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ABSTRACT

An experimental study of the turbulent kinetic energy and the

isotropic vorticity balance in a conical diffuser havi.ng a totaì
divergence angle of 8" and an area ratio of 4:r with fuìry deveroped

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 u.l signar are presented for pipe Reynolds number of 5g000

based on the pipe average veìocity and the radius.

The results show that the pressure recovery characteristic is
independent of the Reynoìds 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 gradi ent.

The turbulent energy balance shows that the rate of turbulent
energy production reaches maximum at the edge of the waìl layer extending

fron the wall to the poínt of maximum ui fluctuations. This rayer grows

with distance in the downstream direction. ülithin this layer, dissipat.ion

is more than þroduction and thus a need for energy diffusion towards the

wall. Results also show that the turbuience is inhomogeneous both in
the radial and axiar directions in the diffuser and not all the energy

produced at any cross-section is dissipated there. An appreciable

proportion of the energy produced is also transported in the downstream

direction to meet the requ.i rement 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.
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0n the basis of the energy budget anaìysis, the claim of 0kwuob.i

& Azad (ì973) that the dissipation in diffuser is negrigibre and the
production is mainly baranced by convective diffusion due to pressure
and kinetic effects is thus refuted.

The results ot tfre þ measurements show that in the core region
of the diffuser 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 rarge compared

with their difference in the region from axis to the point of maximum

u.i fluctuations. However, these rates and the ratio of d.issipation to
production i ncrease^ s i gni fi cantly further towards the wa.l 

.l . The value
. âu-

of the skewness ot f in the constant region is conparabìe to that for
the grid turbulence. The overall behavior of skewness of þ l, similar
to that reported for boundary layer and the pipe flow, except that the
region of constant skewness of þ i, .larger in comparison to that of
pipe flow.

0n the basis of these results, it is claimed that the assunptions
of local isotropy can also be extended .to the present complex flow,
and the degree of error introduced due to such an assumption in the
anisotropic region near the walì is comparabìe to other walì bounded

fì ows .
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'I . INTRODUCTION

Turbuience is an irregular three-dimensional, tirne dependent

anci the most conplicated kÍnd of fluid motion. The term turbulent

denotes the superimposition of an imeguiar fluctuating motion on the

main stream. This fluctuation is usuaìly so complex in its details

that it seems to be intractable to mathematical treatment, but the

resulting mixing motìon 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 fo1 lowing this path, certaín

theoretical principles which allow us to introduce a measure of order

into the experimental material have been established.

Laboratory turbulent shear flows can usualìy be divided into

two groups. First being free turbulent flows; i.e., the fiorv in jets

and wa'kes 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: (ì) negative (favourable)

pressure gradient flow: pipe fìowi (2) zero pressure gradient flow:

flow along a flat plate and, (3) positive (adverse) pressure gradient

flow: diffuser fl ow.

The pipe flow and the boundary ìayer on a solid surface, v¡hich

are important in engineering and convenient to expìore experimentally,

have been studied vigorously by various investigators working in the

field. The diffuser which is a simple, useful, fluid-mechanical

eìemeilt used for example in turbomachinery as a pressure recovery



device should be the next logical field of investigation. physicaì ly,
a diffuser converts mean kinetic energy into f I or,r energy which

produces positive pressure gradient in the direction of flow. This

also increases the intensity of highty energetic turbuìent 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, rvhile 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 organìzation 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 fìnally how it is converted to the internaì (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

sunmarized by Okwuobi (1972). But the experimental work on the

turbulence characteristics of the flow field is generally meagre ìn

comparison to the work for other rvall bounded flows. The structure of

turbulent shear flow in a djffuser was probably first investigated by

Ruetenik & Corrsin (1955). They experimentaily studied the

turbulence properties of fully developed, pìane diffuser (d.iverging

channel) fìow at a total divergence angle of 2". Their results

showed that there were large increases in turbulent energy and average



shear leveìs compared with those of Laufer (1951 ) for parallel wall

channel flow. 0kwuobi & Azad (.l973) provided detailed measurements

of the Reynotds stress tensor and aìso computed kinetic energy budget

for one axial station in a B" conical diffuser. The conical geometry

of the diffuser was chosen as it proviiles a symmetri c distribution of

the mean and turbulent quantities about its axis. 0n the basis of

their results. okwuobi & Azad (t973) claimed that the dissipation

of turbulent energy is generaìly negìigible 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

vlas reported to be due to the adverse pressure gradient in the direction

of the f ì otnr. 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 negligibie in the diffuser. The

importance of such a study is further enhanced by the work of Hummeì

(1978), who measured various structure functions in the diffuser and

indicated many similarities Ìrith the boundary layer flows.

Generalìy, the turbulent flow of real fluids is of a díssipative

nature. Because of this dissipation of turbulent energy, a continuous

supply of energy from some external source is necessary to maintain

the turbuìence. This external source is usually the mean flov¡. 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 flovr 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 smailer eddies lose ail sense of direction,and thus

become statisticalìy 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 fìow field. It has

also been pointed out by Townsend (ì956) that the turbuìent energy

balance should be studied first to fully understand the structure of

turbulence. This is a rather natural and ìog.ical step as the energy

balance is the study of the trace of Reynolds stress 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 invoìves the

ìong time averages of turbulent quantitíes which may obscure some

details, but still provides signÍficant information about the physics

of flow. Knowledge of the energy balance is also important from the

point of vi evr of developing and testing mathematical models for
turbuìence.

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 aì (1971) and Corino

& Brodkey (ì969) reported that the disturbance mechanism consists

substantially of inrushes of fluid with high axial momentum into I ou,

nomentum fìuid near the wall alternating with ejections of low

nomentum fluid outward from the wail. Kim et al (t97t), crass (1971),



l^lillmarth & Lu (1972) and l¡laìlace et al (1972) have shown that the

energy production process is strongly associated with and dominated

by this intermittent inrush-ejection cycìe, and consequently by the

large-scale turbulence, thereby confirming the earìier hypothesis.

l¡lallace et al (1972) have pointed out that the turbulence dissipation

process is also strongly related to the random and intermittent

inrush-ejection cycle, because the region of the inrush and ejection

events appear to correspond to the region of high local shear rates

and consequently to high local dissipation of energy, wh.ich implies

the presence of finer scale structure of turbulence.

ïhe finer structure (smaìler eddies) also represents the

turbulence vorticity field of the flow. This vorticìty is three-

dimensional and the vortex stretching provides the essential maintenance

mechanism. Therefore, the study of the turbulent vorticity balance is

essentialiy an attempt to understand the finer structure of turbulehce

which is inevitably required for better understanding of the turbulence

mechani sm.

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 0kwuobi

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

Mani toba.

. 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
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inlet to its exit. Thus it is proposed that the energy barance wourd

be evaluated at several axial stations to study the mechanism of

decreasinq dìssipation 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 r.¡oul d be evaluated from the experimental data, and the

pressure diffusion urould be estimated by balance. At present there is
complete lack of such an information in the literature available for
adverse pressure gradient fl ows.

Most of the vorticity present in the frow fierd 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 turbuìence in an adverse pressure

gradient fìow, thereby aìso investigating the appiicabi lity of isotropic
assunptions to such a non-uniform fìow.

The conical diffuser chosen for this study was the sarne as used

by Okwuobi & Azad (1973), having an 8o included angìe and an area

ratio of 4 to l. Sovran & Kiomp (.1967) have shown that such a

diffuser possesses optimum pressure recovery characteristics. Also

the property of ax i symmetry of the conical diffuser offers the experimental

advantage as it provides two similar points in the same flow situation.
All tests were conducted r+ith fully deveìoped pipe flow at the

di ffuser entry.



2. SURVEY OF PREVIOUS t^tORK

In this chapter, material relevant to the present study .is

reviewed. The chapter is divided in two sections, first dealing with

the turbuìent kinetic energy and the second with the turbulent vorticity.
Each section contains the necessary mathematical equations foìlowed by

a review of pubì ished experimentaì results.

2-1 l¡e_f@
The turbulent kinetic energy equation for the axisymmetric flow,

assuming stationarity, may be written in the form (0kuruobi & Azad,

1973)*

I + II + III + IV + V = 0 (l)

where the different terms have the foì1ow.ing meaning.

l4ean fìow convecti on:

r = ]rrfrr ù,t',,. ,fr,rä rfrrr

Convective diffusion by kinetic and pressure effects:

" = +rrfi re, tfrr t4 . ftn 
* ùrrrtt'r t4r * {}ttr.

*Hereafter also referred to as 04.



Producti on :

rrr = r(ff) q,fr, .,{ fr, ù,il,

. ,-l#, q,fr, . d,fr, ,* n*u¡'

Vi scous work:

,u - -,4 '+ùrezù,#,r ,*,*,,.frffi,
Di ssi pati on:

q2 = riri, ,, = þ ,r=3 *" = þ

.="15-\ì 5
[ ðxj ax i .] â*.j

and the normalizing quantities R and UO are the pipe radius and the pipe

bulk average veìocity respectivery, In the above terms the overbar

indicates a time averaged quantity. The turbulent kinetìc energy

u=R..
ub'



budget is a conservation equation for the quantity I oO2 una as such

each term describes a rate of appearance or disappearance of turburent
kinetic energy at a point.

The terms of the energy equation can be divided into two crasses:

those dealing with the iocar creation or the dissipation of turburent
kinetic energy within the contror volume and those dear ing with the

movement of kinetic energy into or out of the control volunle. The

structure of the flow both upstream and downstream of a particular
point determines the behavior of the turburent kinetic energy and

therefore the normal stresses at that point. This is impricit in the

energy balance equation because these quantities appear in spatial
derivative tenns which wourd require integration over the 

'hore 
frow

field for analytic sol u ti on.

The fundamentai starting points for the deveìopment of the

turbuìent kinetic energy barance equation are the Navier-stokes and

the continuity equation which are respectiveìy statements of Newtons

ìaw (a force barance) and mass conservatíon. fi'lurtiprication of the sum

of these two equations by the total velocities yields an energy

equation. By the usuaì processes of Reynolds decomposition and time

averaging followed by subtraction of the mean energy eguation, the

dimensional form of the above equation is obtained. The detaired
derivation of the turburent kinetic energy equation is avairabìe in
Hinze (t959) (in rectangular coordinates), Huffman (1968) (in mixed

cylindrical and rectanguìar coordinates), Laufer (1g54) in cyìindrical
coordinates and the details will not be repeated here. The geneaìogy

of the turhulent kinetic energy equation. is summarized diagrammaticatìy
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in figure l. In fully developed turbulent pìpe 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 tenn disappears enti rely.

l4any 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 (t955) for slightly divergent

channel flow, Kìebanoff (1955) in boundary layer with zero pressure

gradient, Nakagawa et al (.1975) in channel flow and Hanjaìié & Launder

fiSlZ a¡ in an asymetric channel flow. A general picture which emerges

from these flows is that in a turbulent ftow field, energy is extracted

from the mean flow (production) and converted into internaì energy

(heat) by viscosity (dissipation). Transfer terms such as mean flow

convection and convective diffusion due to kinetic and pressure effects

transport energy from surplus to deficit areas, where it is dissipated,

At any cross section there is always an overalì energy balance between

production and dissipation, which is achieved with the help of transfer

terms .

0kwuobi & Azad (1973) have provided some data on the turbulent

kinetic energy budget in a conical diffuser. Their results showed

that the dissipation is negligibìe 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 then as a cìosure tenn in the energy equation and thus

acted as the balancing term of the equation. The diffusion term

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

such must s hor,J up somewhere erse in the fierd. Oklvuobi & Azad (0A)

postulated that the convection of energy must be taking place inthe axial
and radiar direction. However, the energy equations derived from the

Navier-Stokes equations provide for such movement of energy. To

achieve ìocaì equiìibrium, 0A irnplied that the convective diffusion is
similar to that of dissipation and attributed it to the existence of
adverse pressure gradient in the frow fieìd. such an expranation makes

this flow, with adverse pressure gradient, appear entirely different
from other waìr bounded frows. Ruetenik & co*sin (i955) have aìso

measured energy budget in a furìy deveìoped, equiìibrium prane diffuser
flow at a total divergence angre of 2o and found that production ìs
mainly baìanced by dissipation. since the mean pressure gradient in a

conical diffuser is usualry not in equiiibrium, a direct comparison rnay

not be justified. However, Sovran & Klomp (1967) stated that a

diffuser with linear ampìification acts as an amprifier of ve]ocity
fluctuations entering it and thus it could be expected to have sorne

similarities to flow entering the diffuser. In the experimentâr setup

of 04, f I or,¡ at entry was fuìly deveìoped pipe flow. But the energy

budget presented by 0A tends to inply that something very drastic happens

to the flow after entering the diffuser. Since data of 0A were onry for
one axial station, no detai'red information courd be gathered about this
sudden change in the turbulent nature of the fiow. Therefore, it would

be interesting to investigate the energy baìance in the whore frow

field of a conical diffuser, radially and axially. This would help to
check the valìdity of the concrusions reached by 0kwuobi & Azad (ì973)
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and to fully understand the.structure of turbulence in a conical diffuser
with an adverse pressure gradient,

2,2 The Vorti ci ty Equation

The vorticity equation derived directìy from the Navier_Stokes

equation b.yvon Karman and as reported by Batchelor & To'nsend (r94.7)

for homogeneous isotropic turbulence is:

,n$1=,;Ë.,",,#
(?)

where

u,i 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 znd tern on the right side

is essentially negative and represents a rate of destruction of vorticitv
due to viscosity. In a frow field, when positive extension of a vortex

filament occurs' the magnitude of the rocal vorticity increases due to

the consequent raterar contraction and anguìar accereration. Thus in
parts of the fluid where there is a positive rate of extension of the

vortex filament' the magnìtude of the vorticity wilr be high. Taylor
(ìSSA) (referenced in Batchelor & Townsend, ì947) pointed out that
this production of vorticity due to random, diffusive extension of
vortex linr:s is a fundamental process in the mechanics of turbulence

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

energy.
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The effect of extension of the vortex ìines is to tend to make

the vorticìty distribution 'spotty', with small regions of high

vorticity; on the other hand, the effect of viscosity is strongest in

regions of high vorticity, and tends to diffuse it evenly throughout the

fluid (Batchelor & lownsend, 1947). The vorticity equation (2)

represents the balance between these two effects, and a simplified fo:m

of this equation which could be used for comparison with experimental

iata as given by Batchelor & Townsend (t947) is:

#=*-'3s-#,'' (3)
G

ç

where S is the minus skewness factor of the probability distribution of

âu.,/âx., (the minus sign is introduced because the skewness is found to

be negative) and is defined as:

The contribution to dtr'27dt from the process of vortex extension is

directly proportional to S.

The factor G/R^ is related to the decay of vorticity due to

viscosity and is defined as:

(4)

(5)
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RÀ

A representative measure of the factors S, G and À can be obtained by
âu.t-measuring (ç:) anO using Taylor's assunption of space-time equivalence.

Thus:

Ël'

[s]'

and :

âu-
The skewness, S, of / has been measured for grid turbuìence (which

provides a good approximation to isotropic turbulence) and the

reported vaìues vary between 0.3 & 0.5 (Batcheìor, 1947; Batchelor &

Townsend, 1947; Saffman, 1963; Betchov, I956; Panchev, l97l).

Batchelor & Townsend (.l947) claimed 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

= 
,ir

r=V,/Wl''

3/2
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but increases near the wall reaching a maximun of approximately 0.9

at y+ - 20 before decreasing further towards the wall. A similar
distribution was arso indicated by ueda & Mizushina (r977) and Erena

11977) for pipe flow. Since S is the 3rd moment of the time derivative
of u,, it is a good indicator of the fine structure of turburent flow
field' And the simiìarity in the distribution of s in shear flows to
that of grid turbuìence indicates that the isotropic assumptions in
the smaìl scaie turburence can be extended to these frows except near

the wall. However, no such data are avairable for diffuser fiow.
Batchelor & Townsend have also provided some information about

the factor G. It was shown to vary linearly with the turbulence

Reynolds nurnber in the range z0 to 60. vaìues of G have not been

reported for any other frow. Therefore, this study was undertaken to
obtain the relative varues of these paì"ameters ín a conicar diffuser to
assess the turbulent vorticity balance in such a flow.
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3. TXPERIMENTAL EQUIPMENT AND PROCEDURT

3.1 l,rlind Tunnel , Diffuser and TÈaúèrsing Mechanism

The experiments were conducted in a r ovr speed open circuit vlind

tunnel described previousiy by Azad & Hummel (.l97t) and okuruobi & Azad

(.1973). Briefly, air was b ror.rn through àn 89:r contraction cone and

74 diameters long steer pipe of r0.16 cm inside diameter before enter-
ing the di ffuser.

The diffuser (tigur"e 2) was machined from cast aìuminum. A

nachined reinforcenent ring wh.ich could be rotated to any angular

positìon was adapted to the ou et end of the diffuser to support the

traversing mechanism (figure 3) with a micrometer head graduated in

0.00ì rrn. The traversing mechanism was basically the same as used by

0A with sone minor changes to improve its positioning accuracy. The

probes were mounted on a 2.5 cm diameter tube entering the diffuser
fron the downstrean end. A 22 cn rong taper was fitted between the end

of the tube and the probe support to minimize any frow brockage effect
upstream of the tube. The hot wire holder could be rotated about its
axis to align the probe with the desired nlane, slid in and out (ìn x.,

direction), and positioned in the x, direction by the traversing

mechanism. The overall nechanical structure of the traversing

mechanism was sufficienfly robust to minimize probe vibratìon 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 contra<tion cone which was calibrated wfth pitot tube in terms of
centre lint: mean veloc.ity in the diffuser.
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okwuobi & Azad (1973) have shown that the flow in pipe up_

stream of the diffuser is fulìy developed and by using forward and

reverse-facing pitot tubes, they have arso shown that the frow in the

diffuser does not separate.

3.2 Instrumentati on

Mean static pressure aìong the diffuser wall was measured with
a static pressure round tube having an external diameter of ì mm. Mean

veìocity for hot-wire calibration was obtained usìng a round total
pressure tube of I mm and 0.76 mm external and internaì diameters

respectiveiy. The probe readings were recorded on a Betz project.ion

manometer with 0..l nm of water scale intervals. No corrections were

attempted to account for turbulence.

Turbuìent measurements (except that of þ, """. made with
standard DISA SSP5ì gold plated x-probe (i.25 im wire length, 5 ¡rm wire
diameter). For measurenents of þ a specia.l DISA bsp0l gold plated
single wire probe (0.625 mm wire length, 2.5 pm wire diameter) was

used' A standard, DISA s5p0r gord plated single wire probe (i.25 mm wire

lenSttr, 
5 ¡m wire diameter) was also used to neasure ul spectra and

¡1 at one station to compare it with the resurts obtained wiùh speciar

single wire probe. The t"/d ratio of the wires in each case was 250.

The electronic equipment included DISA 55M01 constant temperature

anemometers, 55Di0 linearizers, 55D35 r.m.s. meters, 55D31 d.igital
voltmeters, Krohn-Hite 3770 filter, Tetronix 466 dual beam storage

scope and a true integrating digitar vortneter. Aìso used were a murti-
function turbulent processor TM377, a differentiator Tll-TD_ì .and a 5
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channel muìti-integrator, which were made locairy and a detaired

description has been given by Arora & Azad (1978).

The standard procedure reconmended in the DISA technicai
literature for the hot-wire operation v,,a s followed to obtain the

linearized turburence signal frorn the singre and x-wire probes. The

circumferential velocity component (ua) was obtained by rotating the

x-probe on its axis by 90" from the uru, p.lane. The uru, component

was similarly obtained by aìigning the x-probe at 45o to both x.,x,
and xrx, planes. The probes were calibrated in situ on the diffuser
axis at 6 cm from the diffuser exit prane. pressure tube measurements

of the centre line verocity in the diffuser at station r2 for different
static pressure difference across the contraction cone fon¡ed the

basis of the hot-wire caribration. The Iinearized outputs from the

x-probe wires were matched to within I.5% over the required operation
range. The probes were calibrated for measurements at each station.
The thermai stabirity of the eiectronic equipment vra s maintained by

aliowing the units to remain powered durÍng the course of the

experimental work even v,rhen the instruments were not in use.

The x-wire probe was operated at an overheat ratio of 0.g,
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 rength effects or variation
of the inclined wire response from the cosine law. The accuracy of
the dissipation measurements vlas improved by the use of speciar DISA

55P01 probe, as its length and diameter were both ha.lf as compared to
the standard DISA probe. However, the wire length was stil.l ìarger
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than the Kolmogoroff length scale n = tflt. Therefore, the dissipation
measurements obtained from specìar single wire were corrected for wire
length effects using l,lyngaard's (.l969) analysis for single vlire. But

no such coffection was appìied to the measurements of S and G, as these
quantities were normaìized by fgl".

