 14.30 | 11.20 8.00 6.20 4.80 3.70
-0.83 14.10 | 11.05 8.00 6.20 4.80 3.75 2.95
-0.93 11.0 7.90 6.15 4.80 3.75 2.95
-1.02 7.80 '6.05 4.80 3.70 2.95
-1.12 4.75 3.70 2.95
-1.22 3.65 | 2.90
-1.32 2.80
-1.38 2.75




Static pressure data in mm of water with respect to

TABLE 3
(cont'd)

atmospheric pressure (Given pressure data have been multiplied by -1.0)
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Axial Stations for Static Pressure Measurements

&2 30 24 18 12 6 0 (exit)
1.95 0.10
1.93 0.10
1.87 0.40
1.83 0.45 | 0.15
1.79 0.75
1.73 1.10 | 0.75 0.50 | 0.20
1.65 1.6
1.63 1.20 | o0.85 0.55
1.54 2.15 1.65 1.25 | 0.85 0.55 | 0.30
1.44 2.20 1.70 1.30 0.90 0.55
1.34 2.25 1.75 | 1.30 | 0.95 0.65 | 0.40
1.24 2.30 1.80 1.35 1.0 0.70
1.14 2.30 | 1.80 1.40 1.0 0.70 | 0.45
1.04 2.35 1.85 1.40

.94 2.35 | 1.85 1.40 | 1.05 0.75 | 0.5

.75 2.30 | 1.80 | 1.40 | 1.05 0.75 | 0.50

.55 2.20 1.75 1.35 1.0 0.70 | 0.45

.35 2.20 | 1.70 | 1.25 | 0.95 0.65

.26 0.40

.16 2.20 1.65 1.20 | 0.90 0.60
0.0 2.20 1.65 1.20 | 0.90 0.60 | 0.40
-.24 2.20 1.65 | 1.25 | 0.90 0.60 | 0.40
-.43 2.20 1.70 | 1.30 | 0.95 0.65
-.53 0.45
-.63 2.25 1.75 1.35 1.0 0.70
-.83 2.30 . | 1.80 1.40 | 1.0 0.70 | 0.45

-1.02 2.30 1.80 | 1.35 1.0 0.70 | 0.45
-1.12 2.30 - 1.35 1.05

-1.22 2.25 1.75 1.30 1.0 0.70 | 0.40
-1.32 2.20 | 1.70 1.25 1.0 0.65

-1.42 1.60 | 1.20 | 0.95 0.60 | 0.35
-1.44 2.10

-1.52 1.60 1.15 | 0.90 0.55

-1.61 0.80 0.50 | 0.30
-1.63 1.1

-1.71 0.75 0.45 | 0.20
-1.73 0.70

-1.81 0.40 | 0.15
-1.91 .05




TABLE 4

Atmospheric conditions for static pressure data
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in Table 3
Axial Air Temp| Atmospheric Room air cond1tjon
Stations |  °F Pressure, mm of | Dry Bulb Temp| Wet Bulb Temp
mercury °F . °F

72 74 735.8 72 63
66 74 735.8 72 63
60 74 735.8 72 63
54 72 734.7 70 61
48 72 734.7 70 61

- 42 72 734.7 70 61
36 74 741.0 72 62
30 73.5 741.0 72 62
24 73.5 741.0 72 62
18 73.5 741.0 72 62
12 74 743.4 72 62
6 74 743.4 72 62
0 74 743.4 72 62




TABLE 5

Dissipation rate in the diffuser at station 12, 52 = 0.91

Probe  Ogepteat “spectrs “uy/op @ difference X difference in tvo wires at
m-/sec m-/sec from “spectra "~ ""“to regular probe
spectra duy/at
regular 0.8 145.6 109.2 25.0
regﬁlar 0.5 141.3 107.9 23.7
special 0.5 174.9 126.8 27.5 23.8 17.6
special 176.3 128.6 27.0

0.4

€91



- TABLE 6

Variations in the ratios of excess production
and dissipation in the diffuser

station (28) 100
50 . 28%
30 8.7%
18 2.8%
12 -.2%
6 -12.0%
0 -3.0%

where P is production and ¢
is dissipation.
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TABLE 7