["'J
To measure various moments, the linearized outputs.fron 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 addÍng and

subtracting the input signals were available. For dissipation measure_

ments' the linearized hot-wire signaì from the speciar DISA 55p01 probe

was fed to the TM-TD-] time differentiator. Thìs 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
âu-

of # . For the second derivative the buÍrt-in time differentiator of
IN377 on Channel A was used. The hot_wire signaì was fiìtered at
28 kHz before and after each differentiation. For this pr"po.", th.."
built-in filters of TM3l7 and a Krohn_Hite filter y¡as 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 overalr precision better
than l% for reference voìtages between 0.1 and i0 volts. To improve

the operation of multipliers and to decrease the measuring errors, the
input signals to muìtipliers were ampìified 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 aìong with considerations for
other possible errors.

3.3 Data Acquisition

Static pressures along the diffuser wall were neasured at 42

axial locations using a static pressure tube for 7 different Reynolds

numbers varying from 32000 to 86000 based on pipe average velocity and

piþe radius. Measurement positions were l cn apart near the diffuser
entrance and were increased to 2 cm in the downstream direction. The

radial variation of the static pressure $ras, however, measured for
only one Reynoìds number of 58000 and at ì2 equidistant (6 cm) axial
stations in the diffusers. These axiar stations were the same as used

by okwuobi & Azad (1973).

The linearized signal from each wire of the x_probe r,¡as used

as input to turbulent processor TM377. At the output, al1 possible

combinations up to the 4th order moments of the turburent quantìties

obtained by adding and subtracting the two input signais vlere avairabre.

The voltage output of the moments were integrated over a period of r00

seconds and then read on a digital vortmeter. All these moments were

measured for 13 axial iocations at 69, 67, 65,61, 57, 50, 40;30,24,
18, .l2,6, 

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. Irronents were measured aìong

the whole diffuser diameter at each axiaì station to confirm the

existence of axi symmetry.
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To measure the correlations of the two transverse velocity
fluctuations (uru3), the x-probe was placed in the flow in such a way

that its planewas para er to the frow and at an angie of 45o to the

x, and x, axes (Townsend, l95g; trlygnanski & Fiedler, .l969; 
Hanja.l ió &

Launder, 1972a and lrwin, lg73). The output of the hot-wire sets are

then (see Arora & Azad, 1978, for details):

el 0ul +k(ur+u,¡

"2oul-k(ur+ur¡

subtraction of the signals gives:

(e., - er) c (u, + ur).

The squarinq of this combined signal yields:

("r-;/,Ç * ",r\-q
and the c ube:

t", - "rF"f * s$,r* 3rUl.f
and

re, -"r,a*f *44T3- 6q4 -4[Ur-f .

The results of u.,u, correìations had shown that terms involving the odd

powers of ul are zero (as should be the case for the axisymmetric flow),
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. -.-T- tr'e'¡ u3 ¡ u2u3' and u}'u3 , etc. vanish.

Then :

(e., _ e, )4

Therefore the ra ti os:

(4 - %lz "q.q
(.r -"rT'd* *l:

"4 * "'7q.q

(e., -er)3 _f .srÁz
rr1 -$¡rz tÇ.Çfrz

(.r -.rT _ú-u,74.Ç
¡1e, - er)2)2 rÇ.4s'

Y"*.q 
From which, using earlier obtained dara of q,æ,q,

ur+ and ,r4, rh" quanriries ÇÇ ano ÇÇ ,"r" then calculared.

3.4 Data Process i ng

ïhe static pressure data obtained were nonnalized by totaT
velocity head in the pipe and polynomials of degree I to s were fitted

(6)

(7)
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to these data. It was found that the 4th order poìynomial qave 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 poìynom.ials and

then evaìuating the same at the desired axial position. Reichert &

Azad (ì976) used onìy the Sth order polynomial for all the curve

fitting anaìysis. They claimed that it fully represented the data

though no statistical 
,comparison 

was rnade.

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

normal i zed as follows:

mn
'i uj

(Ç¡^/z rÇf/z

where m, and n vary fron 0 to 4.

The normalized quantities for i = I and j = 2¿ 3 were hand

plotted and checked for synrnetry. All quantities exhibited a symmetrica'l

nature. A smooth continuous and symmetric curve was drawn through the

data points, and obvious outliers were eìiminated. These faired
symmetric curves rvere then evaluated only on one side of the diffuser
axis. These non-dimensional ized data up to 3rd order were converted

into proper units and were renormarized using pipe burk average verocity
and its radius for evaluation of the energy balance. The resulting
data was punched in fornatted form on computer cards. Simple Fortran

computer programmes were $rritten to handle the data and to generate

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

(8)
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centreline and the waìl using Aitken's interpoìation method.

Since the x-vrire vras operated at an overheat ratio of 0.g which

produced a temperature difference in excess of Z2O" C between probe

wires and the surroundings. Cìose to the diffuser walI, due to the

high thermal conductivity of aìuminum, 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 v,rires, making the measured

turbulence data unreliable. Therefore, data obtained very cìose 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 wouìd be the result of the physical limitations of
the measuring instrument rather than the physical characteristics of

the fl ow.

Having established the axial synrmetry in all the moments of
ul, u2, u, und ,nsrlorrel a ti ons of u.,u, and uru' it was decided to

measure uru, and r--L Oata only on one side of the diffuser axis.
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4. RESULTS OF MEAI'¡ FIOI^J MEASUREIIEI''ITS

4.1 Flow Speci fi cati on

0kwuobi & Azad (1973) and Hummel (1978) have reported the

existence of Reynolds number simílarity for turbulent quantities in a

diffuser flow. Since pressure recovery is the basic feature of a

diffuser, it was decided to investigate the Reynoìds number simiiarity
on the basis of the statíc pressure in the flow. The static pressure

measurements taken for 6 Reynoìds number and normalized by the total

velocity head in the pipe were found to collapse onto a single curve

within the experimental error, (figure 4), thus conf.irm.ing 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 ì gives the mean parameters of

flow for this Reynolds number at the diffuser entry. This Reynotds

number was the same as used by Hummeì (1978) for most of his experimental

work and was close to the I ov'rer Reynolds number used by 0kwuobi & Azad

(Re = 76000)..It was thought that improved experimentaì accuracy

couid be achieved with the reduced high frequency content of the lower

Reynolds number turbulence. Both the high frequency signal to

anenometer noise ratios and the wire length attenuation were less

important for turbulence with reduced high frequency content.

In order to have a fuìly deveìoped 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 f, of 50 is adequate for cornplete flow

development in a pipe. Also Sabot & Comte-Bellot (1976) have shown
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that a length of 70 diameters is sufficient to ensure the renewal

turbulence in pipe for nearìy the same Reynolds number as used in

present study.

4.2 I'lean Static Préssure

To provide a complete picture of the pressure field in the

diffuser, the axiaì static pressure data were analytically anaìyzed

(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

anaìyticai differentiation of the poìynomial showed that a pressure

gradient difference of more than an order of magnitude existed fron

the beginning of the diffuser to its exit (figure 5 and table 2).

The pressure in the diffuser increases continuously tili 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

recovered and from here till I0 cm from the exit plane, the pressure

gradient, though still positive, is more or Iess constant. The chojce

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. Foìlowing Okwuobi & Azad, Hummel (1978)

also conducted most of his experíments at this station and found many

simìlarities with the boundary layer results,

As the pressure in the diffuser ìs increasing continuously in

of

the
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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 it should be

differentiated from the "deveìoping pipe flow", where pressure

gradient is negative and constant, and a nqn-turbulent core region

exists. This core region is a consequence of the fiow entering the

pipe. In diffuser flow too, characteristics of flow at entry are re-

tained in the core of the diffuser (Hunnel , l97B), But the ,develop_

ment' or the 'adjustment, of flow occurs due to pressure recovery and

is independent of the Reynolds number of the range tested.

Since pressure recovery is the nnin 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). 0n 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 curviiinear 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 i0; and

the 4th region being the exit region where the pressure gradient

approaches zero. 0n the basis of this division and in an attempt to

study all the regions, the following axiaì stations were chosen for
detailed s tudy:

69,67,65, 6:l , 57, 50, 40, 30, 24,'lg, .l2, 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 heìp in the complete understanding of the nre¿n

turbulent structure in the diffuser flow. Data for stations 69 served

as boundary conditions and wene not used in the final data presentation.

The local radius of the diffuser for these axial stations is also

gi ven ìn Table 2.

Because of the continuous and strong adverse pressure gradient,

the flow adjustment also takes pìace cont.inuously. Since there is no

flow separation (0kwuobi & Azad, ìg73) and the pressure gradient is

varying smoothìy, it is expected that fìow adjustnrent would also be

smooth. Therefore, on the basis of pressure recovery characteristics

of the conical diffuser, no sudden changes in its flov' structure were

expected.

The mean radial static pressure in the diffuser y¡as nleasured

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 generaìly

smalì. This is in agreement with the results of Okwuobi (j972) for
the sanre diffuser, also with fully developed pipe flow at entry.

4.3 l4ean Ve loc i ty

The mean axiaì velocities obtained from the hot_wire measure_

Ìnents for l2 axiai stations are pìotted in figure 6. As demanded by

fìow conti,ruity, the change .in dÍffuser cross_section in the axiai
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direction produces a reduction in nean axiai velocity, this resurts 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 waìì, is due to the retardation of the

fluÍd layers relative to each other caused by the rising pressure in
the dournstream direction. Because the radiar variation of the static
pressure is comparatively small (Sec. 4.2, Table 3), the amount by

r,rhich the tLxiaì velocity is reduced would tend to be of the same order

of magnitude across the diffuser, büt is modified by the shear forces.
Since the fìow in the diffuser does not separate, this ímp.lies that
the gradient of axiar verocity in radiaì direction at the warr never

reaches zero. However, in the immediate neighborhood of the wall the

curvature of the velocjty profire deognds onìy on the pressure gradient

and in decele**o;å;:t tfr'ol' ,i' 0 (schtichtins'1e68' p' 123)'

Since, in any case --).Or?t alarge distance from the wall, there mustðx^L àzu-
exist a point for wr¡iótr -* = o. This is a point of inflexion of the

ðx^-
veìocity profite. such a p6int was noticeabre in the mean veìocity
profiìes near the diffuser ou et, a conclusion also reported by

Okwuobi & Azad (ì973) and Hummet (1978).

Irlea n axial velocity data were normalized by pipe bulk average

veìocity. the normalized data were hand pìotted and a smooth symmetric

curve was drawn through these data points. For further analysis, data

were extracted fron these faired curves in the manner described

previously. An analyticaì description of the profiìe devejopment 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 eacÞ group separately. This

was done to get better fit of polynomials to experimental data. Since

the change in flow is naximum in the initial stages and is minimum

near the outlet, it was thought that analysing axiaì data in such a

manner would improve the accuracy of polynomial fit. polynomiaì with

lesser error of estimation was used for analytical analysis of data at

station 40. Differentiation and evaìuation of these polynomials

provided the ìongitudinal vetocity gradient data required for the

computation of the radial component of the mean velocity. The mean

radiai velocity profiles (figure 7) were computed using the continuity
rel ati on:

ur(r)
-ü-- -

D

^u-
r-i t" t'l u'' (e)

t lEz- 
Ç)o

Before integration, data for the derivative of U., were smoothed

manualìy. This process of fairing tended to eliminate small irregularities
which appeared in the computed derivative profiles but were inconsistent

with flow pattern. In figure Z, according to sign convention adopted, a

positive radial veìocity indicated a motion towards the diffuser v¡all.

The radial velocity components were less than about 12% of pipe average

velocity. This ratio decreases considerably tovra rds the diffuser
exit. This is consistent with the observed pressure gradient. since

it is the continuous increase in cross-sectional area which produces

mean U, and the pressure rise, and as such must be ínterrelated. There_

fore, it is not surprising that mean U, has a large magnitude in the

entry region of the diffuser as compared to near the exit, After
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station 65, the mean U, is under 61" of the pipe average velocity.

0kwuobi & Azad have reported that mean U, is generally ìess 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 profiìes 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 U, profites were computed from the axial derivatives of U.,

profiles, it was decided to compare the axial velocity profi les at

stations cormon to both studies. The prof.iìes at station 30 are shovrn

in figure B, which indicates a good agreement between the two veiocìty
profiles. This suggests that the U, profiles could only be different
due to the difference in axial slopes obtained. To check this
possìbi1ity, it was decided to evaluate U, profiìes at station 30 by

numerical anaìysis of the U¡ data. For this purpose, okwuobi & Azad's

(1972) data for3 profiles of Ul atstation 36, 30 and 24 were anaìysed.

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 shouìd not make any difference as the

axiaì velocity profiles compare wel l with each other. The three axial

velocity profiles were pìotted and the difference in magnìtude in

axial direction at various radial positions betu,een two stations 36 &

30 and 30 & 24 was taken. lhis difference (UrU - UrO and USO - UZ+)

was divided by their axial distance which was 6 cm in both cases. The

average of these two slopes was tãken to be the velocity gradient at
au-

station 30. fne t'v,,as thus obtained for 0 < E2.1.04. These
"^t
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derivatives were plotted on a large scale and were graphically integrated.

The magnitudes of U, were computed using the continuity equation. This

profiìe along with that of 0kwuobi & Azad (.1973) and from the present

study at station 30 is shown in fìgure 9. If we assume that the present

method gives better estinate of the axial derivatives, then figure 9

implies that the polynomial fit (used in present study) underestimates

the axiaì derivatives whiìe the exponential fit (reported by Okwuobì

et aì, 1972) over estimates the same. The peak in the U, profiìe of
Okwuobi & Azad (t973) occurs at sìightly 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 check.ing the

mean flow convection term of the energy equation.

This exercise thus indicates that the quantities evaluated

using axial derivatives should be accepted urith some reservations. A

similar opinion was also expressed by Ramaprian and Shiva-prasad (.l976).

This lack of accuracy in the axial derivatives is generally due to the

fol ìowing reasons:

i The data profiies are quite far apart in the axial direction.

In the present study it varies from 2 to l0 cm.

ii Number of data points available for usìng analyticaì functions

. are generaìly small. In the present study there were 13 data

sets in an axial distance of 72 cn,

iii 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 fì uctuations.
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4.4 Mean Strain and Vorticitv

In an axisymmetric flow r.,rhere Ui >> U, and Ug = 0, and the

downstream derivatives of rnean quantities are smal I cornpared to cross-

stream derivatives ($.. ¡}.), a condition generaily fulfilled byo9l d12
the diffuser flow, the only non-zero components of nean rate of strain
and vorticity are given by:

. , âu^ âu_

'","r=ttí-d,

J

l.âu2 âur.
nq - exrl'

(10)

(il)

The radiai description of the axial verocity profiles for this was aiso

obtained by fitting poiynomials of order I to 5. Generally, the 4th

or 5th order polynomiar resurted in the least error of estination.
These poìynomials were differentiated anaìytìcarìy for the required

derivatives. In thè present case, þ i, unout an order of magnitudeôU, '^isrnaller than çj,thus the rate of strain and the mean vorticity are"^2
approxima.te'ly equai in magnitude but opposite in sign and are aboutau' au-' '

hatf of 
{ . Figure ì0 shows the 

fr wnicfr in turn can be viewed as

representing both mean strain and the mean vorticity.
Since the veìocity 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
eìement. This is expected as the diffuser which produces a strong
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adverse pressure gradient in the direction of the flow, acts as a

damper for the mean quantities. As figure r0 shows,.a ìarge varue of the
mean verocìty gradient in.the radiar direction that exists near the rvar l
results in hiqh rate of deformation and rotation of the fruid in the proxinr_

ity of the walr. This feature arso exists in other wari bounded frows.
Also over the whole of flow field the sign of vorticity is positive.
This indicates a tendency of the mean frow to turn torvards the diffuser
wall.

In an attempt to further specify the flow, the directions of
the mean principaì stresses and strain rate v,rere arso carcurated usino
the following reìationships (Comsin, 1957);

(12)

and

o = | tun-ì
ùr,,
qq (13)

Due to the similarity of the curves, data for only 6 stations
are presented (figure ìl and l2). At the diffuser axis, values of both
a and ß are zero but a short distance away (t, - 0.5) they tend to
reach a constant value. Magnitudes of a in the constant region reaches

alnost 45" and that of ß varies between .|3" 
and lg" and tends to

approach zero at the walì. This variation is similar to other bra.t I
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bounded flows but is different fron that of wake flow (Corrsin, .l957).

Hanjalió and Launder ('1972 a) have also reported the angle a to be 45"

and ß to be approximately 17o for the asymmetrìc plane channel flow.

Corrsin also suggests that if the direction of these two principaì

axes are different, as ìs the case in diffuser flow, then assumptions

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

be successful ,
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5. TURBULENT STRESS TENSOR SURVEY

In order to understand the physicai processes involved in an

adverse pressure gradient flow, the turbulent Reynolds stress tensor for

the entire diffuser vvas first surveyed. The turbulent stress tensor,

when written in matrix fórm, consists of terms ìnvolVing the intensities

of veiocity fluctuations and correlations between pairs of the fluctuating

velocity components:

u1u2 u.l u3

u2u 
r

ryr '3q (t+¡

Physically, the presence of fluctuating velocities superimposed on the

mean flow introduces additional mean momentum ftuxes within the fluid.
By Newton's 'law these additional momentum fluxes appear as additional

stresses within the fluid. The Reynolds stress tensor is synmetric and

for axisy[netric flow the terms involving the time averaged odd powers

of u, (i.e., 
EÇand ÇÇ) 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 {Ç term. Each of the stress terms

were measured with the x-wire probe using the multifunction turbulent

processor TM377.

-ur

-2
uz uzr3

-2
u3
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5.1 Turbu lent IhtenSi ties

The distributions of the three components of r.m.s. re.lative

turbuìence intensities are shown in figure 13. At each station the ul
¡

component:ur,rn" highest vatue, with u.,lU., r urZU., , ujlU', ana tne

ratio of u.,/u, increasing from the diffuser axis to the walì (for
exampìe, from ì-4.l0 to 2.162 at station 30) thus ind.icating an ìncrease

in the degree of anisotropy in the positive radial direction. These

data are in agreement with those of previously reported by Okwuobi & Azad

(.|973). Generally, the magnitudes ot u., and ul increase ín radial
direction at each station" while ui component shows a peak near the wal'l .

such a distribution of intensities was also reported by Klebanoff ('lgss)

for boundary ìayer flow, Laufer (ì954) for ful ly developed pipe fìow

and Reutnik & Corrsin (1955) for slightìy d.ivergent channel flow.

Also in the axial direction, the magnitude of the intensitjes
increases at each radial position except in the wall layer. Because of
the expanding geometry; i.e., the walì is graduaì]y moving away fron the

flow' there is always a point where intensity is lower than compared to

the same upstream radiaì position. Thus the crossing over of the curves.

This is the direct consequence of the increases region over which to attain
the maxirnum intensity level . Since the relative magnitude of ul fluctuations-¿
actuaì ly decreases near the wall, this crossing over is not observed in
thi s contponent.

Figure ì4 shows the distribution of the turbulence intensity
u., nornnlized by the pipe bulk average velocity. The peak which

develops very cìose to the wall near the diffuser inlet (q2 : 'l.0)
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moves towôrds the diffuser axis in the stream wise direction. Also

the intensity level generally increases in the downstream axiaì direction,
..u.1

The peak position ot / in the radial direction specifies the point oftb
maximum turbulent production in the field. In the pipe and boundary

'Iayer, this position is found to exist at y+ r 15. In case of conical

diffuser this posÍtion shifts sìightly towards the axis in the downstream

direction, Thus the wall layer (from walì to the point of maximum

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 Reynol ds

stress tensor qZ = u12 * ,Zz ur2, which is directly proportional to

the total turbulence kinetic energy. The values of the stress tensor

were computed from the nomal stress measurements and were normalized

by the pipe bulk average velocity. Since the total turbulence kinetic

energy exhibits the same basic features corûnon to the normal stresses

the individual distributions of u, & u, are not shown here. As

shown in figure l5 the total kinetic energy increases in the downstream

direction. In the radial direction, the turbulent energy ìike that of
u1

t' shows a peak which shifts slightìy 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 uì , uå, ui Autu of 0kwuobi & Azad.

As expected, the magnitude of stress tensor trace is higher in the

diffuser as conpared to the pipe flow which specifies its inlet
condi ti ons .

5.3 Correlâtión Coefficiént

The correlation coefficient T3 (tigr"e l6) varies consider-

abìy in the radial direction. or. tälll*"try, 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 uj ttuctuations. A region of

constant correlation coefficient also exists in fuììy developed pipe

fìow (Sabot & Comte-Betlot, t976). The maximum value of the coefficient
reached in this region (approximately 0.4) is aìmost the same for both

the flows and more or less remains constant throughout the whole

di ffuser.

5.4 Tangential Stresses

Figure l7 s holvs the distribg¡lþn of tangential stresses

The nature of the distribution

for the trace of Reynolds

radius (9, = t.0) in the

normalized by pipe mean vetocity t l*1.
ub'

of tangential stresses is the same as that

stress _tensor. It also peaks at the pipe
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entry region of the diffuser. This peak shifts towards the diffuser
axis in the downstream direction. The magnitude arso increases in the

dov¡nstream direction but is generaìly an order of magnitude snaller
than the stress tensor trace. The condition of synmetry forces its
value to be zero at the axis. It also tends to approach a value of
zero at the diffuser wall.

For an axìsyrmetric flow, the Reynolds stress tensor is symrnetri c

and the onìy non-vanisl' 
-n

ììng terms are g- and u]ur. Since these terms

are the basic mean parameters of the turbulence, their ratio Tþ wh.ich
q'

represents the ratio of the nagnitudes of correìated to the total
turbulence was also calcuìated (figure lB) to see the effect of changing

geometry on their relative magnitude. Due to sintilarity only 7 curves

are present.ed. Because of the symmetri c nature of u¿, the value of
this ratio was zero at the diffuser axis and tended to approach the sanle

at the wall. In the centrar region (away from the walr and the diffuser
axis), this ratio approached a constant value between 0.ll and 0.14

which is comparable to that of boundary layer (Hinze, l9S9). This

indicates that the diffuser frow, though deveroping, maintains a balance

among its turbulent stress components. This would imply that the

mean nature of turbuìence wourd be sirnirar throughout the diffuser,
thouqh the pressure gradient is changing contÍnuously. Bradshaw et al
(ì967) and Hanjalió & Launder (1972 b) have attempted to relate shear

stress u¡r- to the turbuì"n.. an""gy q2. Figure lg shows a close

relation beü,reen the shear stress and the turburence stress tensor trace
independeni 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 wail to justify such an extension in the waìr

I aye r.

5.5 l,rlaì I Friction Velocities

The characteristic velocity parameter u* is important in the

correlation of both mean and fructuating verocity components near a

smooth wail. The methods for accurately caìculating u* in pipe flow
and constant pressure boundary rayers are we estabrished unrike the

case in adverse pressure gradients. Okwuobi (1972) considered 3

methods for obtaining u* values; namely, (i) The ,law of the wall,,
(ii) LudvßJS & Tiìlman equation and, (iíi) The total shear stress
extrapolation to the wali, and reported that the 3rd method gives

consistent results. The u* varues for the present study were obtained

by the 3rd method using the relationship

" 
âut

-=væ;-utu2 (is¡

at the wall. These varues are shown in figure ì9 (Tabre z) along with
that of Okwuobi (1912) for both of his Reynoìds numbers. The agreement

between the values for his tower Reynords number and that obtained from

the data of present study is good except for one point at the exit.
This night be due to the extrapolation of the equation lS to the wat.l

in the present study, as the wall was approximately 2.S mm away from

the closest data point. For station 57 and upstream, the equation t5
could not be extraporated to the wa . As mentioned earìier, data very
close to the walI were not obtained in the present study.
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6. THIRD AND FOURTII ORDER MOMENTS

6. 1 llêâsúrêfÍtêrits of skéûnèss iiñd FIátnéss Fâctors

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

--3-
- ui

;4
'|

f-212

[']

F1'''
and the

Fiatness factor =

These quantities appear as figures z0 to 24. The data shown are the

skewness of u.| and u2 component whire the flatness factors are for u.,,

u, and u, components. The skewness of u3 vras found to be approximately

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

6.1.i The skewness of u,

The skewness of u., 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 radiat direction and thereafter it
increases and changes sign at about the point of maximum turbulentffi

\kØ
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energy (figure 20). The radial point where skewness of u, 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. r,,,

After reaching the zero value, the skewness continues to

increase further towards the waìI. Thus it has a maximum positive value

near the wa'll, while the maximum negative value near the diffuser axis. 
,',

This indicates that u, is highly asymetric near the wall and the axis. :"'

At radial points where the sker,rness changes sign, the probability

distri.bution of u., has been shovrn to be symmetric (Hummel, 1978),

indicating a Gaussion distribution at this position. The region from

the wa'll to this point of zero skewness is generally referued to as

the wall layer, though Professor A.M. Yaglom (private cor¡munication,

l97B) prefers to call it as a thick sublayer. This wall layer in the

diffuser corresponds to approximately y+ : l5 in the boundary layer

where the turbulence intensity is also maximum and the skewness of u,

is zero.

The constant region of the skewness of u, 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, slowly 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 also reported by Hummel (1978). It was further suggested by

Hummel .that these ridges cross over the axis after station 6. It could

probably be due to the fact that in the diffuser, bursting activity

f.: ì-..: ..

,: .:. :

| .iil::
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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 forrning the ridges on both sides of the axis,

In the axial direction, the skewness of u., 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 that 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 skelrness 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 possibìe that this nray be due to the so

called 'extra memory effects, of the turbulent flow. Buiìtzes (.l977)

states that when there is a change in conditions with respect to position

(non-homogeneity), as is the case in the diffuser, there wiil be 'extra
memory effects'. Since no ìiterature 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 aìready published

data for memory effects. And the present study v,ras 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 (Buiitzes, .l977), 
He

also reported, on the basis of the data availabìe, that smatì eddies

close to the wall react more guickly to changes than the bigger eddies

away from the wall. It was also reported that the mean fìow adjusts
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first to external conditions than the turbuient flow. Thus the increase

in the magnitude of skewness of u., after station 30 at the diffuser

axis (far removed from the v;all) may welt be the result of high adverse

pressure gradient in the entry region of the diffuser.

6.1.2 The skewnêSS of u,

ïhe 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 u, motions. A similar observation was aìso made by

Ramaprian & Shiva Prasad (1976) for boundary layer flow on a waìì with

concave curvature. Thus in a flow with positive pressure gradient,

the nagnitude of u, is considerably higher than other comparable flolts.
In view of all these, it appears that it is the effect on the u,

fluctuations which shouid be studied in greater detail to arrive at a

quantitative understanding of the effects of the expanding geometry of
a conical diffuser. !,li th this view in mind, aìl moments of u, upto the

4th order were measured. At present no information is availabìe about

this quantity for adverse pressure gradient flows.

The skewness of u, (figure 2l and Table B-l to B-12) was zero

at the diffuser axis due to symnetry. However, the magnitude of u,

increases first with distance from axis in the radial direction with

a sign corresponding to u., 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 u., (figure 25). From the diffuser axis to thìs po.int the sign of

both of these skewnesses is negative, thus indicatíng that these fluxes

are directed away from the walI in the core region of the diffuser.

After the change in sign, both fluxes have again similar signs which

is now positive further towards the wall. Very close to the wall, as

indicated by downstream stations, the magnitude of the u2 skewness

begins to drop. A similar trend in u, was also^indicated by Hanjalié

& Launder (1972 a). The decreasing trend of ur3 vaiues 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 overalì picture of the skewness of u2 appears more like a

stretched sine wave with the curve passing through zero at the axis

and agafn. atthe edge of the wall layer, whjch expands in the downstream

direction. Hurmel (.1978) has shown that in the diffuser, ìike that in

the boundary ìayer, sweep is more important in the waìt layer and

ejection more significant outside this ìayer. The skewness of u,
(figure 2i) is negative outside the wali ìayer which corresponds to

ejection and it is positive in the wall layer, wh.ich indicates a

movement towards the wail and thus signifies the event sweep. Thus

the results of the skewness of u, agree with the findings of Hummel

(re7B).

' The skewness of a turbulent veìocity component can be viewed

as representing the transfer of the intensity of that component by

itself. Further it is normally expected that the turbulence ìntensity
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would be transferred down the intensity gradient. Since the intensity

of u, fluctuations reaches maximum at the point of zero uì skewness and

decreases with distance from this point towards the axis or the wall.

Thus the skewness of uo would be expected to change sìgn here. AndL

since the u, intensity decreases with distance towards the wall, the

skewness would be positive towards the wall. The situation is reversed

fron the edge of the wali layer tovrards the axis. The present results

are consistent with such a physical reasoning.

6.1.3 Flatness fäctors

The flatness factor is the measure of the fourth moment of the

probability density function for the comespondÍng paraneter. 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

densÍty, Large flatness factors impty that the probability of
fluctuations quite different from mean is ìarge; that is the normalized

probability density function appears reìativeiy wide. A signai with

Iarge anpìitude, and intermittent nature produces high values of flat-
ness factors. For the present study, the flatness factors of ur u,

and u, 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 alì stations are included in Tables B-l

to B-12. For comparìson, the flatness factor for a random signal with

a Gaussian probabiiity density function is 3.0, while sine wave has a

flatness factor of ì.5.

The flatness factors for ail 3 signals (ui, uZ and ur)
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decrease. with radíal distance from axis, in the entry reg.ion of the

diffuser. However, like ridges in skewness of u' a buìge in the

flatness factors (rnore prom.inentty ìn u., and ur) appears close to

the diffuser" axis after station 50 in the downstrean direction. Th.i s

bulge which appears on both sides of the axis (ail 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 ur However, this
phenomenon was not well defined in the flatness factor of ur. In

radial direction, all the 3 functions had a minimum value of the flat-
ness factor, which occurred at the point of zero ul skevrness. The

magnitudes of the flatness factors for u, and u3 at this radial
position were almost 3, the Gaussian value. The magnitude of the

flatness factor of ul was, however, less than 3 (figure 27). Thus at
the edge of the wall layer, functions u2 and u3 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 varue at the edge

of the war layer, the fratness factors increase again in the waìl ìayer
and attain very high values near the wall.

All three flatness factors at the diffuser axis (figure 28) haC

a sinilar trend to that of the u.¡ skewness (figure 26). The flatness factor
also remain essentialìy constant up to about station 30 and increase

after that in downstream axial direction. The flatness fðctors decrease

near the diffuser exit after reaching their maximurn values. This

pattern was observed for all three fluctuating velocity components.

The increa';e in the nngnitudes 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 possibly due to the 'extra memory effects, discussed

in Sec. 6.1,.l, as the turbuìence may not be respondìng immediateìy to

the strong pressure gradient in the entry region of the diffuser.

However, this is mereìy a speculation and more work is needed to

confjym the existence of such a phenomenon.

6.2 !err@
In addition to the measurements of the skewness and flatness

factors of u.,, u, and u' their various correlations of 3rd and 4th order

were also measured. These included:

i) 3rd order: \q,G,ll,r*a rr\

ii) 4th order: -Z-2 -2-2 --7--7 --3- ' -----3,1 u2, ul ,3 , u2 u3 ' ul u2 and ulu2-.

The time average correlations involving the odd pourers of u, were found

to be zero everywhere for the conical diffuser. These correlations

along with the skewness and flatness factors were needed to evaluate

the correctionsfor the non-linear hot-wire response. Magnitudes of these
))2

corrections for ur', ur', ur' and uluz are given in Appendix C.

6.2. 1 Triple correl ati ons

The Triple correlations for 7 axial stations are shown in

figures 29 to 32. All of these moments in addition to that of the

skewnesses of u., and uZ appear in the diffusion term of the turbulent

kinetic energy equation. The terms involving [!Z upp"u" as its radial
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derivative and the terms containins [CZ with axial derivatives. These

terms contribute to the radial and axial diffusion of the undissipated
_-.,

turbulent kinetic energy. The radial variation of the terms u2q' is

generally greater than the corresponding axial varjation of the

quantity ulq- and thus ur9' contributes more to the diffusion term.

However, in the entry region of the diffuser, the axial variation of

the term ulq- is aìso very signÍficant.

Among aìl these triple order velocity correlations, the

correlation of urur- shows more data scatter (figure 32). It should be

expected as the correlation of u, & u, was obtained in an indirect way.

To obtain this correlation, the outputs of x-wire in three different

planes nameìy ,112, ,l13 and urua were processed and data from these

orientations of the x-!'ri re were obtained on different days. Also, the

aerodynamic effects of prongs are likeìy to be different for each

setting. Further, because of the algebraic manipulations invoìved in

calculating u2u3 correlation, it may contain the normaì data fluctuations

and errors associated with all the quantities required to obtain this

correlation.

0f all the triple correlations, probably the most important

are the u.,ur' and ur'ur. Nakagawa & Nezu (1977) have shown that using

these third order moments along with the skewness of ul and u. the

probability density of the Reynolds stresses can theoreticaììy be

calculated. Forming the sum and differences of these quantities, they

also obtained the conditionaì probabììity distribution of the Reynolds

shear stress and thus predicted the contribution of each bursting event

to the Re¡:nolds shear stress. Their results compared well to the
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experimentally obtained data and thus the importance of these tripie

order veìocìty correìations 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 energy

balance for such a flovr.

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 urur' distribution was similar to that of the skewness of

u.' and of ul-uz was similar to the skewness of ur. A similar trend

was also reported by Hanjalió & Launder (1972 a) for terms involving

uneven power of u2 for flow in an asymmetric plane channel. In the

present study, this observation also applies to the distribution of

urur- and urur-. Thus, as expected, the correlations involving odd

po$rers of u3 were found to be zero as its skewness vanishes everyurhere

in the flow.

The magnitudes of the non-zero triple correlations (where u,

and u, have even power) at the diffuser axis showed an increase in the

axial direction after station 30 (figure 26). This behavior rvas similar

to that of the skewness and flatness factors. In radial direction the

change in the sign of these triple order velocity correlations,

occurred approximateiy at the same radial position as for the skewness

of u., and ur. As figures 29 to 32 indicate that this radìal position

where the correlations change sign shifts towards the diffuser axis

in the dovrnstream direction. This trend is aiso consistent with that

of the skc'wness of u., and u, (figure 25). The curves for station 67 do
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not show this position due to the lack of data in the wall layer of

the entry region. But it is expected that the chanqe in sign for this

station occurs close to the wall. However this must take pìace before

€2= 1.05, the wall position for this station. Th.is impìies that the

radial position foi" 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 indícated by figure 25 which shows

the radial position at each axial station where the skewness of u., & u,

is zero.

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

Nakagawa et aì (t975) assumed that:

"rG = ry.
For the purpose of testing this assumption for the diffuser fiow, the

two curves were_*_ompa red. Though the skewness of u, and the triple
u^u^z

correlatiolr + are not equal, the dimensional quantities indicated

'2'3'good agreernent (figure 33 for statÍon 30). The small variations in
ùhese two quantities was probably due to high data scatter "f \G.
Similar agreement was also evident among data for other axial stations.

Thus such an assumption may also be justified for the diffuser flow.

Ho¡¡ever, in the evaiuation of the energy balance, for the present study,

no such assumptions had to be nade as data for [Çfo" all axial

stations we¡re obtained experimentally. A similar comparison was also
--------õ- ---î

made between ulu3' and.ul", but unìike urr & urur¿, their magnitudes

were different wiür Çl being much smaller rhan that or f {tisr""
34). Howe,ver the magnitude ot f u,us generally larger than that of
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---2 . --3u2u3 ano u2

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 ihe triple correìations into the convective diffusion term.

Thus the tern urgz can be vìewed as the transport of q2 by the radiat

velocity fluctuations u, and similarlJ u19z as the transport of q2 by

ul. The quantity urgz when normalized by q2 has been defined as Bulk

Convection velocity by Townsend (t949). Thus

u -æ 4Ç.Ç.rq
''-_---:_-----"b ubq2 uuQ2

(ì6)

The distribution of this quantity (figure 35) is simitar to that of

quantities invoived in ur9'. 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 whi le towards the axis is indicated by the negatìve

sign. This trend is in agreement with that of the pattern of the skew-

ness of u, and aìso of the eiection and sweep events.

6. 2. 2 Qsaqry!þ_s91¡9l-e!-s¡!_

All the fourth order velocity correlations of 2 function u., &

u2, uì & u, and u, & u, are shown in figures 36 to 39. The arguments
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about the accuracy of ,rG also holds to"ÇÇ. Atl these moments

are shown for only 3 axial stations 61,40 and 18 corresponding to 3

different main regions of the pressure gradient curve of figure 5. The

numerical data for all the axial stations are given in Appendix B.

The fourth order veìocity correlations can be divided in two

groups: i) first in which both the veìocity functions are even; e.g',

,7C, etc.; ii) second containing correlations u¡ith both functions
?

having odd poû'rers; e.g., u.,"u' etc. Both these correlations have

different characteri sti cs.

i) Correiations with each component u,ith even power:

These fourth order correlations can be reduced (Guitton, 1974)

by noting that the instantaneous signals u.,2 u.. composed of mean and

fluctuating components

2., ( t)2-2ut = ur *

,r' =Ç + zr(t)

,r'=f+zr(t)

where

2.,(t) = zr(t) = zr(t) = 0

Taking the product of ur2 and u22 vietds

(17)

--3'-V
= ur" ur' + zrz, ( t8)
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This can be wri tten as,

--2-2
ur.9z -,.llzz.:-qq qq 0e)

Guitton (1974) reports that

--z -7
.,.1.l uz .,

--ur u2

A similar relationship wiil hold ro" [Ç anaÇÇ. The condirion

for zero 11 in equation (19) corresponding to the lower timit in
equation (20), is that there be no correlation between the nagnitudes of
u, and ur.

These fourth order correlations in the diffuser generally vary'

within the ]imits given by equation (20) and also silow a minimum at the

edge of the walì ìayer (figures 36 to 38) where the skewnesses of u, and

u, changed their sign. At this radial position, the magnitude of all 3

correlations reach a vaiue close to unity indicating that the square of
the velocity fluctuations are almost independent of each other. At

some stations the correlation between ur2 and u3z generallJ has a value

ìess than unity at the edge of the wail layer. This would imply a

negative correlation between these quantities (Irwin, 1973). But this
could also be due to the nonnal 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 ur2 has ïess

(20)
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correlation with urz than with urz, u, the correiations between ur2 &

ur2 and betureen ,r2 & ,g2.ur" 
"o*parable 

and higher than that of qq
Also, the correlations of 4q anaÇÇ show a bu.tge in rhe core

region which moves closer to the diffuser axis in the downstream direction.
Such a bulge was not present in the correlations of rr2 and ,r2. However,

the magnitudes of all three correlations at the diffuser axis show a

similar behavior as shown by the flatness factors of each fluctuating
veìocity component (sec. 6..l.3), They ali have an approximately constant

value at the diffuser axis from entry to about statipn 30 and increase

after that in the downstream direction and decrease aga.in near the exit
(figure 40). At the axis, however, the magnitude of the correlation

?7ur-ur- is bhe least and not of the ur'ura. Near the wall, the magnitudes

of the correlations u.,'ur' and of urtur. are comparab.le and higher than
--r----6

that of ur'uz'- The magnitude of these correrations is generally lower

than the flatness factors of the velocity components involved, every-

where in the fi el d.

ii) Fourth order correiations 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 polrler 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 compìex combination of
the both. 0nly other moment in which both functions have odd power

is the Reynoìds shear stress qÇ, where both have first power and thus

a smooth curve resuits. In these two correlations of fourth order, one



57

function involved has first power while the second is raised to the

third power. Thus a complex and wavy pattern of the correìation

emerges (figure 39). These two correlations, in a v,ray, can be inter-
preted as i nteracti on . between uluZ and ur2 o, ,r2. And since u.,2 and

2
u2- are positive and have definite value at the axis, the correìation

urur" and ur"u, wouid be zero at the axis due to symnetry and will have

a sign corresponding to the sign of urÇ. Such a pattern is indicated

by the present results (figure 39). Due to the complex interaction
.2)u,u^
bety',een u.,u, and ur' or ur', the constant portion of the -l-l curve

ulu2
takes a wavy pattern but clôse to the walì indicates a decreasing trend

consistent with that of the 
ulul 

.

'1uz

....._,,[¡p.eri men ta I 
^resul 

ts aìso indicate that both these correlations;

t " ' ffi 
.ro r# col lapse on to each other from diffuser axis

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

the wall. In the region of the wall ìayer, the correlation [[nua
slightly lower values. The two curves differed from each other in the

wall layer from station 57 in the downstream directiron. This is thought

to be due to the lack of data in the wail layer at the upstream stations.

Near the wall, both these comelations show a peak before

decreasing in magnitude towards the walì. 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, trÍppìe velocity correlation ,rrrq
where u3 has even power but u., and u, both have odd powers was needed
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for calculati.ng the high intensity co¡rection factor for [Ç. This

was not experimentally measured but llas assumed equat to [f
(Appendix C). This approximation was justified on the basis that
-"'ã --------ã
uzu = u2u3¿ (sec. 6.2.,1).
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7. TURBULENT KINETIC ENERGY BUDGET

7.1 Enèrgy Búdget Eúálti¡itiôn Technique

Each term in the energy balance equation except the pressure-

veTocity correlation part of term II, could be calculated from the

experimental results. Term II which was not entirely available

experimenta'l ly, was obtained as a closure term in the equation. Using

the third order veìocity correlation data obtained experimentaìly,

pressu re-vel oc i ty correlation was extracted fron term II of the energy

budget equation. The dissipation term was estimated from the root mean

square measurements of the time derivative of the longitudinai veìocity

fluctuations, assuming small scale isotropy and Tayìor's frozen

turbulence hypothesis such that:

E=V f5.Uli=lâx. âx. I âx .t J 1) J tT (2t )

The expediency of this method of dissipation measurement for the

survey study of the energy balance wa-s obvious because of the relative
âu-

ease with which ¡y' profiles could be measured.