Various constants associated with figure 80

165

Uy du, /3t (a'u]/at)3 azu]/at2
gain = 1 gain = 5 gain = 5 gain = 3
1 v/div 5 v/div 5 v/div 5 v/div
a : | T, T .2 m sec Ty = .2msec |ty = .2m sec
Sm sec/div  5 m sec/div 5 m sec/div Ty = .05 m sec
| 5 m sec/div
gain = 1 gain = 9 gain = 9 gain = 7.5
:l'v/div 2 v/div 0.2 v/div 2 v/div
b : T, = .2 m sec Ty = .2msec |r, = .2 m sec
20 m sec/div |20 m sec/div 20 m sec/div  |t, = .05 m sec
| v 20 m sec/div
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TABLE A-1

The standard error of the static pressure data from
Polynomials of order 1 to 5 fitted to all
data at Re = 58000

Order of the Standard Error
Polynomial — ~ of Estimation,Se comment

1 .0822 Based on this
analysis, 4th

2 .0324 order polynomial
was fitted to

3 .0127 normalized pressure
data set for its

4 .00869 analytical ana]ysis

5 .00884




. TABLE A-2

The least standard error of estimation from polynamials
fitted to pressure data in various axial regions of the -

diffuser. Re = 58000

Stations

Order of polynomial
with Teast error

Standard error of
estimation

I II III Entire data set
0-20 22-56 58-72 0-72

4 4 2 4

.000693  .00175 .0189 .00869
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TABLE A-3

Coefficients of the 4th order Polynomial
fit to entire data set. Re = 58000

_ 2 3 4
7 T3 YAt ag, +agg +a,g,

89L
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NAVIER-STOKES | TOTAL MOMENTUM EQUATION ] CONTINUITY
(force balance) mean and turbulent momentum (mass conservation)

T }

Multiplication by Reynolds decomposition
total velocities : time averaging
TOTAL ENERGY TIME AVERAGED
BALANCE EQUATIO MOMENTUM EQUATION
Reynolids decomposition Multiplication by
time averaging mean velocities
TIME AVERAGED TOTAL ‘ TIME AVERAGED MEAN
ENERGY BALANCE EQUATION | ENERGY BALANCE EQUATION
B I =
subtraction

{

TURBULENT KINETIC ENERGY
BALANCE EQUATION

Figure 1 Genealogy of turbulent kinetic energy
balance equation (egn. 1).
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Figure 3 Diffuser traversing mechanism
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Figure 4 Mean static pressure distribution.
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Figure 19 The wall friction velocities (u,) in the diffuser.
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Figure 22 Flatness factor of Uy in the diffuser.
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Figure 24 Flatness factor of Ug in the diffuser. Symbd1s as for figure 22.
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Figure 41 Turbulent kinetic energy production in the diffuser.
: Symbols as for figure 15.

2.0

Lie



MEAN FLOW CONVECTION x 10%

0.30
0.27
0.24
0.21

0.18

0.09

0.5k

0.12 }

0.06 b=

Figure 42 Variation of the mean flow convectmn term.
Symbols as for figure 15.
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Figure 45 Mean flow convection term at station 30 obtained from
~ fTigure 44.

Gle



MEAN FLOW CONVECTION xi0®

& Statian 42
A Lom 30
g " 18

o

080 1.0 ‘ i.2 1.4 1.6 1.8

Figure 46 Mean flow convection at 3 axial stations in the:wall layer
evaluated from the data of Okwuobi & Azad (1972).
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Figure 47 Viscous work term in the diffuser. Symbols as for figure 15.
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as for figure 15.
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Figure 51 Convective diffusion due to kinetic effects
in the diffuser. Symbols as for figure 15.
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Figure 52 Convective diffusion due to pressure effects
in the diffuser. Symbols as for figure 15.
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Symbols as for figure 67.
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Figure 80 Photographs of oscilloscope traces.
(See Table 7 for scope settings).
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