As a preliminary experiment, a comparison of the dissipations

determined from time derivative measurement was made ¡rith those

evaluated from one dimensional spectra measurements using the equation:

(

e=rsv lr.fr,tr.')ar.,.
)o

(22)
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Measurements were made in the diffuser at station lZ and at E, = 0.91

using a regular si.ngle wire probe DISA S5p0l (r = .l.25 
mm, d = 5 um)

operated at an overheat ratio of 0.8 and 0.S, and also with a special

single wire probe DISA 55P0l (t = 0.625 fiÌr d = 2.5 um) operated at an

overheat ratio of 0.5 and 0.4. The fitter cutoff frequency in both

cases was 28000 Hz. The data obtained from time derivative measure-

ments were lower by appr:oximately 24% in case of regúlar probe and by

27% in case of speciaì probe (Tabte 5). The difference in data

obtained from the two methods must be in the electronics involved, as

both 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. Vaiues of e obtained at different over-

heat ratios were comparable; i.e., 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 speciaì probe were higher than that obtainedufrom the regular

probe. The difference was of the order of 18% from ãl-L aata and 241 in

values obtained from the spectra. This difference could possibty be

due to the fact that the effective length of the special probe was

half of the regular probe. For best results, the wire ìength should be

of the order of Kolmogoroff length scaìe whích varied from 0.06 rm to

0.14 rm in the present case. Therefore the accuracy ot þ r"uru".-
ments wouìd 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

Koìmogoroffrs length scale, the dissipation estimates obtained frorn
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it were corrected using Wyngaard's (ì969) analysis for singìe wire.

It was thought that such a coffection wouid 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 UZ 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 radiai second order derivatives were obtained by apÞtication of the

same procedures to the data for the first derivatives.

7.2 Terms of EnerEy Equation

7.2.1 Producti on

The distribution of the total turbulent kinetic energy production

(figure 4l) 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 tovrards the diffuser axis with

the distance in the downstream direction. The total production is very

nearìy 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 uj tluctuation increases. Approaching of the zero.I

value of production at the wall is very clearly demonstrated in this

enìarged wall ìayer region (after axial station 50), as the walì layer

is thick enough to allow the measurement of aìl parameters accurately
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without the wall effect. A similar nature of the production term was

also indicated by Ruetenik & Corrsin (1955) for a slÍghtly divergent

channel and 0kwuobi & Azad (1973) for a conical diffuser. However,

Okwuobi & Azad also show a sharp rise in production very close to the

wail. In the present study, data so ciose to the üraìl 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.g would not

be reiiable. 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 woutd 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,

l,lhile the production term III (equation I) is a grouping of

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

region where the 2nd term invoìvinn 
# 

*. also inportant. Generally,

the other terns were approximately one to two orders of magnitude

smaller. For exampie, at station 67, EZ .54, the magnitude of the

first tenn is.3 x l0-3, Znd term is .6 x l0-3 and the 3rd and 4th terms

are .6 x l0-4. And at E, = ,54, station 30, the magnitudes of each

tenn are I = .7 x lo-3, II = .86 x t0-4, III = .6s x ì0-6, and

IV = .54 x l0-5. The first term of the production, which is significant

throughout, contains the product ot u¡, .rO H . And since both of

these quantities are zero at diffuser axis (duetto symmetry), production

was ainost negligible at the axis. Overall, the production describes

the action of Reynolds stresses to extract energy from the mean flow.
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âu-
The radial veìocity gradient of the mean axiaì veì oc i ty,5;{, d".""u r".

"^z
in the downstream direction, but duè to the expanding geometry the

cross sectional area increases towards the diffuser exit. The net

result is that the total kinetic energy producticn increases in the

downstream di recti on.

In general , the energy is suppììed tô the flow in the form of

mean flow energy. The production terms indicate an increase in the

turbulent kinetic energy at the expense of the mean fìow energy. And

the usual oynamic processes invoìve transfer of kinetic energy to

higher wave' numbers and eventual dissipation. Such a process has been

confirmed for pipe flow (Lawn, .l971), 
channel flow (Nakagawa et al,l975)

and boundary layer (Klebanoff, I955). These situations represent a

case of negat'ive 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 novement of this turbulent

kinetic energy and its eventual dissipation in comparìson to other wall

bounded fl ows.

7.2.2 MegjL_U.qC.:gEç!i9!.

Term I in the turbulent kinetic energy baìance describes how

the mean flow moves the turbulence energy in the flow field. Fígure

42 shows the complete distribution of this term. In the entry region

of the difiuser, magnitude of the mean flow convection at the axis is



64

also very small and increases towards the wall. Very close to the

lvatì this term would decrease and approach zero at the wall. Such a

trend is clearly indicated as ure move downstréam. Also in the downstream

direction, the peak in the mean flow convection shifts towards the axis.

Near the exit, thìs peak appears at the axis itself and towards the

wall its rnagnitude decreases, approaching zeno at the wall. Except in

the entry region, the contribution of this term js almost negtigible

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

the axis (e, = O¡ increases considerabìy after most of the pressure

recovery has taken piace. Klebanoff (i955) 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 stightty

divergent channel , Ruetenik & Corrsin (1955) reported that the mean

flow convection þras generally smalì and constant throughout except near

the wal l where it decreased to zero. All these results emphasize the

fact that near a solid tval l, 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 E2 0.96 and a peak at

EZ = 1.28 before decreasing towards the wall. This would imply the

presencô of certain physical phenomenon, v¡hich was not confi rmed by the

present data. In an attempt to investigate this discrepancy of the two

data, each tern of the mean flow convection was studied. The mean

flow convection term is the sum of ttvo 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 axiaì veiocity U., is positive

everywhere and since q2 = u12 * uZZ ,r2 in.".ur", 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 U. which is always positive in our flow,
and the radiaì derivative of 92. The sum of the normal stresses (q2)

increases from the axis to the point of the maximum uj fructuations

in the radial direction and then decreases further towards the walr.
Thus its radial derivative with respect to x, from the diffuser axis

is positive up to the point of maximum q2 and then becomes negative

towards the wall. Also this znd part of the term is usualy an order

of magnitude smailer than the first part except in the region from

the walì to the point of maximum uj ftuctuations, where they are aìmost

of equal order of magnitude. Thus when summed, they tend to cancel

each other in the wali region and complement each other away frorn it.
In an attempt to obtain the nature of the curve given by

0kwuobi & Azad, two parts of the mean flow convection tern were sub_

tracted rather than adding. The resuìtant curve is shown in figure 43,

along with the data of 04. Two curves are similar in nature though

different in magnitude. This shows that 0A could possibly have erred

in anaìysing their data. The energy equation ìnvolves all the iadial
derivatives with respect to x2, but 0A 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 xZ. But in this case, with the
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coordinate system at the wall, sign of U, wouìd also change. It is

quite possibìe that the authors inadvertently retained the positive

sign of U' Such an emor could produce aforementioned behavior of

the mean flow convection. For the difference in magni tude, attenti on

should be drawn to the difference in mean radial velocities as

discussed in Sec. 4.3..

In order to obtain the comect nature of the mean flow

convection term for the data of 0kwuobi & Azad (.1973) and to be

reasonably sure that 0A had indeed erred in analysing their data, this

tern was evaluated from their data for station 30. The required

necessary data viere taken from another publication of Okwuobi & Azad

(1972). The numerical method adopted for evaluating the axial derivatives--õ U'
of q¿ was same as used for ¡t {to" U, profiìe$ from 0A data discussed in

Sec. 4.3. The radial derivatives of q¿ were obtained by taking the

difference in the nagnitude of q2 at two radial points at EZ= + .OZ

from the radiaì position where the slope was required. This di fference

in magnitude was divided by the radial distance (f, = O.O+¡ 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

whi le the axial derivatives though agreeing in trend were slightìy

higher for the present study. A smooth curve uras drawn through these

points and both terms of the mean flow convection tenn were evaluated

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

The mean radial velocities required for the caiculation were taken from
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figure 9, which were calculated by graphical integration. For this

purpose the curve for U, was extrapolated as indicated by dotted lìne

in figure 9.

The first term involving the axial velocity is positive every-

where whiìe the 2nd,term is negative in the wall layer. This is so,
--,

because the quantity q- decreases towards the wall after reaching

maximum at the edge of the sublayer. The mean flow convection term

calculated by the addition of these terns 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 04.

The difference in magnitude is most likeìy due to the overestirnation

of the meau radial velocities by 04. 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 generalìy negligible compared to the total term.

Hov'rever, the underestination 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 Ur. The resuìting data are shown in

figure 46 for the wall region. This f,igure shows that the negative
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magnitude of 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

U2. Thus t:he true nature of this term may lie somewhere between this

and the on€ 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 general ly smalì.

7.2.3 Viscous transport

Term IV of the turbuìent kinetic energy balance is the viscous

transport term. 0nly 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 teym is about 2

orders of magnitude smaìier than the production. This is in agreement

with the results of 04. Thus the viscous work term does not contribute

signifÍcantly to the energy loss in the field. This is similar to

Laufer's (.l954) findings for ful ly developed pipe flot,v.
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7.2.4 DissiÞ¿ition

The nature and magnitude of the dissipation curves as determined
. ãu.

from t' (figure 48) is simitar to that of the total production.

Dissipation also has a peak at the pipe radius in the diffuser at entry

but it shifts tov',ards the wall with the fiow in the downstream direction.

Also like production" the total magnitude of the dissipation increases

in the downstream axial direction. But unìike production, dissipation

is significant in the wall layer and decreases in a thin layer next to

the wall.

These results tend to contradict the findings of 0A for station

30. They claimed that dissipation in general is very smail cornpared to

production.and thus in the diffuser production is not balanced by

dissipation. They also indicated that the dissipation is more or less

constant from the axis to Er= 0.9 where jt starts to decrease and

reaches zero at E2= 1.40 and stays at zero further towards the wall.

All 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 0A for the same diffuser do not agree vlith the

present fi ndi ngs,

Since it is extremeiy unlikely that the differences between

the pipe and diffuser f'low couìd cause such drastic changes as claimed

by 04, in the dissipation phenomenon of the fluids, the two methods

used for evaìuating 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.,-fìuctuations. In doing
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so, the condition of local .i sotropy and Tayìor's hypothesis of frozen

turbulence was assumed. The results thus obtained were corrected by

using l,lyngaard's ìength correction. 0A obtained the dissipation

estinates from the one-dimensional ul-spectra measurements using x-wire.
In the process, Kolmogoroff's hypothesis of an inertiaì subrange is
assumed to apply. The Koìmogoroff,s hypothesis impìies that for the

spectrum of a velocity component to have an equìiibrium range, rates

of production, diffusion ( from other layers of the ftow), and transfer
from other components, be small compared with the rates of dissipation

and of inertial transfer through the spectrum in that range (Lawn, .l970).

A wave spectrur of urz can be divided into three subranges

. corresponding to eddy sizes as follows (Bradshaw, 197t, p. 32; Nakagawa

et al, 1975):

ì. Productive subrange or energy containing range (large_

scale eddy). It usualìy satisfies the 0 or _l power

I av',.

2. Inertiai subrange (intermediate-scale eddy) - has a

-5l3 power law.

3. Viscous subrange or dissipation range (small-scale

eddy). It may be divided into two stages: one is
the initial stage of a large dissipation scale at

which the -3 power law is applicabìe and another is

the final stage of a smal t dissipation scale at which

the -7 power law is valid.

Using the spectrum data of inertial subrange, 0A calculated the



71

rate of energy dissipation from:

, = lEl {t., ) t .,5/3/0. ss13/2 lzt)

which also assumes the condition of ìocal isotropy and Tayior's hypotheis.

Normally in the wall bounded flows the region of inertial subrange

extends to about I log cycle (Laufer, ì954; Monin & yaglom, 1975, vol .

II, p, 49ì) and the regÍon beyond -5l3 slope on the higher wave number

side represents the dissipation range. The ul spectra graph of 0A

(figure 49) has a very wide inertial subrange I extendi ng to about 2t ìog

cycles. A surpnising feature was the complete absence of the dissipation

range. Also the data of u2 spectra of 0A showed a l* log cycle region

of the inertial subrange and again the dissipation range was absent.

The ur-spectra normally shows no inertial subrange (Laufer, l9b4).

Hunmei (1978) measured ul-spectra in the same diffuser at 6 radiaì

positions at station 30 and al1 curves exhibited regions of -.l, -5l3,

-3, and -7 power slopes (figure 50). The absence of the dissipation

range in 0A 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 tikely to respond

properly to fìuctuatibns of increasing order and thus affecting the

measured spectra. The dissipation estimates from such a data could very

weìl be in error and thus forcing a highìy erroneous physical conciusion.

Also Tutu & Chevre (1975) have reported that u, measurements from x-wire
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crairned that the spectrar method may give the most reriable resurts
for e, but since the spectra is essentialìy the frequency distribution
of energy, it is imperative that it be measured very accurateìy. And

the one dimensionar spectra measured with the x-probe is contaminated
by cross-taìk from other component (Wyngaard, .196g).

7.2.5 Convective diffusion due to kinetic effects

The convective diffusion due to kinetic effects which involves
the derivatìves of triple order velocity comeìations was calculated
from the experimentaì data. lhe axial derivatives of €2 u¡Z and the
radial derivatives of ,rG were needed for the computation of this
term. Both these quantities were nor¡rrìai i zed by the pipe radius and

pipe bulk average veìocity. The radial derivative was at reast an

order of magnitude higher than the axiar derivative. The convective
diffusion due to kinetic effects which is the sum of these two effects
is very negligibte in the entry region of the diffuser (f.igure 51).
In the downstream direction, a valley with a negat.ive value near the
axis and a peak with a positive value at the pipe radius appears.
Further towards the walr, the sign of the kinetic diffusion again becomes

negative. The effect of the kinetic diffusion is to transport the energy
avay from the region where productl.on is maximum to the region of the high
dissipation. Aiso, its magnitude in the diffuser increases in the down-

stream direction. In the entry region, where the radial distance between
the diffuser walr and the pipe radius is not rarge, the kinetic diffusion
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does not reach a negative value in thìs region. This is prcsunred lo

be only due to lack of data acquisition very cìose 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 wal l and

the point of maximum uj fluctuations is large and the data could be

obtained in the wall region without any wall effects, d.iffusion of energy

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

7.2.6 Convective diffusion due to pressùre 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 tem (figure 52) has a rarge magnitude in the

regions where the difference in the production and dissipat.ion is also

large. And unlike other wa bounded fìows, pressure diffusion in the

diffuser is not negìigibre. since there is a net transfer of turbulent
kinetic energy out of the diffus." (qÍrt, q?n) (figure t5), the

integral of the pressure diffusion term is not equar to zero for the

flow in the di ffuser.

The pressure diffusion term involves the derivatives of the

coffelations of pressure and the veiocity fiuctuat.ions in radial and

axial directions. This was the oniy term that could not be measured

experimentally and was thus obtained as a ciosure term in the energy

balance equation l.
At the wall since all other terms of the energy equation; i.e.,
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production, dissipation, mean fìow 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 cumulatjve

errors of all other terms of the energy equatìon.

7.2.7 Convective diffusion due to kinetic and pressúre effects

The teyrn II of the energy balance equation is the sum of the

kinetic anci pressure diffusion. The total diffusion term also

shows a valley at about the pipe radius in the entry region (figure 53)

which shifts tourards the axis in the downstream direction. Also the

magnitude of this valley decreases towards the diffuser exit.

0A 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 ùhe wall

it showed a sharp rise in its rnagnitude. 0A obtained this curve as a

closure terlm in the energy equation. In their case, magnitudes of

the mean fiow 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 earì ier, 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 gradualìy to zero at the wall. The dissipation

aìso decreased after reaching its maximum but thís decrease occurs in

a very thin layer near the walì. The maiimum 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 < EZ< 1.2

production is greater than dissipation. It is from this region that

the transfer terms transport energy to the high dissipation regions.

0n 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

pìace from other regions. The transfer terns of equation l, involve

the radial and axial derivatives of 2nd and 3rd order functions, The

magnitude of the axial derivatives 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 + outflor¡', (24)

An estimation of the areas of production and dissipation

curves indicated that the dissipation was about 2711 less than the

production at statÍon 50 but was 12?l røre than production at station 6
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(Tabre 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 waìl were not taken

into consideration and thus the two curves could not be integrated over

the whole cross-secti on.

This indicates that in the region of high pnessure grad.ient,

production exceeds dissipation. and the extra undissipated energy is
transferred in the downstream direction. But the dissjpation increases

gradually in the downstream direction to dissipate the energy being

transferred there. A balance in the fonn of equation 24 is maintained.

Since the turbulent kinetic energy leaving the diffuser is greater than

entering it (fìgure l5), therefore the total production Ís greater than

the total dissipation and the two teyms would not balance each other

for the whole diffuser as a control volume.

Figure 55 shows the parameter þ u."os the diffuser radjus

at station 30. once again, the graph is presented for only one station

due to qualitative similarity, The curve identifies cìearìy the regíons

wjth excess and deficient turbulent energy. In the reg.i on near the

diffuser axis 0 < È2 < 0.25, dissipation ìs greater than production

(indicated by the negative sign) and the same is true near the diffuser
wali. And in the region 0.25 < E, < 1.2 production is greater than the

dissipation. Though the production may be maximum at about the pipe

radius (6, = ì.0) (figure 54), the maximum positive difference between
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production and dissipation (excess energy) occurs at about E2:0.7 and

maximum negative difference is seen to occur at the wali (figure 55).

The curve changes its sign at EZ 0.25 and at * 1.2. Since the

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

increases in the downstream direction, the wali radiaì position where

P-e
-: changes its sign also shifts. In the entry region, we do not even

reach Ë2 = 1.2 and since the data very cìose to the !,ral i were not

obtained, this radial position couìd not be established. But as figure

54 shows, this position woutd be between the wail and the point of
maxÍmum ui fluctuations. At the exit plane this change in sign occurred

at EZ l.l 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.

0n the basis of the production and dissipation data presented,

it could be concluded that the turbuìent energy dissipation is greater

than the production in a small region next to the wall. This means

a diffusion of energy toyrards the wall to satisfy the requi rement of

high dissipation there. These results are in agreement with Klebanoff,s

(1955) conciusion for the flat pìate 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 Turbuìent Kinetic Energy Balance in the DiffuSer

Figures 56tÐ 62 show the turbulent kinetic energy baìance 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 s hor', that the

development of the fìow due to changing pressure gradient is very

snooth and as such all measured parameters should vary srnoothly in

radial and axial di recti on,

In the curves presented, sign convention adopted is the same

as of 0A and of Ruetnik & Corrsin (.1955). Thus production is viewed

as a gain to the turbulent fìeld and dissipation as a loss. The sign

of the other teyms was based on the mathematical evaluation of each

term. Thus physical and mathematical reasoning had to be used in

grouping the different tems of the energy equation, Since the

contribution of the viscous term was generalìy 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 sane order, though not necessarily equal , Thus refuting the cìaim

of 0A 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 axia'l and radial direction

by the transfer terms. Also as the di fference in the magnitude of

production and dissipation decreases in the downstream direction, so

is the net magnitude of al1 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
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each term as a function of radial distance from the axis. At radial
points where production and dissipation are equal , the radiaì

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

nean flow convection is zero and stays the same up to the wall. In

the entry region, the contribution of the convective diffusion is
negìigibìe at the axis but deveiops a peak at about È2 - 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 decreaseso which could possÍbly 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 walt 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, generaììy the rnean 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 dissìpation near the wall. In the totai diffusion term, it is

the pressure diffusion which governs its characteristics as opposed

to kinetic diffusion. This finding Ís significantìy different from
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other wall bounded flows where the contribution of the pressure diffusion

ìs 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 magnìtude increases in the downstream direction in the diffuser.

Figure 60 also shows the energy budget data of 0A for station 30.

The two production curves are comparable except near the wall but similar-

ity ends there. Their dissipation is very smaìì and is zero at and close

to the diffuser wall. Also the mean flow convection shows a valley at

EZ = 0.9. As discussed earlien" thejr data of these terms appear to be

in error. The convective diffusion term of 0A was not plotted as it was

obtained from the erroneous results and thus would also be in error.

The similarity between the two production tems in figure 60

was also investigated" The production tenn at station 30 mainly involves
âU'

uru, and tj. Since the mean velocity is calculated from the d.c. out-

put of the x-wìre probe in both cases, it is general ly not criticalìy
affected due to a drop in frequency response of a hot-wire probe with

dirt deposìtions. The comelation of u.,u, is mainìy due to the lower

frequency components and are not affected to the same degree as are
âu-

high frequency components. Also since the magnitude ot *] tsòxz
usually higher than ÇÇ and thus it controls the magnitude of the

production. Therefore, the agreement between the two production data

should not be surpri s i ng.
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7-5 corments ön the Túrburent Energy Br¡dget in r¡J¿i |r Bounded Fìows

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. Hunmel

( 1978) has shown that the region EZr 1.O 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 waìl to the point of maximum production is
refe*ed to as the waì1 rayer. In the diffuser, this warì rayer region
grows with the distance in the doù,rnstream direction.

The distribution of a and ß, the angle of the principal straìn
and of the principar stresses is simirar to that of the other wa

bounded flows. It is also true for the turbulent intensities and thus

indicates a similarity in the production of turburent energy. Nakagawa

et al (t975) 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. Hovrever, the maximum of production and

dissipation do not occur at the same radial position in the diffuser.
Dissipation reaches maximum croser to the walr 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 radia.l position where

production peaks is B2i4 of its maxÍmum vaiue and is onìy 60% of the

production. Transport terms carry this excess energy to the regions of
high dissipation. Since the ìocal inequi librium 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 significantiy higher.

Particular'ly the diffusion of turbulent energy is very important in

the diffuser, while it is much smaller in the pipe and boundary layer

(Schubaur" t954). It is the magnitude of this tern that makes the

eddy viscosity modei unapplicable to such a flow (Kìebanoff, 1955).

The total diffusion at the point of maximum production is about 5B%

of the production (at station 30 of the dÍffuser), whi'le it is

approximateìy 16% in the fuliy developed pipe flow (Laufer, 1954).

It is so because in the pipe, production and dissipation reach maximum

at the same radial position, ônd thus no excess energy is availabìe to

be transferred to other regions. Also the axial conponent 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 Rueteni k & Corrsin was only 2",

whereas it was 8o for the diffuser used in the present study. Such a

diffuser produced an extremely compìicated flow with a very high

positive pressure gradient (figure 5). Ramaprian & Shiva-Prasad (1976)

have shown that the diffusion of the turbulent kinetic energy is

enhanced by the concave curvature in the wall of a plate. Schraub &

Kl ine (1965) have reported that the positive pressure gradient ihcreases

the rate of the bursting process; i.e., ejections, sweeps and interactions.

Aìso 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 reasonabre 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 volune is higher than

entering the diffusen (figune l5). An integration of the curves of2^gj Vt tl at stations 67 and 0 indicated that the mean turbulent kinetic
Ëh".gv ffthl Io.r'o el/acl *n"r"Ac is the tocat cross secr.ional area)

at these turo stations was respectively 0.0047 and 0.0093 per unit mass.

This shows that, since there ís a net outflow of turbulent energy out of
the control volume, the integrar of transfer terms would not be zero in
the dif,fusen. The results indicate that unlike other wall bounded flows,

the integraì of pnessure diffusion in the diffuser was not zero. However,

in other r¡¡al I bounded flows, the production and dissipation of turbulent
energy are equal and there is no net outflow of turbulent energy from the

controì volume. üJhereas in the diffuser, total production exceeds totâl
dissipation and therefore the transfer terms nust exist to convect the

undissipated enerEy out of the control voìume.

The present resuìts also show that of all the transfer terms, the

pressure diffusion is the most significant. Laufer (ì954) has reported

that in fulìy developed pipe flow, the pressure diffusion is generaìly

negìigibìe except close to the wall where it is sign.ificant and aìso

higher than the kinetic diffusion. Ramaprian & Shiva_prasad (.l976) have

also reported the sane for the frow arong a flat-prate. They have aìso

shown that a mild longitudinal concave curväture in the wall increased

the contribt¡tion by both terms but the magnìtude of the pressure diffusion
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v'ras 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.ì.2) this in turn, would increase

the contribution of both the terms of diffusion; i.e., by kinetic effects
----'---õ
(ur9') and l]ressure effects (nut) ln radial direction' However, it is

difficuit to estimate the expected relative increase in the contribution

of each terril. It is though possibìe that the existence of adverse

pressure gradient (conversion of kinetic energy into pressúre energy) may

contribute more to the pressure velocity correlation. This is further

compìicated by the presence of the derivative of fr{ correlation which

vanishes for negative pressure gradient fiow. Therefore, though it may

be justified to neglect the effect of pressure- vel oc i ty diffusion for

negative pressure gradient flows (HanjaliC & Launder, 1972 a & 1972 b),

it cannot be assumed true for the case of a diffuser flow.
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B. LENGTH AND TIME SCALES IN DIFFUSER FLOI¡,

The fine structure of turbulence that is responsible for the

viscous dissìpation was obtained by the electronic differentiation of

the single hot-wire signal u, and using the simpìified expression for

e in the form of equation 2l (Sec. 7..l).

8.1 Distributíoh of Length Scal es

The Kolmogoroff's Iength scale n and the dissipation ìength

scale (Taylor's microscaìe) À were obtained using the expressions:

l.t']-t"l
and

'2tutr-=rsvÈ

The turbulence Reynolds nunber was calculated from:

(25)

(26)

(27)

I

u-À
R.=l

These parameters are shown in figures 63 to 65 for 7 axial stations, as

a function of the radial distance Er. The Koìmogoroff's ìength scale n

decreases monotonically in radial direction with the distance fron the

diffuser axis (figure 63). A typical range of magnitude being from

about 0.138 rm maximun at the diffuser axis to about 0.056 mm in the

waìl region at station 67. Thìs range decreases to about 0..I05 rnm 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 ¡ in the

wali region. Absence of this feature in upstréam stations ìs 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 al lows 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 eZ= 0.9. The length

scale n decreases in this radial region further in the downstream

direction. The increase in the values of ¡ near the wall is more

pronounced at stations after 40 in the direction of the flow. Also the

range of ¡ values fron axis to wali decreases tov,rards 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 smaìl magnitude as

compared to the entry region of the diffuser (figure 5). That is in
the axial direction, the magnitude of ¡ away from the walI collapses

onto a single curve for high pressure gradient but decreases in the

region of constant and small pressure grad.ient.

The dissipation length scaìe (Tayìor,s microscaìe) I has a

peak in the radial direction at about ÇZ = 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. Frorn the peak position to the watl, the rnagnitude of I
decreases nonotonicalìy. Also the magnitude of À at any radial position
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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 €Z 1.0, as the expanding geometry provides larger

region to reach the same lower value. However, it is again ù,rorth noting

that the decrease in À like that ofr occurs when most of the pressure

recovery has already taken pìace and pressure gradient has become more

or less constant. From station 40 in the downstream direction, the

values of l in the wall layer decrease iinear'ly with increasing radial

distance while upstrean data show a more conplex variation.

The turbulence Reynolds number R^ aìso shows a peak initialty
appearing at about EZ= 0.75 which shifts tor,,,a rds the wall up to station

40 in the dov'rnstream direction. Thereafter it starts to move towards

the axis (figure 65). The values of R^ after the peak decrease linearly

towards the wall as a function of radial distance. The magnitude of

R^ generallJ increases in the axial direction from entry to exit, thus

indicating an increase in the turbulence in the flow fietd.

A characteristic length scale of the flow field defined as

(Lumley, 1970):

L-
Ê (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 L./n has a

3q

g3/2.
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peak at about €Z = 0.75 in the entry region which shifts to$,ards the

diffuser axis in the downstream direction. From the peak position

towards the walI, the ratio of characteristic lengths decreases

iinearly, But in axial direction, the magnitude of the ratio increases

in the direction of the fiow. The value of the ratio except close to

the wal I generally varies between ì00 and 750. A large value of this

ratio, as found in the present study, indicates that the dissipating

eddies are independent of the ìarge energy extracting eddies which are

of the order of mean flow.

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

o =qLr=d-"Le 3tv 9ve (2s)

was calculated and is shown in figure 67 for the same 3 stations as was

figure 66. Its distribution is similar to that of L.h. In grid

turbulence R,^ is usualiy constant (Lumley, 1970), but as figure 67
LE

indicatei 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 egually important in the study of the fine structure of

turbulence. A tine scale defined by Kolmogoroff which is indicative

of the dissipative range of the wave numbers is:

1 = (v/e)* (30)



90

Figure 68 shows this parameter for the 3 axial stations. The

tine scale decreases towards the wal l but increases again very close

to the walì, This is indicated by two curves for stations towards the

exit. The inverse of the time scaie T represents the vorticity of the

flow, And as figure 69 indicates, vorticity reaches a naximum near

the wal'l where time scale had the smallest vaiue. Vorticity increases

in the dovrnstream direction in the core region but the reverse is

true near the wall.

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

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

2
-=9_

¿¿

and foyming the ratio of 3i to 30:

(3t )

Chaiacteristic tïúe scale of the flow = Éßt = qz

Characteristic dissipative time scale (v/.)+ 2(ev)t '

The distribution of the ratio of these t$,o time scale (figure 70) is

similar to that of the length scaTes of figure 65. Also, the ratio of

time scaìes 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 Rr.+ (LumleJ, 1970), so that
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the time scale (vle)* may be expected to become shorter and shorter to

that of the mean motion as the Reynolds number increases. LumIey (1970)

also states that the influence of the strain rate on the structure of

the dissipative region is proportionaì to the R,-.-*. Since the

characteristic Reynolds number R,_. (figure 67) increases in the dovrn-

stream axial direction, the quantity Rr.-+ would be expected to decrease

in the same order. Such a distribution is shown in figure 7t, The

value of Rr.L; i.e., the inverse of numbers given in figure 7ì has been

reported to vary from 6.6 to 60 in homogeneous turbulence (Lumley, 1970).

An estimate of RLEt from figure 7l indicates it to vary between 20 and

80.
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9. II"IE ISOTROPIC VORTICITY BALANCE

..Au-
9.1. skewness of # (s)

t..tr".r"rr** (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 approximateìy at the pipe radius (6, = 
.l.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 (197.l ) 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 fron

0,3 to 0.5. The present results up to t2 = 1.0 compare favourably with

these data for grid turbulence. In the walì layer (between the wall

and the point of maximum u'., ftuctuatìons), however, values of S

increase with increasing radial distance towards the wall. The

magnitude of S near the wal'l , towards the diffuser exit reaches as high

as 1.0. Since the data very close to the wail Ìrere not obtained, its

behavior further towards the wal'l for the diffuser is not known. In

the entry region, values of S obtained near the wall were not as high

as I.0. This is probably due to the lack of data obtained in the wall

'layer in the entry region of the diffuser.
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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 fuììy developed pipe flov. Their results

indicate that at about y+ = 20, S reaches a maximum va]ue between 0.9

and .l.0 before decreasing further towards the wail. In the region away

from the walì (y+ > .l00), S remai ns constant and has a value of

approximately 0.38. Fiom y+ = 100 towa rds the wall, it starts to

increase with radiaì distance tìll it reaches its maximum value. The

present results are in agreement with these previously published results

Ín.waì l 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 reachìng jts maxinum value. However, a notable

difference is that in the boundary layer and the pipe, S attains its

maxjmum value approxinately at the point where turbulence production

is maximum, wheròas it remai ns constant up to the poìnt of maximum

productÍon in the diffuser. Hummel (1978) has compared the position

of y+ = 15 as the oúter edge of viscous sublayer in the boundary layer

to the t2 = 1.0 in the diffuser. 0n the basis of data of S, such a

conparison may not be valid. However, it ìs possible that another

layey', 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 turbuient production and the edge of the viscous

sublayer coìncide in the pipe and boundary ìayer, 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 stretchi.ng, and because its distribution and nagnitude

in the diffuser except in the wall layer is simiìar 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. r.lith the

same argument, ít can be said that the increasing values of S near the

walì indicate the increasing degree of anisotropy. The ratio or 5 in
the diffuser increases towards the wall (Sec. S.i), which is also a2

consequence of increase in the degree of anisotropy. The tack of
isotropy near the waìl has been reported for ali other waìl bounded fl ows

(Ueda A Hinze, l97S; Lawn, l97l). Therefore, the results obtained with
ìsotropic assumptions near the wa wourd 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 sàme varue as for the

other wai l bounded fì orrs, 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 sane order, hence, the results in the

diffuser can be compared to that of the pipe and boundary layer.

The hlgh values of S near the wail indicates it to be a

region of high turbulent activity. This is in agreenent v,,i th the results
of the visual studies of Kline and his associates and also of Brodkey

and his associates that the turbulence is generalìy produced near the

wall, Ueda & Hinze (ì975) have reported that the skewness factor of
âu.

5¡1 is associated $,ith the inrush of the high momentun fluid lumps into
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the inner waìl layer. Hummel (ì9Zg) has shown that like other waì.I

bounded flows' the sweep phase represented by the 4th quadrant correlation
or u¿ is higher than the ejection phase of 2nd quadrant correlation in
the walì layer. In addition to this, theoretical calculations of
Nakagawa & Nezu (1977) have also shown that the ejectîon phase shouìd

be I ower than sweep close to the walt. This would require that the

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

study (figure 72). Also since S involves the measurement of þ ¡y¡¡.¡
represents the finer structure of turbulence, it can be concluded that
the fine structure of turbulence is simitar in aìì wall bounded flows.

In pipe and boundary iayer flows, the point of maximum ui

fluctuations specifies the edge of sublayer. Inside the sublayer (to_

wards the wall), sweep is more irnportant while outside of the sublayer,

ejection is more significant. A similar situation also exists in the

diffuser, and on this basis the waìì layer of the diffuser can be

vierved as a rather thick sublayer as suggested by professor A.M. yagìorn

(private cornmunication, lgZB). The diffuser flow amplifies this
region where sweep event is higher than the ejection, as compared to the

pipe and boundary layer f1ows.

Batchelor & Townsend (t947) reported that the measurements of S

in their flow were independent of the turbulence Reynolds nunber R^.

The values of R^ in their flow varied from ZO to 60. The region nhere

S remains approximately constant (within the range .37 to .5) in the

diffuser has a turbulence Reynol ds number varying from 200 to 600

(figure 73), which is an order of magnitude higher than that of the
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grid turbuience reported by Batchelor & Townsend ('i947). In the wail

layer (from waìl to the point of maximum uj fluctuations) R^ decreases

towards the wall after reaching its rnaxi mum vaìue but S increases with

decreasing R^. However, the I ovrest value of R^ measured near the wall

is 130 which is still higher than the grid turbulence of Batchelor &

Townsend (1947). Ueda & Hinze (1975) reported that in the region where

S was constant, lowest value of R^ was of the order of 100, In the

Èresent study, deviation in values of S occurred near the v,ral l at

values of R^ for which S was constant away from the waìl. This indicates

that the increase in S is due to proximity of the watì and not due to

decrease in R^. This illustrates that it is the wal I that influences

the level of turbulent activity and thereby the degree of anisotropy in

the flow. Thus it can be conciuded that the concept of isotropy can be

used in a region away from the wall in a flow as compl ex as ours, but

it may not be valid close to the wall. This was also pointed out by

Frenkiel & Klebanoff (1975).

Saffman (t963) following Batchelor & Townsend (t9b6) suggested

that the Kolmogoroff's time scale (equation 30) is related to the
âu.

skewness of t' in the form:

(v/e)+ =

or:

7S
6/t5 *l

*-= 7 ¡9.¡t5=,i"--Gry%II 6/T6"v' F
(32)
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This function o., is shown in figure 74 and (e/v)\ which represents the
vorticity in the fietd was given in figure 69. The units of c., wou.ld

be the same as ot (e/v)+; i.e., sec-Ì. The behavior of o., follows the
distribution of s in the fierd. The region where S v,ras constant, dr is
also seen to be constant and for increasing S, a., also increases. Thus

the o' curve which represents the product of S and the turbulence

vorticity of the fieìd, identifies the region of nonisotropy in the frow
fi eì d.

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 simiìarity,
data for only 7 axial stations are presented. Generally the magnitude

of G increases stighily in the axial direction and near the walr in
the radial direction, it also shows a rising trend after station SO,

The increasing vaìues of G in the axiar direction indicate that the

effect of viscosity in smoothing out turbutent fluctuations increases

in the direction of fiow. Since the effect of viscosity is usualìy
feìt at very small rength scaìes, it must decrease in the downstream

direction to satisfy the higher varues of G. such a decreasing trend
of the Kolmogoroff ìength scale n was found in the f .lorv (figure 63).
Also near the wall the length scale decreases considerably, thus

indicating that the effect of viscosity is aìso higher near the wall.
The generation of the snall scale fluctuations is due to the non_

linear terms in the equations of motion. As the fruid moves dournstream,

its length scale decreases due to the presence of inertia in the frow,
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thus increasing the ability of viscosìty ìn dissipating small scale

energy into heat. such an expìanatÍon would imply that the turbulent

energy is being transported in radial and axial directions. The

turbuient 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

a: And :.ince G and R^ both increase in the downstream axial"t
direction, their ratio (figure 76) was found to be independent of the

axial position. This indicates the dependence of G on R^. At large

Reynolds number' though the relative magnitude of viscous effects in
a flow tencì to become vanishingly smaì1, however, the increased effect
of non-linear inertia terms in the Navier-stokes equation generate

addjtional motion at scales small enough to be affected by viscosity.
This ensures a balance in the flow field by keeping viscos.ity effects

at a finite level .

In the radial direction, the ratio J is constant frorn thenÀ

diffuser axis to E2" 1.0 and increases sharpry further towards the

wall. This behavior is simi lar to that of S (figure 72) and indicates

a close reìationship between the production of vorticity and its decay

in the flow field. The effect of viscosity on small scale notions

in dissipating the energy depends on the rate at which it is suppl.ied

with the energy by the larger-scale motion. Therefore, a close

reìationship betlveen the parameters S and G shoujd be expected.
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9.3 Vórticity Bal¿ince

Using isotropic assumptions, Batcheìor & Townsend (.l947)

simplified the vorticity equatiôn 3 in terms of S, G, and Rt parameters

in the following form:

(33)

This relationship was shoÌ'n 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 frow under investigation,

values of G were plotted as a function of R^ (figure 77). The solid
line represents the equation 33 with S = 0.39 as suggested by Batchelor

& Townsend for isotropic frov',. Agreement betweèn grid turbuìence data

(20 < Rl < 60) and the diffuser data (200 < Rr1600) excìuding the wall- ^- - ^_region is excellent. Because of the interrelation between s and G, the

values of G near the warì do not foilow the isotropic distribution.
vaìues of G deviating from equation 33 are those obtained in the wail

Iayer of the diffuser. It has been knorvn that the degree of anisotropy

increases cìoser to the wall, this fact is further confi rmed by the

nature of S and G distribution in the diffuser.

Ralriting equation 33 as:

e=$+]nrs.

2GTF- '-+ (34)

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

r+ff.

If R^ is large enough, then the second terrn on the right hand side can

be dropped. Thus:

2G-F^5 -

t=''o
for isotropìc turbul ence.

This relationship was plotted and is shown in figure 78. Since
S anU pf are both constant in the core region, equation 35 was found to''t
be true fn the diffuser. But in the walì region, the curve deviates
from unity. Equation 35 impiies that in the core region, magnÍtude of
S is about twice that of f . This was also evident from figures 72 and

75. However, in the wall legion, plot of fl- Oeviates from unity and

increases with distance towards the !,,all. 
tü:"n 

close to the wall, it
reaches a value as high as 4.0. ff 

ft 
can be considered as a ratio of

decay to production of vorticity, tnen its magnitude equaì to unity
would impìy that the terms of production and dissipation of vorticity
approximateiy balance each other. Thus the increasing nature of 

trtowards the warl 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 

tr vaìues, it is not a sinple function of
R^ but is r¡rther infiuenced by the proximity of the wal I (figure 79).

(35)
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The increased contribution of viscosity in dissipation near the wall was

also indicated by the turbulent kinetic energy baìance for the conical

diffuser (Sec.7).

9.4 Visuai RèSülts

Perhaps the most significant progress towards an understanding

of turbulence mechanism has been achieved recently, by using direct

visual studies of individual evãnts and by sampling the turbulence

upon detection of a specific event. The turbulent signaì and .its

derivative which formed the basis of this study were observed on a

storage oscilloscope and were photographed. The statisticaì anaiysis

of the data had shown that though the wall region indicates a consider-

abie degree of anisotropy, the flow away fron the wall has properties

of isotropic turbulence. Therefore the three signals ,.,, þ and +
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 tZ = 0.69 and l.7t (figure 80 a & b). Both figures

have 3 photographs; in photograph (i), the upper trace is the u., signaì

and the lower trace is oft'. In photographs (ii) and (iii) the upper

trace is þ una the rower irace is or [i]]t uno 
dllt 

".rp".tiu.ry.at¿
The u.' signal at E? 0.69 is somewhat negatively skewed but

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

its intemittency factor would be close to one. However, near the wall
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u.l signal itself is positively skewed and rather shows some inter-
mÍttent movement of the fluid and its derivative shows this i ntenni ttency

even more cìearly. There are periods of sudden activity followed by

quiet periods. Since S; i.e., skewness ot þ i, associated with the

inrush of the high momentum fluid into the inner waìì ìayer, the (au.,/at)3

signal further shows that this inrush of fluid occurs in lumps and is

inteymittent in nature. This signat has a very smaïl magnitude in the

core region and in compari son is very significant near the walt giving

high values of S in the wall region, The Znd derivative of u., signal

which is indicative of high frequency components decayed by viscosity,

is also intermittent. Since the znd derivative is related to the first
thus has some similarities to it. These findings tend to confirm

qualitatively the results of statisticaì 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 interaction of the mean flow and the large scale

eddies, it should be expected to be anisotropic, Turbulence needs time

to distribute its energ¡y and reach isotropy. Therefore it cannot be

expected to reach this stage at its place of production. As this newty

produced turbulence travels away from the place of i.ts production, due

to inertia it transfers its energy to smali sca'le turbulence and thus

tends to attain the state of isotropy. And since near the axis, no

new turbulence'is 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 theìr energy to smaller eddies because of high

mean strain and shear in the field. These snaìler eddies are irrunediately

acted upon by the viscosity to dissipate their energy. The 2nd

derivative of u,, near the watl attests to that since the 2nd derivative

is much more significant near the watl, it indicates that the effect

of viscosity is higher here. This would confirm the statement of

Klebanoff (.l955) that a significant part of turbulence dies in infancy.

9.5 ConsequêncèS óf the Vöaticity Bâ.lànce

The study of the vorticity balance in tenns of the parameters

S and G provides infomation about the process of vorticity product.ion

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

walì 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 vrithout 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 welI. }'¡ith this

fact in mind, the results s hoù', that the ratio of the rates of production
o

and dissipation of o'' and the nature of vorticity balance is essentially

the same at all axia'l statìons. This suggests that there is a dynanical

similarity at aìì axial stations of those aspects of the turbulence

which control the vorticity balance. In radial direction the r.atio of

the production and dissipation of vorticity is constant from the
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diffuser axis to the point of naximum u.i fluctuations. Further towards

the watl, effect of viscosity becomes larger than the vortex extension.

It is in this region that the contribution of sweeps to shear stress is

also ìarger than that,of ejection event (llummel , lgZB).

The results also show that even in shear fiows, there exists a

règion which has certain similarities to that of an isotropic fìow.

The presence of the wal l and the ensuing complexities prohibit the

extension of these isotropic ideas to the wall layer. In order to under-

stand the limitations 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 U, is generally

negìigible in the diffuser used here and the radial derivative of U.,

(figure l0) fs the main contributing factor to the mean vorticity and

the mean strain, In the core region of the diffuser, the radial

derivatfve of Ul is small and is the same for all axial stations and

varies lìnearly with distance. This may account to.r;Tutt values of S

and G in this region. However, in the watl region, 5¡j ir u."V trlgtt

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 resutts in high values of S and G in the

wall regi on.

Turbulence is produced as a large scaìe stÈucture and is
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directly influenced by the magnituae ot þ . The energy from large
scale eddies is passed on to smailer 

"¿¿il3 
Ü,"orgh vortex stretching.

The process of vortex stretching tends to make the smaller scale eddies

loose al l sense of direction and become statìsticaÏry isotropic and

also their contribution to the Reynords stress vanishes, This fine
structure has also been reported to be intermittent in nature (Batcheìor

& Townsend, 1949). Therefore, it may be of interest to investigate the
. âu-

intermittency of ¡¡1 signal in relation to the changing ro.le of theâlJ- o v

parameter ¡;-L which controls the large scale structure of theo92

turbul ence.

Following Kuo & Corrsin (t971), Hunmel (ì978) measured the

maximum flatness factor of narrow band filtered u, signal and the inter-
âu-

mi ttency factor of 5¡r at station 30 (figure Bì). His resurts indicate
that the intermittency factor is almost constant and has a value of r.0
in the córe region where s was also constant. There after the inter-
mittency factor decreases towards the wall, The photograpt,, ot þ ¿u¡.n
from the osciìloscope (sec. 9.4) also showed that the signaì was inter-
mittent near the wall. The maximum fratness factor is arso almost

constant in the core region and has a value between 22 to 25 where the

intermi ttency ru.to. or þ is t.0. The fratness factor increases

sharply in the watl region (figure gt). There is an obvious relation_
ship between the maximun flatness factor of the narrow band fiìtered u.¡

signaì, the inteyrnittency of þ unA its skewness. It suggests that if
the maximum FF of the narrow band fittered u, signal is less than about.4u., | ..âu,
25, then 5¡I is not intermittent and skewness of # is also constant.
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In this region of shear flows, the isotropic assu33_tion can be appìied.

l.lith the decrease in the intermittency factor of f , lt, skewness

and the FF of the narrow band fÍltered u.¡ signal increases, ind.icat.ing

an increase in the level of anisotropy.

It vras also found that the results of the skewnes of þ {S)
for the diffuser compare very well to that of the pìpe and boundary

1ayer. The nature and the magnitude of s in these frows is almost the

same. ïherefore, the degrde of effor introduced in the diffuser results
with the assumption of isotropy would be of approximatery the same order

as in the pipe and boundary layer. However, in the futìy developed

pipe flow, S reaches a maximum at the point of maximum turbuient
energy production whiìe 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 varid is rarger in the

diffuser in comparison to the fulìy developed pipe f.low.

Hummel (1978) has stated that the outer edge of the viscous

sublayer (y+ - lS) is comparable to that of E2*.1 .0 in the diffuser.
This appears to be valid from the point of maximum turbuìent energy

production. But the study of vorticity balance indicates that the

maximun of S does not occur at Er:1.0 but rather occurs very close

to the wall. This indicates that the maximum of s is probabìy affected

by the walì. It is also probable that another layer anoìogus to the

viscous subìayer in the bounda"{u]ur"" is developing near the wall in
the diffuser. The skewness of # (s) may be reaching naxirnum at the



edge of this layer. This would suggest that unlike pipe and boundary

layer flows, thé rnaximum of turbulence kinetic energy and vorticity

productions are being.forced apart by the strong adverse pressure in

the di ffuser.
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.l0.
RECAPITULATION

The present experimental study v,ras undertakeñ as a result of

the finding of Okwuobì' & Azad (.1973) that the dissipation of turbulent

energy in a conical diffuser is negìigibte and the production is

generally balanced by the convectjve diffusion by kinetic and pressure

effects. The purpose of this study was to investigate the physical

phenomenon which renders the dissipation negìigibìe in the flov. At

the outset of this study, it was thought that this process of changing

from the pipe fiow characteristics where dissÌpation is significant to

the diffuser characteristics where the dissipation is reported to be

negligible, must be gradual. l,lith thìs objective in mind, detailed

neasurements of all the quantities 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 $rere

made to minimize the experirnental 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 0kwuobi & Azad (t973), that the dissipation was

negligible in the. diffuser. 0n 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 necessari'ly equal in rnagni tude

af aìl the axial stations. The results indicated that in the entry

region of the diffuser, production was much higher than the dissipation.

The di fference in production and dissipation of turbulent energy
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decreases in the downstream direction and eventually dissipatÍon exceeds

production near the diffuser exit. As a result, there was some undissìpated

turbulent energy in the entry region of the diffuser. Th.is excess energy

was transported downstream by the inhomogeneity in the turbulence

quantities in the axial direction. The picture here is different from

the ful ly 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 resuìts indicated

that of all the transfer terms in the f low, the pressu re- veì ocì ty

correìation (pu., and puz) is the most significant in the diffuser. Thus

the assumption of negligible contribution of pressure diffusion for many

other flows can not be justified in the case of diffuser.

Because of the expanding geometry, the wall ìayer in the diffuser

expands considerably in the downstream axial direction. Thus the radial

position where the turbulent production reaches maximum moves farther

aÌ¡'ray from the wall with the distance in the downstream direction. The

dissipation was generalìy more than production in this ìayer from wal l

to the point of maximum ui fìuctuations. The edge of this walì layer

is conparable 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

ninimum of fourth order velocity correlations includi.ng the flatness

factors of all 3 fluctuating velocity components. This is consistent

v',ith the pattern exhibited by pipe and boundary layer flows at the
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point of maximum production.

The measuiements 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 sìnilarity between the isotropic and diffuser fìor¡s.

Thís sinilarity existed at atl the axial stations. Thus" on this basis,

the assumptions of local isotropy in the core regìon of the diffuser can

be justified. Hourever, in the waì l layer the pattern of the fine

structure differs considerabìy from that of the isotropic behavior,

This structure in the wall ìayer of the diffuser is influenced by the

proximity of the walland is highly intemittent. It is also the region

of high turbulence actìvity. This behavior is similar to that reported

for pipe and boundary layer flows.

Tlle parameter S increases in the wall layer and reaches maximun

close to the wall. In pipe and boundary layer flows, it reaches maximum

at the edge of sublayer where turbulence production is maxinum, whereas

it renains 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 bei.ng forced apart by

the adverse pressure gradient in the diffuser. In this respect, diffuser

flow is considerabìy different from the pipe and boundary layer flows,

Initially, the fully developed pipe flow enteri.ng the diffuser

is in a state of dynarnic equilibrium betv'reen pressure force and shear

stress force. ülhen the fìow enters the diffuser, thé mean axial
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veiocity u., decreases to preserve the continuity. sinurtaneousry, the
pressure increases resulti.ng in a change in momentum with maximum

effec t on the velocity profire near the wa|r . This changing momentum

flux in the watl pr.oximi ty produces a thickeni.ng wa.t.l layer and a

displacing effect on the position of maximum verocity fructuations and

turbulent shear stress towards the diffuser. The retardation of the

mean axial velocity Íncreases the relative turbulence intensities. The

third and fourth order monents of these velocity fluctuations indicate
that the 'extra memory effects' may be present in the flow in the

region far removed.from the wall.
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I'I . CONCLUDING REMARKS

An experimental study of the tu¡fbulent kinetic energy and the

isotropic vorticity balance for a conical diffuser with ful ly deveìoped

pipe flow at entry has been presented. Quantìtative data of the measure-

ments of mean static pressure, nean velocity, turbulence intensities,
correlation coefficients, skewness & flatness factors, all the 3rd &

4th order correlations of two velocity components, first & second

derivative of the u, signal and aiso the skev,,ness of þ siSnat are

presented for an entry Reynotds number of 5g000.

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 signÌficantty towards the exit. The

general feature of the radial distribution of the turbulence fluctuations

is the occumence of a peak very close to the wal l near the diffuser
inlet; the peak progressivety shifts away from the walt with the distance

in the stream,ise direction. This causes the thickening of the wal l

layer in the diffuser in the dovnstream axial direction. The

distribution of the turbulence intensity levels is quatitatively similar,
but quantitativeìy much in excess of those in pipe flow.

The results of the turbulent kinetic energy budget show that

the rate of turbuì.ent energy production approximately reaches a

maximum at the edge of the wall layer which extends from the wall to
the point of maxirnum ui fluctuations. At the edge of this layer, the

skewness of u., & u, chañ9es sign and alt the 4th order moments show a

minimun at this point, which is similar to that of pipe and boundary
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'layer flows. Within the waìl layer, dissipation is nore than

production and thus a need for energy diffusion to¡ards the wail, The

results also showed that not alì the turbulence energy produced at any

cross-section is dissipated there. In the entry region production is
higher than dissipation, whi le near the exit dissipation is higher

than the production. To maintain an overalr barance between production

and dissipation Ín the diffuser, transfer terms transport the excess

energy in both radiar and axiar directions. It is arso short n that the

diffusion due to pressure veìocity correìations (pu., and pur) is the

most important parameter in transferri ng the excess turburent energy

to the deficîent regi ons .

The rcasurements of the fine structure of turbulence reveared

that the analysis of Batchelor & Townsend (ì947) for isotropic turbuìênt
vorticity balance Ís equally valid for the diffuser fìow except in
the wall layer. In the core region, where this analysis is appìicable,

ratio of the rates of production,and dissipation of o,2 is constant,

and the vorticity balance is essentialty the same at ail axiar stations.
Thus there is a dynamicat simiìarity at ìeast of those aspects of the

turbulence which control the vorticity balance. It was also seen that
' au' âu-in this region: i) ihe # is not intennittent: ii) mean strain ]- isoè2

small and linear; iii) ratios of length and time scales of the ftovr to

the dissipating eddies were high and simi lar; and, iv) f.low was far
renoved from the wal l.

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

not follow the isotropic pattern, but the behaviorof s Ís sirniìar to
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pipe and the boundary layer frows (measurenents of G are not reported

for these flows). But the maximum of S does not reach at the point of
maximum ui ftuctuations as in the fulty deve.loped pipe and boundary

layer f lovls. It attains its maiimum value very close to the wall.
This provides a larger region in the diffuser where s is constant as

compared to the pipe frov. This aìso indicates that another rayer near

the ùrall analogus to the viscous sublayer in pipe and boundary layer
may be developlng in the diffuser.

All the experirfentar resurts presented here indicate that the

flow in the diffuser can be divided in two main distinct regions:

i) the core region; and, ii) the walt layer. This division of fl orl in
the radial direction is very much simirar to that of the pipe florv

except that the expanding geonetry of the diffuser makes the wail layer
thicker. This tvalì layer which occupies a very small region in the
pipe flow at the dlffuser inlet expands considerabty in the downstream

direction. Since the waìl layer is the nost important region from the
point of view of the structure of the turbulent flow, its expansion

allor'rs the neasurenent of turbulent quantities in this rayer without
being very close to the wall. This substantiaìly decreases the wall
effect on the sensor and thus provides experimental advantages as

compared to its study in other wall bounded flovs.
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RECOIiIMENDATIONS

It seems apparant following the present investigation that
further work should pursue the foìlowing course:

i) Data of the present investigation should be used to investigate

the applicability and the required modifications, ìf any, of
the mathematical models for the energy balance used in other

flow fields, to the flow in a conical diffuser.

ii) In order to understand the mechanisn 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 shoutd further be explored. This

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

iv) If possible, the pressurelvel oc i ty correlations should be

measured experlmentaìly. This may help in gaining information

about the relative significance of this term in axiaì and radiaì

dÍ recti ons .

v) The possibiìity of the ,extra nemory effects' on the structure

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

polynomials. Figure A-1 also shows the nòrmali zed wall static
pressure data obtained ftom the static pressure holes dril led 6 cm

apart in the diffuser walì. There were 4 hores at 90o at each axiar

station and the indicated readings are average of aìl 4.

The experirnentaì data obtained in the entry and the exit regions

indicated an approximate linear variation with axial distance (figure
A-l). Therefore, in order to investigate this possibility and atso

to improve the accuracy 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 5g to lZ, where station
72 is at the diffusure inlet. potynomials of order one to five were

fitted to these regions. It vras found that the 4th order poìynomial

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 (Tabte A-2). Data points computed from these separate

analysis are also shown in figure A-r. This anaiysis showed that the

experimental data did not have rinear variation 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 possibie that the true static pressure data

may exhibit slightly different variation than indicated here. This

aspect of the mean frow evoìvement Ís being fu¡rther 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 x., for the pressure gradient in figure (5) is non-

dimensionaìized by pipe diameter, whereas the equation given in

Table A-3 uses pipe radius forn 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 EO used in equation (given in

Tabte 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 TURBULENCE DATA

ïhe turbuience data coliected for the conical diffuser using a

DISA single wire and an x-wire probe are presented in the following

Tables B-l to B-.l2. The data obtained ùrÍth an.x-wire excluding that
of u2u3 correlations were collected aìong the whole diameter of the

diffuser to check the synrmetrical nature of the functions being

measured. A snooth 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 directÍon, The data for uru. correlations and also of e, S

and G were not smoothed in radial or axial direction.
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The diffuser turbulence data measured in the laboratory at station 67
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TABLE B-t-- Continued
The diffuser turbulence data measured in the ìaboratory åt station 67
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The diffuser turburence data measured in the raboratory at station 65

Ul-
ub

t¡'
¡rxt0

t¡'

ufxtu

4.t0
4.12
4.15
4.43
4.82
5.28
5.85
6.50
7.20
7.90
8.63
9.05
9.35

l¡'
¡f x lot

2.90
2.92
2.95
3.03
3. l5
3. 30
3.43
3.62
3.75
3.95
4.17
4.40
4.70

U,U,

,iüI

3.17
3.17
3.20
3. 35
3.53
3.73
3.95
4.22
4.50
4.85
s.17
5. 40
5. 55

q
,l=

-.540
-. 545
-.547
-.540
-.512
-.475
-.426
-.370
-.3t0
-.245
-.170
-.120
-. 085

q
r:--

u, ui
,Trl"

0.0
-.020
-. 055
-.1¿18
-.192
-. 205
-.205
-.t90
-.167
-.t50
-.150
-.170
-.ì95

E
'lrl

-.288
-.288
-.285
-.278
-.263
-.244
-.220
-. 195
-. 165
-. t40
-.I t8
-..l05
-.096

U, U,,

,ïry

0.0
-. 023
-.062
-.138
-.t93
-.214
-.202
-. .l78

-.t60
-. t45
-.125
-. tI0
-.097

-.300
-. 300
-.296
-.280
-.260
-.235
-.210
-. t80
-.142
-. 100
-. 045
0.0
+.030

'.teü:ui'

-.023
0.0
-.045
-.078
-.098
-. 107
-. t28
-.141
-.125
-.108
-.123
-.128
-.041

fÞo



0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.91
.94
.98
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The diffuser turbulence data measured in the I aboratory at station b0
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The diffuser turbulence data measured in the ì aboratory at station 40

3.34
3.33
3.32
3.30
3.28
3.28
3.29
3.32
3.29
3. t4
2.87
2.66
2.s6
2.57
2.74
2.95
3. 05

3.42
3.42
3.42
3.43
3.45
3.49
3.54
3.61
3.67
3.60
3.42
3.21
3.02
3.04
3.25
3.86
4.25

3.36
3.36
3.35
3.33
3.33
3.37
3.42
3.46
3.46
3.38
3.32
3.25
3.21
3.24
3.38
3.56
3.65
3.70

1.258
I .258
1.258
I .268
I .300
t .333
1.373
1.4t5
I.445
1.400
1.273
t. t70
I .100
1.120
1.240
I .345
I .382

1.36
ì.36
t .37
1.36
I .33
I .31
1.29
1.28
1.24't.16
ì .06

.99

.98
r.o4
1.16
I .35
1.44
I .49

I .331
1.33t
t .346
1.382
1.440
1.496
I .556
I.s94
1.519
¡ .370
1.20?
t.lt6
1.07.6
1. t08
l:279
I .518

0.0
.05
.17
,43
.66
.84

1.00
1.12
l.t6
l.r3
I .00
.94
.93
.94
.95
.88
.82

0.0
.05
.17
.43
.66
.84

I .00
1.12
t.t6
I .13
t .00

.94

.95

.99
1.07
l. t3
I .09

t5.r5
14.74
14.85
16.O2
t8. t8
21.41
26.95
35.64
46.89
68..l6
99.36

146.74
194. 63
241.59
256.8t
236.91
219.66
207.71

.497

.498

.492

.497

.492

.474

.490

.471

.439

.444

.4t 3

.427

.449

.473

.s42

.623

.738

.840

60.52
60.47
61 .t9
62.97
66.36
74.43
79.75
86.07
89.39
98.79
98.77

't 0l .37
109. 76
I14.09
128. 3l
127.40.l32. 

0
129.79

(,\¡



0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.94

1.04
I.t4
1.24
1.34
I .44
1.50

Tde diffuser turbulence data measured in the laboratory at station 30

5.20
s.22
5.30
5.60
6.05
6.67
7.55
8.47
9.85

10.70
It.55
1t.85
12.05
11 .75
10.72
9.60
8.00
6.60

3.52
3.52
3.55
3.65
3.85
4.t5
4-47
4.85
5. 35
5.85
6. t3
6.25
6.22
6.00
5.60
4.82
3.77
2.97

3.52
3.53
3.55
3.72
4.05
4.42
4.87
5.43
6.00
6.57
6.90
7.02
6.93
6.50
5.83
5.20
4.55
4.ts

0.0
-018
.052
.128
.190
.245
.285
.320
.342
.358
.372
.382
.385
.385
.370
.345
.300
.245

-.550
-.555
-.555
-. 563
-. 580
-. 603
-.630
-.620
-. 532
-. 365
-. 200
-.045
+.090

.230
. .365
.490
.606
.672

0.0
..025
-.065
-.1s5
-.240
-. 315
-. 365
-. 375
-.320
-. 250
-. 't 50
-.040
+.075

.200
,.320
.420
.480
.430

-.270
-.270
-.273
-.283
-.298
-.320
-.327
-.318
-.292
-.285
-. 132
-.010
+.102

.215

.330

.450

.550

.598

0.0
-.0t 7
:.055
-.132
-.t93
-.240
-.265
-.258
-.225
-.165
-.090
-.020
+.055.
.t33
.205
.258
.253
.218

-.245
-,245
-. 250
-. 255
-.260
-.265
-.260
-.240
-.r95
-.t30
-. 050
+.050

. t60

.285

.4 t5

.560

.720

.830

0.0
+.015
-.036
-. 09t
-.t60
-.214
-.263
-.244
-.226
-.172
-.142
-. 003
+.062

.108

.177

.238

.zt4
-. tì0

(,o



2

0.0
.02
.06
.I6
.26
.35
.45
.55
.65
.75
.85
.94

1.04
l.l4
1.24
I .34
1.44
1.50
I .54
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3.26
3.27
3.29
3.35
3.40
3.45
3.43
3.32
3.06
2.82
?'.64
2.52
2.53
2.61
2.75
2.88
3.05
3. t6

3.29
3.30
3.33
3.39
3.47
3.57
3.66
3.65
3.53
3.33
3.16
3.02
2.95
3.02
3.21
3.54
4.00
4.34

3.43
3.44
3.46
3.50
3.55
3.63
3.66
3.66
3. 56
3.38
3.20
3.1t
3.08
3. ì8
3. 38
3.66
3.96
4.17

.l.258

I .258
1.260
1.280.l.3t5

t .390
I .505
t.410
I .313
1.22?
1.t52
I .095
I .090
I .160
I .250
I .345
t.430
1.465

I .32
1.32
1.32
I .33
1.36
t.38
I .34
I .28
l.tB
r .06

.96

.93

.95
1.03
t .16
I .38
I .66
1.78
2.0

1.420
1.417
1.415
1.471
I .563
1.667
I .690
1.572
I .387
I .268
1.126
1.096
I .098
t.190
I .286
t .371
'I .571
1.72s

0.0
.07
.20
.49
.73
.95

t.l2
l.l5
1.12
I .00

.93

.90

.9t
o2

.98

.98

.86

.70

0.0
.07
.20
.49
.73
oß

l.t2
1.15
1.12
1.00

.93

.90

.9t

.99
I .09
1.20
l. r3
I .05

16. 55
16.44
16.97
18.02
21.29
27.22
35.79
48.42
67.64
98.87

132.17
166.59
200.08
227.92
287.00
236.59
225.90
218.00
203.91

.410

.412

.416

.432

.420

.422

.395

.427

.420

.388

.398

.406

.427

.468

.514

.579

.640

.674

.889

63.53
62.96
62.88
64.47
74.91
77.91
84.48
9t .35
94.92

t 03.95
I12.83
116.24
122.49
I 25,83
l3t . 64
142. 5l
155.42
I54. l8
168.89

G,\o
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TABLE B-8

The diffuser tuvòulence data measured in the laboratory at station 24

0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.94

1.04
l.l4
1.24
1.34
I.44
I .50
1.54
1.57

U

d
u'
gr x t02

.83

.83

.83

.8t

.80

.77

.74

.69

.65

.59

.53

.49

.43

.37

.32

.26

.21

.18

.t6

.15

u'
g¿ x lO¡

5.90
s.92
6.00
6.43
7. 15
8.22
9.50

l0;60
il.75
12.77
13.33
I 3.35
13.10
12.67
ll.gg
11 .02
9.75
8.95
8.40
7.85

u'
¡f x lo¡

4.27
4.27
4.30
4.45
4.72
5.t2
5.68
6.20
6.65
7. t0
7.42
7.50
7.40
7.12
6.60
5.90
4.97
4.25
3.70
3. l0

u,u,
,ÏrI

3.98
4.00
4.02
4. l5
4.55
5.lg
5.78
6.33
6.8s
7.33
7.63
7.65
7.50
7.07
6.50
5.82
5.07
4.57
4,22
3.85

rl
,T'

0.0
.020
.063
.150
.220
.275
.315
.3;,42
.360
.373
.385
.392
.397
.397
.388
.365
.333
.303
.275
.240

-.71 5
-.7t 5
-.720
-.745
-.795
-.845
-.828
-.72s
-.570
-.386
-.220
-.065
+.070
.20s
.325
.435
.525
.573
.605
.630

c,r mry
0.0
-.0t8
-.092
-. t95
-.300
-.375
-.4t 5
-.370
-.300
-.212
-.1t 5
-. 015
+.100
+.210

.3t 5

.420

.530

.600

.590

.555

-.325
-.327
-.335
-.358
-.383
-.4æ
-.4t5
-.365 .

-.295
-.215
-.1t 3
-.010
+.095

.195

.297

.393

.464

.500

.522

.548

E
UFT' "'îul%¡'¡

0.0
-.032
-.082
-.192
-.275'
-.3t5
-.312
-.290
-.232
-.160
:.088
-. 013
+.060

.t35

.200

.250

.275

.273

.263

.238

-.305
-.3t0
-.320
-.325
-.320
-.305
-.320
-.220
-. t60
-.095
-.01 5
+.075
..170
.270
.380
.505
.645
.735
.805
.890

uruS

ry
-.020
+.005
-.021
-.163
-.245
-.288
-.270
-.260
-.215
-.t60
-.087
-.0t 6
+.040

. t0l

. t90

.233

.229

.2lg

.2A6

.022

Þo



0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.94

I .04
t. r4
't.24
1.34
1.44
I .50
1.54
1.57
r.6t

TABLE B-B - Conilnued

The diffuser turbulence data measured in the raboratory at station 24

3.38
3.39
3.42
3.50
3.6t
3.67
3.55
3.30
3.00
2.74
2.s8
2.50
2.51
2.56
2.67
2.80
2.97
3.08
3. t6
3.26
3.33

3.42
3.43
3.47
3.58
3.69
3.77
3.76
3.63
3.3s
3.15
2.98
2.90
2.91
2.97
3.ll
3.39
3.80
4.14
4.42
4.75
5.il

3.64
3.64
3.65
3.70
3.77
3.80
3.76
3.66
3.40
3.22
3.13
3.06
3.05
3.13
3.28
3.51
3.80
4.02
4.22
4. 36
4.5s

1.245
t.?50
I .290
l;385
I.465
I .568
I .500
1.380
1.240
t.145
1.095
I .065
I .070
r.t08
1.198
1.292
I .385
1.420
1.420.l.4t5

I .57
¡ .57
I .57
t.56
¡.s4
I .50
t.43
1.29
l.l5
t.04

.94

.92

.95
1..02
t.l6
I .36
I .60
1.79
1.92
2.06
2.20

1.8t8
1.8t6
1.800
I .759
t .693
I .5gg
1.480
I .385
t .308
I .218
1.127
l.t46
1.t73
l;184'
I .236
I .357
I .507
1.524
I .639
I .646

0.0
.t0
.27
.66

t.00
1.22
1.30
1.25
1.il
I .0ì

.96

.94

.93
..97
t.04
1.09
I .08
1.04

.99

.91

0.0
.10
.27
.66

I .00
1.22
I .30
1.25
l.tt
I .0t

.96

.94

.96
1.04
l.l5
1.28
I .4t
t.48
I .46
1.37

t8.65
18.44
18.52
19.94
24.43
29.98
41.15
56.74
74.40

100. 57
128.85
ì 55. 53
185.85
204.94
217.90
209.12
200.9s
184.97
174.21
163.24
152.22

.428

.437

.423
.44t

.433

.438

.389

.393

.382

.387
: 416
.423
.448
.509
.525
.580
.617
.773
.786
.854
.970

68.67
70. l3
70.ß
71.44
75.12
81.66
87.34
94.19
99.45

r 09.91
113.46
t 25.85
127.67
135.02
136.28
1s5.70
t61.84
163.36
169.75
188.24
214.54



TABLE B-9

The diffuser turbulence data measured in the raboratory at statfon rg

0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.94

1.04
l. r4
1.24
1.34
t.44
1.54
I .59
I .65

6.27
6.28
6.35
6.83
7.75
8.87

10.0
ll.l5
12.28
12.7s
t 3.0
13.03
12.85
12.35
il.68.l0.88

9.98
8.85
8. l5
7.53

c.oo I s.lo
4.62 | 5.13
4.65 I s.zo
4.85 I 5.47
s.20 | 6.00
s.63 I 6.5s
6.t7 | 7;20
6.67 I 7.85
7.05 | 8.55

0.0
.025
.068
. t60
.23ó
.283
.320
.345
.358
.370
,380
.385
.388
.388
.380
.365
.345
;3.l5
.290
.25i

7.32 | 9.00
7.45 I e.l3
7.47 I 9.t3

-0.830
-0.836
-.850
-.880
-.890
-.865
-.770
-.640
-.460
-.286
-.130
+.012

.145

.265

.370

.468

.552

.622

.660
;690

7.35 | 8.95
7.02 I 8.35
6.57 | 7.60
6.00 | 6.88
s.25 I 6.t3
4.35 | 5.40

0.0
-.030
-.090
-.230
-. 330
-.400
-.400
-. 330
-. 250
-.160
-.060
+.040

..l45

.235

.340

.440

.540

.625

.680

.7t 5
3.65 I 4.95
2.85 | 4.50

-.392
-.397
-.405
-.423
-.441
-.445
-.413
-. 350
-.253
-.t57
-.060
+.035
.t33
.230
.335
.422
.500
.565
.585
.575

0.0
-. 025
-.080
-.t95
-.285
-.313
-.295
-.2ß
-. t85
-.120
-. 055
+. 0.l0
+.078

.142

.200

.255

.290

.292

.275

.232

-.370
-. 375
-.378
-.375
-.360
-. 335
-. 285
-.230
-.160
-.085
+.010
.t00
.200
.310
.420
.540
.670
.800
.900
.990

.012

.007
-,.074
-. 170
-.269
-.312
-. 301
-.266
-.227
-.147
-.085
-. 033
+.055

.102

. l5t

.174

.224

.274

.251

.lt5

è
t\)
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0.0
.02
.06
.t6
.26
.35
.45
.55
.65

, .7s
.85
.94

t.04
l.l4
1.24
I .34
1.44
I .54
I .59
t .65
1.69
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The diffuser turbulence ddta measured in the laboratory at station lg

3.90
3.92
3.98
4. 04
4;01
3.87
3.5t
3. t6
2.86
2.65
2.55
2.52
2.52
2.58
2.69
2.82
2.98
3. 15
3.25
3.38
3.47

3.86
3.86
3.87
3.86
3.85
3.82
3.70
3.45
3.25
3.07
2.92
2.88
2.90
3.00
3.18
3;43
3;74
4.20
4.5s
4.96
5.22

4.00
4.00
4.01
3.99
3.92
3.82
3.68
3.49
3.33
3.20
3. t0
3.04
3. 05
3.14
3.29
3.49
3.74
4.0s
4.26
4.51
4.68

1.470
I .480
I .503
1' s5s
1. s95
1.592
ì.5t5
r .355
1.240
t.145
I.088
'l .063
I .075
l.lr7
I .210
I .320
1.427
I .535
I .560
I .560

1.76
I .76
I .75
t.70
1.62
I.s0
ì .36
1.21
1.08

.099

.092

.09t

.095
1.04
l.l6
't.31
t .49
t.7l.l.86

2.0t
2.12

1.757
1.757
I .754
I .706
I .635
I .533
1.429
I .353
1.264
1.178
l. t23
1. t49
1.165
l. 207
I .28t
1.402
I .533
1.683
1.788
1.946

0.0
.12
.36
.84

l.l8
1.27
1.26
l. r9
1.08
1 .00
0.94

.92

.94

.96
I .0t
1.07
1.'t2
l.It
I .05

.94

0.0
.12
.36
.84

ì.18
1.27
1.26
l.t9
l.0B
1.00

.94

.92

.96
1.03
t.l4
1.27
1.43
'I .5t
1. st
t.48
1.42

22.48
22.28
22.35
24.49
30.t5
38.60
51 .24
66.62
87.79

I 12.43
I36. 37
'|56.24
182.20
187.4A
197.76
202.86
195.35
175.24
160.40
146.20
I 37. 3t

.425

.433

.433

.413

.418

.407

.397

.380

.382

.3e2

.394

.418

.442

.472

.521

.564

.634

.746

.791
,920

't .050

70.85
72.14
71.78
74.90
8l .07
89.72
95.60

r01.89
107.64
109.40
t 20.09
t2t.86
132.96
t 44. 95
152.60
154.74
164.44
l8l .80
199.21
228.02
269.98

è(¡,
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The diffuser turbulence data measured in the laboratory at station t2

0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.94

1.04
l. t4
1.24
1.34
't.44
r.54
I .63
I .69
I .73

7. 03
7.05
7.17
7.75
8.58
9.65

10.63
11.53
12. l3
12.47
12.62
12.60
't 2.38
'l t .90
il.35
r 0.63
9.80
8.95
8.08
7.55
7.20

5. l3
5.t5
5.17
5. 37
5.72
6.ls
6.55
6.87
7.15
7. 35
7.45
7.45
7.30
7.05
6.70
6.25
5.72
5.00
4.0
3.25
2.65

5.63
5.65
5.70
5.95
6.43
7.t5
7.77
8.30
8.72
9. 00
9.t5
9.17
9.08
8.80
8. l5
7.40
6.68
s. 93
5.20
4.75
4.45

0.0
.025
.068
. 170
.242
.29s
.333
.355
.370
.380
.385
:,390
.393
.393
.390
.383
.368
.345
.3t 0
.282
.260

- r .000
-ì.005
-l .0r 0
-l .005
-.960
-.850
-.685
-.516
-.360
-.220
-. 085
+.035
.t56
.270
.37s
.472
.565
.650
.730
.772
.800

0.0
-.030
-.080
-. 200
-.300
-.362
-.357
-.290
-.212
-.122
-. 020
+.065

.r60

.250

.340

.427

. 510

.595

.680

.696

.650

-.453
-.453
-.454
-.455
-.455
-.4.l5
-.355
-.287
-.200
-. I 1.5
-.030
+.058

.142

.230

.330

.420

.497

.560

.6t 0

.612

.604

E
4',I

u, uT

,iry
0.0
-. 055
-.140
-. 250
=.300
-.3t5
-.300
-.243
-.177
-;ll0
-.093
+.025

.090

. 
.l53

.208

.250

.286

.303

.293

.267

.228

-.420
-.420
-.420
-.4t 0
-.390
-.350
-.290
-. 230
-.160
-.080
0.0
+.085

. t70

.260

.350

.4s0

. s55

.670

.785

.860

.910

.007
-. 033
-.088
-.202
-. 258
-.276
-.258
-.246
-.112
-.145
-. 065
-.018
+.020

.085

. 119

.r43

. tB7

.229

.232

.225

. 149

åè
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0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.94

1.04
t. l4
1.24
I .34
1.44
I .54't.63
I .69
t .73
1.77
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4.48
4.47
4.46
4.38
4.t3
3.69
3.31
3.02
2.81
2.66
2.55
2.50
2.50
2.59
2-7'l
2.86
3.02
3.20
3.39
3.51
3.60
3. 69

4.08
4.07
4.07
4.05
3.98
3.82
3.56
3.33
3.t5
3.00
2.94
2.91
2.95
3:06
3.21
3.42
3.70
4.08
4.52
4.88
5. t2
5. 38

4.10
4.09
4.07
3.98
3.86
3. 70
3. st
3.33
3.20
3.10
3.04
3.01
3.02
3.09
3.23
3.42
3.68
3.96
4,26
4.48
4.65
4.82

1.635
I .637
t .640
I .650
r .645
1 .530
I .380
1.265
r.t70
1.1r3
L083
t .070
1 .08s
r.120
1.210
1.308
1.403
t.s00
I .595
1.642
t.658

1.89
1.88
t.85
1.74
1.62
t.48
1.32
r.t7
'1.05

.96

.92

.92

.95
1.o2
1.II
r.22
I .36
'I .54
r.83
2.04
2.20

I .733
I .716
I ,693
1.620
I .555
r .546.l.404

1.310
l.2ll
1.156
t. t50
1.r54
'I . 175
1.213
1.294
t.40t
1.497
ì .601
1.708
I .769
1.884

0.0
.12
.36
.86

1.12
1.18
t.t6
I .04

.96

.92

.90

.93

.98.l.03

I .07
l.r0
t.ll
I .09
1.02

;95
.89
.81

0.0
.12
.36
.86

1.12't.t8
I. t6
t.04

.96

.92

.90

.93

.98
I .05
l.'t8
I .30
1.42
'I .53
1.62
I .63
1.60
r.s¿

29.57
29.22
29.08
3r. t5
38.t5
48.30
6l .49
80.93
99.74

123.t0
144.57
165.47
172.98
189.72
193. 56
180;26
175-24
163.24
149. 60
I4t . 28
135.77.
130. 53

.407

.420

.409

.386

.390

.377

.383

.381

.382

.405

.406

.424

.442

.470

.528

.550

.586

.632

.675

.690

.839
1 .060

75. 59
76.14
78.09
81 .t6
84. t6
91.81
98.95

1 05. 90
t09.84
ll9.r6
't 2t .93
128.75
140.72
'143.9t

154.66
I68. 54
l7l .36
180.7t
199.12
22s.68
238. t8
232.42

Þ('r
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The diffuser turbulence data measured ln the ìaboratory at station 6

0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.94

1.04
l. 14
1.24
t .34
1.44
I .54
1 .63
1.73
1.79
i.83

.77

.77

.77

.76

.73

.70

.67

.63

.58

.53

.48

.44

.39

.35

.3.l

.27

.24

.21

.t9

.16

.14

.13

7.40
7.45
7.65
8.75
9.60

t 0.45
11.20
il.95
12.65
t 3.'10
13.30
13. 35
'l 3. 25
12.85
t2.30
11 .50
10.65
9.80
9.10
8. 25
7.75
7.45

5.80
5.80
5.82
6.0
6.32
6.60
6.8s
7. t0
7.27
7.42
7.50
7.42
7.20
6.87
6.42
6.02
s.45
4.83
4.15
3:40
2.85
2.45

5.97
6.00
6.05
6.27
6.72
7.27
7.77
8.t7
8.45
8.60
8.65
8.55
8.28
7.73
7.42
6.48
5.80
5.25
4.63
4.00
3.63
3.38

0.0
.020
.060
.ls0
.220
.278
.323
.354
.375
.383
.390
:390
.390
.386
.380
.370
.357
.333
.302
.263
.228
. t93

-1 .292
-1.27s
-t .193
:1 .035
- .865
-"705
-.545
-. 387
-.245
-.125
- . 0'18
+.077

.163

.242

.3t8

.402

.482

.539
, .560
.593
.603
.597

0.0
-.020
-. 095
-.190
-.292
-. 335
-. 300
-.230
-.150
-.060
+.025
0.il0
0. t95
0.270

.345

.425

.505

.580

.660

.660

.595

.500

-.445
- .445
-.445
-.435
-. 390
-.340
-.285
-.212
-. t28
-.045
+.040
.'t23
.208
.290
.380
.463
.533
.590
.638
.670
.663
.648

0.0
-.030
-.087
-.193
-.268
-.280
-.255
-. 193
-.t30
-. 068
.. 005
+.058

.120

.175

.220

.260

.288

.303

.298

.25s

.208

.17s

-.442
-.442
-.440
-.410
-. 365
-. 305
-.235
-.I60
-.080
0.0
+.085

.170

.250

.335

.420

.505

.585

.670

.755

.840

.890

.920

.049

.012
-. 049
-. I66
-. t8t
-.205
-.173
-.162
-. 132
-.Il7
-. 069
-.0tt
-.008
+.025

.063

.039

.046

.060

.083

.004
-. 049
-.0r 0

à
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0.0
.02
.06
.16
.26
.35
.45
.55
.65
.75
.85
.94

1 .04
l.t4
1.24
t .34
t.44
I .54
I .63
1.73
1.79
t.83
1.87

lAóLt b-¡l - Lioflf 'lnuêd

The diffuser turbulence data mêasured ln the laboratory at station 6

4.62
4.60
4. 54
4.28
3.93
3.51
3.14
2.90
2.76
2.64
2.55
2.54
2.59
2.67
2.77
2.92
3.08
3.27
3.46
3.66
3.79
3. 88
4.0

4.ts
4.t5
4.14
4.09
3.93
3.72
3.45
3.23
3.'t0
3.01
2.94
2.93
3. 00
3.12
3. 30
3. 53
3.79
4. t4
4.55
5.07
5.54
5.59
5. 84

3.99
3.99
3.97
3.89
3.76
3.60
3.42
3.28
3. t5
3.05
2.99
2.99
3.03
3.12
3.2s
3.42
3.64
3. 90
4.20
4.55
4.78
4.95
5. r2

1.7t8'L7t8
l¡7t5
r.700
l 6t0
I .500
'I .360
1.240
1.t65
1.1t5
I .090
I .004
'| .158
1.213
I .285
I .365
I .455
'I .568
1.675
1.752
'I .793
1.797
1.795

't.85
l.8t
1.75
I .60
I .45
I .31
I .18
I .08
I.0t
.98
.96
.96
.98

lrß
1.16
L33
1.52
1.75
2.02
2.30
2.50
2.64
2.80

t .685
1.66s
I .638
I .573
I .523
1.412
1.326
1.236
I .206
1.t65
'I .153
ì.133
1. t36.l. 

148
1.213
I .285.l.365

1.427
I .488
:l .564
1.558
t.660

0.0
.09
.23
.56
.88

1 .03.|.04
ô2

.92

.89

.89

.9.l

.93

.98
1 .04
t.08
r.ll
t.il
'L07

.97

.87

.76

.60

0.0
.09
.23
.56
.88

I .03
'I .04

.97

.92

.89

.89

.92

.96
'I .03
1.'t2
1.22
'L 35
I .44
t.48
I .46
t .38
1.27
I .06

39.68
40.23
39.99
4t.80
47.83
57.88
72.49
88.70

107.04
127.56
I49. t 5
t 6l .37
176.17
187. 54
t 85. 90
t 9t .03
18t.42
170. t 3
I54.88
139. 68
124.16
118. t4
Iil.87

.374

.374

.408

.423

.419

.4.l6

.436

.424

.423

.428

.434

.466

.490

.490

.524

.533

.585

.600

.607

.642

.7 41

.848
I .075

85.2?
83.88
84.88
84.07
91 .72
99.00

1 06. 03
I t 0.40
117.27
119.72
129.36
t36.t0
ì 40.84
145. s2
I 59. 08
167.06
177.38
1 83. 82
I98. 55
217.33
245.90
259.53
284.24

è\
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The dlffuser turbulence data measured in the t aboratory at station 0

0..0
.02
.06
. t6
.26
.35
.45
.55
.65
.75
.85
.89
.94

'I .04
'r. t4
1.24
'I .34
1.44
1 .54
I .63
1.73
'l .83
1.87
I .91

0.76
.76

. .76
.74
,72
.69
.66
.61
.56
.51
.46
.45
.43
.39
.35
.32
.28
.25
.22
.19
.17
.t5
.t3
.1?

9.40
9.42
9.50
9.87

t0.55
il.45
'12.'t2
12.62
12.93.l3. 

05
12.92
1 2.88
12.72
t 2.38
'I 

1 .95
'I I .45
'10.87

10.20
9. 50
8.75
8.02
7.30
7.00
6.72

6.63
6. 64
6.65
6.83
7.00
7.22
7.45
7.62
7.75
7.82
7.80
7 -77
7.65
7.40
7.05
6.70
6-25
5.80
5.25
4.65
4.00
3.20
2.85
2.57

6.58
6.60
6.63
6.81
7.10
7. 50
7.93
B. 30
8.72
9.00
9.t5
9.18
9.17
9.08
8.80
8. 15
7.40
6.67
5. 95
5.20
4.45
3.48
3.22
3.00

0.0
.022
.068
. 
.l68

.247

.308

.350

.373

.385

.395

.402

.405

.407

.408

.404

.398

.388

.378

.370

.349

.328

.298

.283

.267

-. 990
-. 990
-.987
-,920
-.815
-.668
-.5't2
-.370
-.240
-"il5
+.002

.045

.1t0

.?20

.320

.4t.5

.505

.594

.675

.750

.820

.884

. 910

.930

0.0
-.0240
-.068
-.168
-.245
-.282
-. 250
-. t80
-.t00
-.030
+.050

.080

.125

.200

.278

.350

.435

. 510

.582

.660

.740

.810

.835

.830

-.470
-.468
-.463
-.440
- .400
-. 345
-.275
-. t90
-.108
-.025
+.058

.090

. t40

.222

.308

.382

.453

.520

.580

.640

.693

.742

.743

.730

0.0
-.038
-. 095
-.t90
-. 235
-.235
-.200
-.147
-. 087
-. 033
+.022

.045

.077

.t33

. 183

.230

.272

.3't2

.350

.383

.390

.375

.345

.312

-.4t 0
-.4t 0
-.410
-.385
-. 360
-.285
- "215
-.140
-. 065
+.010

.085

.lt5

. t60

.230

.30s

.385

.470

.560

.650

.745

.840

.940

.985
t .030

.021

.005
-. 006
-. 058
-.117
-.197
-. t05
-. 090
-.o70
-. 044
-. 019
-. 008
+.009

.037

.064

.084

.094

.097

.097

.084

.0s3
-.012
-.034
- .066

å
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0.0
.02
.06
.i6
.26
.35
"45
.55
.65
.75
.85
.89
.94

1.04
L14
1.24
L34
1.44
1 .54
1.63
1,73
I .83
'I .87
't .9t
1 .95

t.t.r¡¡È ÞrtÉ. - t u t |]lugu

The diffuser turbulence data measured in the laboratory at station 0

3.99
3.98
3.94
3.71
3.38
3.l l
2.87
2.68
2.57
2.52
2.51
2.51
2.52
2.56
2.64
2.76
2.89
3.02
3-17
3.34
3. 53
3.77
3.89
3.98
4.23

3. 83
3. 83
3.82
3.74
3. 60
3.43
3.28
3. t4
3.03
2.95
2.90
2.90
2.93
3.00
3. 10
3.23
3. 43
3.69
4.08
4.48
4.9'l
5. 40
5.60
s.66
5.96

3.81
3. 80
3.77
3.67
3.57
3.43
3-27
3.14
3.07
3-02
2.99
2"98
3. 00
3. 06
3.l6
3. t8
3.44
3. 63
3.83
4.06
4.30
4.58
4.70
4.88
5.06

.l.550
'I 

" 545
'I .528
'I .458
1.363
1.270
't .200
1. t48
'I .il2
t "093
1.088
I .090
I.t03
1.138
I.t90
1.?60
'I .348
1.452
1.575
1.732
1.848
1.937
1.970
'I .993
2,015

,Ì.

I .640
1.640
1.620
t.540
1.44
'| ,30
'I .14
'I .0t

.95

.93

.95

.96

.99
T;06
1 .15
1.27
r .41
1.57
1.75
I .93
?.14
2,36
2.46
2.56
2.66

I .533
I .535
I .555
I .605
'I .552
1 .404
I .323
1.275
1.211
l. t58
'l .124
1.t19
'r .098
l. ì03
1.t30
1.207
1.251
1 .338
1.407
I .368
'I .553
'I .6t9
1 .686
1 .750

0.0
.08
.17
.68
.89

1.0
'L01

.98

.96

.95
oÃ

.95

.96

.98
1.02
1.07
't.13
1.20
'tr.29

I .33
I .3ì
1.22
1.17
'l .08

0.0
.08
.17
.68
. B-o

1.0
'I .0t

.98

.96

.95

.95

.96

.99
I .06
1.12
1.21
'I .31
I .43
I .60
'I .78
1.92
2.02
2.04
2.07
2.10

53.83
53.07
5t .40
53.32
58.47
68.02
77.46
94.82

ì.l3.34.l25. 
I 9

140.62
146. I0
t 5l .30
164.76
'169:. 8l
172.60
I 67. Bt
't67.74
162.76
't 47. 88
134.25
121 .43
115.59
t I 0.07
104.87

.372

.374

.388

.375

.379

.379

.380

.384

.403

. 413

.426

.435

.456

.455

.480

.538

.543

.564

.646

.669

.789
;802
.864
'I .t1l

95.08
95.35
92.36
92.99
97.73

I 04. 82
'n t.58
I t 5.53
12't.63
l28. 50
128.52
134.35
'140. 35
t5l.85
I 53.66
'162.53

180. t 3
t 78.40
ì 98. 15
218.41
247.57
280.03
314.01
3't 2. 08
356.25't.

È(c)
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APPENDIX C

ERROR CONSIDERATION

considerable theoreticar and experimentar work has been directed
towards the study of errors involved in frow measurements made with
both pressure tube and hot-wire equipment. Discussion of these find-
ings can be found for exampìe, in pankhurst & Holder (1952), Hinze

(1959)' Bradshav', (t971), chauve (ì977) and Guitton (1g74). The e*ors
involved with the turbulence ìaboratory measurements with hot-wire can

generaìly be divided in the folìowing categories:

i) l,leasurement errors due to the effects of prong i nterference and

of longitudinai cool i ng;

ii) Error associated with the non-linearity of the response equation;

iii) Error associated with ìarge changes of flow direction with
respect to the wi re;

iv) Errors due to the effect of high intensity turbu.lence¡

v) Errors involved in the response of the basic senor to the flow

turbu I ence ¡

vi) Errors associated with the electronic neasuring and processing

i ns truments .

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 caì.ibrated. However, the modern probe design

(OISA types used in present study) has targeìy eìiminated this error.
Further, the probe was calibrated in situ in the same orientation as
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wôs used for data collectlon.

The longltudina'l cooli.ng effect ls associated nith additional

heat convection effects when a wire is yawed to thè ¡nan flovr. This

is generally taken into consideration by multiplying the velocity

component parallel to the hot-wire by a constant k in the hot-wire

nesponse.equation. Hourever, the data pnesented in the present study

were not coffected for this effect.

The non-llnearily of the response êguation can be convenientìy

removed by linear^izing the signal to

EcrU.'

and this tJpe of nesponse was assumed throughout this work. Thls was

achieved uslng a DISA linearizer.

Gultton (1974) stâtes that the large changes of flow directÍon

general ly cause gneater coôlings than the coollng sought; viz., that

due to U' alone.

The correctlons required due to the high intensity turbulence in

the conical diffuser ¡úere estfmated for tro axlal stations 12 and 6

using Guitton's (ì974) equations. These two stailons were selected as

It was thought that the correctlons would be maxlmun here. The

purpose of thls exencise was to lndicate the maximum possible error

that could exlst ln the data presented due to assumptions made in

simpllfylng the rnathematlcal response equation. According to cuitton
(.1974), the corrected Rqynold's stresses are expressed in terms of

coefflclents multiplyi¡g the n¡easured quantities. Thus
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7 =H ;ztcltm

-tt. = H3 quzm

"T =ro4

here c is for corrected values, whereas m indicates measured values.

The coefficÍents Hl , H* H, and HO are defined as:

H,=|+urz ur?'Ê -zuzqI,-\G -' ur'4r.,' ur q u r'

'r=É rffi,.+cotrfr, -

+r=- ff-. W -, tÉffi]
cos¿o Ç urz xnzoÇurl .rnäo[ V ur, 

)

)

u2r

',=,# - *tf (r +cot'þ ffi-tr#,?
+J- w

(c-2)

(c-3)
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cot2p

ffi 1-rræ+-j=-
f Sinrq urr( cos¿6

--r-_{r
cos¿O ur¿ f

1-slr6_c.E,

q
.!r'r-

W
ur'f

üz

4t

ur' Vrf
.2'm

* l*
Sl n¿ô

W,
ñ-;siffiõ

(c-4)

(6 ls angle of lncllned wir.e).

In the above correcfion factors, the constånt k was considered to

be of the order of turbuìence intenslty. These correction factors

include correlations up to 4th order and ln the present work assunptions

did not have to be nrade for the thi¡d and fourth order corr€lations

because alt the necessary terms except rrr/f we.EÊJeql¡¡red.

Guttton (1974) stares rhat rhe .orr.i.iton 'l'?'91 varies berueen
uiuiuir
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I and 3, and he assumed a value equal to the arithmetic mean of the

linits of thls 4th order trlpple velocltJ correlatlon. However, the

moments neasured in the conlcal diffuser indlcated that any correlation

involving odd power of ,.ur.must pass thrrough zero at the diffuser axis

(Sec. 6). And slnce uru2ur' involves the odd power of u., and u, and

thus can be looked as the interaction of u.,u, &, ugz, an¿ thus should

be zero at the axls. Earller it was shorln (Sec. 6.2..l) that

æ.d.
From the above equatlon, it may be justified to assume that the

Ínstantôneous values of these functìons would also be equal . Thus

uzug? = ,r' .

llultiplying the above relatlon bJ u., and taking its tlme average yieìds,

,'rrf " "8.
The above relatlonship was used in obtalning the correction factor for

\q. The thlrd 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 ì onger considered and the correction

factors were concerned solely with the hlgh intenslty turbulence
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effects (k = 0 in equatlons (C-l) to (C-3). The magnitude of the

correction factors thus computed is shown in figures C-t and C-Z for
station 18 and.6.. -The intensity correcfions. to urz are small every-

--î
r',here and for ur'and.Sare qulte slgnificant in the walì layer of

the dlffuser. The.corrrection factor ffn tor: Ç is generally same

throughout and increases slightly close to the walt.

The errors lnvolved in the electronic measuri.ng and processing

i nstruments are taken:lnto considerailon by proper calibration and by

keeping a close check ön the instrument drifts. Some shift vlas

noticed by Reicherù (19t7) in the ìinearizàtlon.of the hot-wire signals

after an extended use of :the lnstruments and öecause of this the hot-

wlre was callbrated:before.and after each test: The D.C. shift in
the Tll-377 uas closeli:monitored and takeñ,lntó consideration in data

analysls. A detailed dlscusslon of errors due to the hot-wire

ônenometry is g.lven by:Trupp (1923).

The most'important.part of the turrbuìence data collecting system

is the hot-wlre lt¡elf.' For thls stu4y a DISA single wire and the

x-wire were used. Thè'x-wire was used foÉ measuri.ng all the mornents

up to the 4th order whlle the slngle wire was used for obtaini.ng the

flrst and second.derlvatlve of the u, slgnal. Slnce the skewness.aù- r "-
ot t' is a very senaltlvê measurement, tt.was used t3u:est the high

frequency response of the hot-wire. The skewness of 5¡l obhined in

the diffuser'wlth:a new sl.ngle wire probe was comparable to the

boundary layer (Ueda & Hlnze, t975) and,plpe (Ueda & lllzushina, 1977

and Elena, 1977). The value of S at the dlffuser.axis ¡,as of the
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nhile hot-wire anemometry may not give accurate absolute results, it
is the ability of the equipment to give reFroducÍble reiults and

indÍcate proper trends whlch is most important. This is particularly

true slnce often the . measurements are. hon-dimensfonal:ized by a

quantiU computed fron themselves (e.g., sker,lness and flatness factors).
Therefore, the errors:in trends are more sjgnificant than absolute

errors. Thornton-Trurnp (1971), ¡rho estirnated x-probe anemometry

(without llnearlzens)'ernors using the technique of Ktine and

ftlcClintock (1953), showed that the trend errors for u,i , ui, uj and

@ are only about ! 31.
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TABLE ]

Mean parameters of flow at the dlffuser entry

. .U, R

Pipe Reynolds number, *
Pipe bulk average velocity, U'(m/sec)

Plpe radius, R(m)

Pipe frictlon velocity, u*(m/sec)

Kinematic viscosity of the air,
v(m2lsec) 1.59 x l0-5

58000

't8.32

0.0508

0.94
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Axial station Local radius
cm

TABLE 2

Diffuser radius, pressure gradient and the friction velocity. at various axial stations

dP
m

õx_Æ

u*

q

69

67

65

6t

57

50

40

30

24

t8

12

6

0

5. I7

5.3t

5.4s

5.73

6.0t

6.50

7.20

7.90

8.32

8.74

9.16

9.58

10.0

0.38t8

0. 3432

0.3077

0.2453

0.1938

0. t 26t

0.0702

0.0470

0.0419

0.0390

0.0348

0.0256

0.0081

0.029

0.024

0.019

0.0t8

0.0.l7

.01 5

0.013

0. 017
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TABLE 3

Static pressure dôtð in rm of water with respect to
atnrosphei^ic pressure (Given pressure data have been muitiplied by -.l.0)

e2
tns 10r static Pressure easuremen

72 66 60 5¿ 48 42 36

1.44
I .34
1.24
l.14
t.04
0.94
0.85
0.75
0.65
0.55
0.45
0.35
0. t6
0.0

-0.24
-0.33
-0.43
-0.53
-0.63
-0.73
-0.83
-0.93
-1 .02
-1.12
-1.22
-1 .32
-t.38

14.20
14.2s
r4.30
14.45
14.45
14.40
14.40
't4.45
t 4.40
t4.40
14.40
14.40
t4.40
'14.35
,l4.30

t4.10

t0.80
10.9
It.l0
il.20
11.30
il.35
il.40
t1.45
It.45
11.45
11.40

11.40
il.35
I1.30
11.20
I I.05
1t.0

7.6s
7 .70
7.70
7.85
7.90
8.00
8.t0

8. 15
8.t5
8.20
8.20

8. l0

8.05
8.00
8.00
7.90
7.80

5.85
5.95
6.00
6. l0
6. t5
6.20
6.20
6.2ß
6.20
6.25
6.20
6.20

6.25
6.20
6.20
6.20
6.20
6.ls
6.05

4.65
4.70

4.75
4.80
4.80
4.80
4.80

4.85
4.80
4.80
4.85

4.85

4.85
4.80
4.80
4.80
4.80
4.75

3.60
3.65
3. 70
3.75
3.75
3. 75
3.75
3.70
3.70
3. 70
3.70
3.70
3. 70
3.70

3. 70

3.70
3.70
3.75
3.75
3.70
3.70
3.65

2.7
2.85
2.90
2.95
3.0
3.0
2.95
2.95

2.90

2.90
2.85
2.85
2.85

2.90

2.90

2.95
2.95
2.95
2.95
2.90
2.80
2.75
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TABLE 3
(cont'd)

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

E2

Axia I ations for stat
30 24 l8 12 6 0 (exi t )

I .95
I .93
t .87
t .83
1.79
1.73
1.65
'I .63
I .54
1.44
1.34
1.24
I.14
t.04
.94
.75
.55
.35
.26
.16

0.0
-.24
-.43
-. 53
-. 63
-.83

-1 .02
-1.12
-1.22
-1.32
-1.42
-1.44
-1.52
-ì .61
-l .63
-l .7t
-t .73
-t.8t
-t.9t

2.1s
2.20
2.25
2.30
2.30
2.35
2.35
2.30
2.20
2.20

2.20
2.20
2.20
2.20

2.25
2.30
2.30
2.30
2.25
2.20

2.10

1.6

I .65
I .70
I .75
1.80
1.80
'r.85
1.85
1.80
t .75
ì .70

I .65
t .65
I .65
I .70

I .75
1.80.l.80

'I .75
1.70
I .60

t .60

t.t0
1.20
1.2s
I .30
l 30
1.35
'I .40
t.40
1.40
1.40
I .3s
I .25

1.20
1.20
1.25
t.30

I .35
I .40
r .35
I .35
r .30
1.25
1.20

l. t5

1.1

0.75
0.75

0.85
0.85
0.90
0.95
t.0
1.0

1.05
l .05
1.0
0.95

0.90
0.90
0.90
0.95

1.0.l.0

ì.0
t .05
1.0
ì.0
0.95

0.90
0.80

0.75
0.70

0.40
0.45

0.50

0.55
0.55
0.65
0.65
0.70
0. 70

0.75
0.75
0.70
0.65

0.60
0.60
0.60
0.65

0.70
0.70
0.70

0.70
0.65
0.60

0.55
0.50

0.45

0.40

0. l0
0. 10

0. l5

0.20

0.30

0.40

0. 45

0.5
0.50
0.45

0.40

0.40
0.40

0.45

0.45
0.45

0.40

0.35

0.30

0.20

0.ì5
.05



TABLE 4

Atmospheric çonditr'ons for static pressure data
in Table 3

Axl al
Stations

Air Temp

"F
Atmospheric

Pressure, nm of
mÊraut v

Room air condi tion
Dry Buìb Temp

oF
llet Bulb Temp

oF

72
66
60
54
48
42
36
30
24
t8
12
6
0

74
74
74
72
72
72
74
73.5
73.5
73.5
74
74
74

735.8
735.8
735.8
734.7
734.7
734.7
741.0
741 .0
74t .0
741 .0
743.4
743.4
743.4

72
72
72
70
70
70
72
72
72
72
72
72
72

63
63
63
6t
6t
6l
62
62
62
62
62
62
62



TABLE 5

Dissipation rate ln the diffuser at statlon t2, E2 = 0.91

Overheat espectra tau,/at f differenceRatlo ,2/r..3 r2l1..3 fron Êspectra

regular

regular

special

special

0.8

0.5

0.5

0.4

I45.6

14t.3

174.9

176.3

109.2

107.9

126.8

128.6

% difference in two wires at
0.5 overheat rgtio wlth respectto regular probe

@
25.0

23.7

27.5

27.0

23. I 17.6



t64

TABLE 6

Variatfons iq the ratios of excess production
and dlssipation in the diffuser

t*llgoStatl on

50

30

l8

t2

6

0

28?

8.71

2.8%

-.2%

-12.0%

-3.09

where P ls productlon and e
is di ssi pati on.
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TABLE 7

Varlous : constants associated with figure g0

ul au.,/ât (âu.,/at)3 a2urlat2

a

:

:gain = I

I v/dlv
'

'5 m sec/df v

'

'

gain = 5

5 v/div

rr=.2msec
5 m sec/div

gain = 5

5 v/div

tr=.2msec
5 n sec/div

gain = 3

5 v/div

t., = .2 m sec

rr=.05nsec
5 m sec/div

b

:galn = I

I v/div

'

20 m sec/dlv

gain = $

2 vldiv

rr=.2msec

20 m sec/div

gain = 9

0.2 vldiv

rr=.2msec
20 m sec/div

gain = 7.5

2 vldiv

rr=.2msec
rr=.05nsec
20 m sec/div
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TABLE A-I

Ïhe standard error of the static pressure data from
Polynonlals of order I to S'fitted to áil

datô at Re = 58000

0rder of the Shndard ErrorPolynomiaì or Èiiinrãtlàn,ie CoÍment

I

2

3

4

5

.ß22 Based on this
analysis,4th.0324 ordei polynomíaì
!úas fitted to.0127 normalized pressure
data set for its.00869 analyticat anaìysis

.00884



167

TABLE A-2

The least standard error of èstimation frorn polynamials
fi tted to pressure data in various axial regions of the

dlffuser. Re = 58000

Axial regions to which Polynonrials
of varying order were fi tted

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

0rder of polynonial
¡,rithleasterror 4 4 2 4

Standard error of
estination .000693 .00t75 .0189 .00869



TABLE A-3

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

-S8OOO

to. ?l

APq = ao + a¡84 + are2o+ aref + aoef

a3 a4

cñ
æ



CONTINUITY

(mass conservatíon )

TOTAL ]',IOMENTU}| EQUATION

mean and Èurbulent momentum

Multiplication by

total veloci ti es

Multiplication by

mean vel oci ties

Figure 1 Genealogy of turbulent kinetic energy
balance equation (eqn. l).

TII,IE AVERAGED TOTAL

TNERGY BALANCE EQUATIOII

TIUE AVERAGED MEAN

ENERGY BALANCE EqUATION

subtracti on



Figure 2 Diffuser geometry.
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Figure 3 Di ffl¡ser traversíng mechanism
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Figure 34 Comparison of u,f ana f at station 30.
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(See Table 7 for scope settings).
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