
THE UNIVERSTTY OF MANITOBA

TURBULENCE IN A CONICAL DIFFUSER WITH

FULLY DEVELOPED FLOIV AT ENTRY

by

PauI Akazua Christopher Okwuobi

A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES

IN PARTIAL FULFILMENT OF THE REOUIREMENTS FOR THE DEGREE

OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF MECHANICAL ENGINEERING

!{INNIPEG, MÀNITOBA

October L972



ABSTRÀCT

An experimentar study of the structure of turburence
in a conical diffuser having a total divergence angle of Bo

and an area ratio of 4:r with futly developed frow at entry
is described. Quantitative data are presented for pipe

entry Reynolds numbers of 152,000 and 293rooo of profiles
of the mean pressure, mean velocity, turbulence intensities,
correlation coefficients and the one-dimensional energy

spectra.

The results show that the rate of Lurbulent energy

production approximately reaches a maximum value at the
edge of the wall layer defined by the point of maximum

ur-fluctuation. rt is found that within the layer, q varies
linearry with the distance from the wal1 and the rinear range

grows with distance in the d.ownstream dj_rection; the sur-
faces of maxim"* q and uru, closely coincide; and at the

edge of the layer, the energy production is about two

orders of magnitude greater than the direct viscous

dissipation.

The spectral profi_les and characteristics are very

similar to those reported for pipe flows; the normalised

spectra "t 
q exhibit the *r-'/t dependence for about one

decade of the one-dimensional wave-number Kl.
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From the turbulent kinetic energy balance, it is
found that the magnitude of the energy convective diffusion
due to kinetic and pressure effects is comparable to that
of the energy production.
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NOMENCLATURE

A constant

AR diffuser area ratio, A /e. ,' xl' rn
A__ local cross-sectional area*r-
A- -^ inlet plane cross-sectional_ areal_n

B constant

"f skj-n friction coefficient, ,*/IrU'r,^
-C- pressure recovery coefficient, (<p>-- -<p> ,-)/f7O.uf t?r,p--------'"-x1---In'
õ- , ideal pressure recovery coefficient, 1 f/(Aß.)zPra

"nr* 
pressure recovery coefficients;

"n,, "n,, = (Ps - n*,ref ) /I7o.urr2 
",

"nr, 
etc'

"" r* 
etc '

D loca1 diameter of pipe or diffuser
D.. deformation tensorrl
F*_, unnormalised spectra at uru_,rl ' -r-l
H shape factor, 6*/A

RL,K2 structure parameters

L length of pipe separating the diffuser from the

contraction cone

M¡ instantaneous value of an unspecified parameter

M mean value of an unspecified parameter

m fluctuating value of an unspecified parameter

Pr instantaneous static pressure (mean plus fluctuating)
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P mean static pressure

p instantaneous static pressure fluctuation
(P--) - cumulative turbulence energy production rate' r'c
(Pr) * dimensionless turbulent energy production rate
q resultant velocity fluctuation
r râAiat direction

Re

Re rm

Re

loca1 radius of pipe or diffuser
Reynolds number, (.UltD/r),"t

Reynolds number, RUI ,^/,

R

t

T

Reynolds number based on momentum thickness,

ul,*u/u
time

averaging time

Ui , Uå , Uå instantaneous velocity in the *L,*2,*3 directions ,

respectively

UlrU2rU3 local mean velocity in the x'x2,x3 directions,
respectively

ulrt2ru3 instantaneous velocity fluctuation in the *I,*2r*3
directions, respectively

üIrü20ü3 root-mean-square of velocity fluctuation in the

*1 r*2 r*3 directions, respectively

U*rUrrUO local mean velocity in the x, Tt 0 directions,

respectively

üxrürrüO instantaneous velocity fluctuation in the xt r, 0

directions, respectively
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pipe or diffuser center-line velocity
friction velocity,
ür/u*

work done per unit of mass and time

djmensionless direct viscous dissipation rate

axial, radial and circumferential dírections,

respectively

axialo radial and circumferential directions,

respectively

radial distance from pipe or diffuser wall
yIJ n/v
total divergence angle of diffuser
angle between the principal axis of the

turbulent stress tensor and the xr-axis
displacement thicknes s

(r*/ o)r/z

Kroeneker delta

Laplacian operator

alternating tensor

turbulent energy dissipation rate,

turbulence energy dissipation rate,
ñ.^. L.¿ _v (5;. ) - for homogeneous flow
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0
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v2

e ...alK
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*c

one-dimensional \,vave number in xr-direction
Taylor microscale

momentum thickness

vorticity
dilation of the fluid
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1" INTRODUCTION

The importance of the diffuser as a simple, useful,
f.luid-mechanical erement in closed-circuit wind tunnels and

in turbomachinery has been known ever since venturi (r797)

and his contemporaries tried to determine the geometry for
the most efficient diffuser" rn a broad sense, a diffuser
is a device for converting the velocity head of a moving

fluid to static pressure head. The detairs of the actual
process (at Reynolds numbers of engineering interest)
invol-ve the production, d.iffusion and dissipation of
turburent energy; these characteristics are difficult to

describe or to predict. As a result, many investigators
(e.g" Cocanower, Kline and Johnston 1965) have studied. the

diffuser problem with the foll-owing objectives:
(i) to measure the pressure recoveryi

(ii) to determine the effect of various geometric

parameters on the pressure recovery process;

(iii) to determine the over-aI1 flol patterns.

1.1 Brief review of diffuser research

An early comprehensive study of diffuser fl-ow was

reported by Gibson (1910); on the basis of systematic

experiments with water, he correlated pressure recovery
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coefficient with divergence angle for a fixed area ratio.
Patterson (1938) surveyed al-1 the available data and

deduced general rules for diffuser design. Since then a

vast number of experimental and theoretical studies (e.g.,

Nikuradse L929; Fraser 1956; Sprenger 1959; K1ine, Abbott

and Fox 1959; Cocanower, Kline and Johnston 1965; Sovran

and Klomp 1967; Ackeret 1967; Cockrell and King 1967) has

been devoted to the subject. The results of these investi-
gations have led to the following insight on the performance

of diffusers: the pressure recovery coefficient
(<P>out-.Prir,) /!o.V rr?r, tends ro

(i) increase as the thickness of the turbulent
boundary layer at inlet decreases;

(ii¡ decrease as the region of boundary layer
separation increases within the diffuser;

(iii) decrease for curved diffusers as the anqle of
deflection of the axis increases;

(iv) become ind.ependent of Reynolds number as the

Reynolds number increases to the rangie of most engineering

applications;
(v) vary as the diffuser divergence angle is

increased and the area ratio kept constant with a maximum

occurring at about Bo.

I.2 Diffuser turbulence research

The one aspect of diffuser study which until
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recently has received little attention is the investigation
of the turbulence characteristics of the flow fierd. Despite
many years of research on diffuser operation, it is not
always possible to predi-ct the performance accurately even

when the initial- flow conditions are well defined,. when the
inlet boundary layer is fully developed, the prediction
methods serve as no more than a general guide to diffuser
performance (cockrelr and King rg67). sprenger (1959),

Bradley and cockrell (1920) anrong others have expressed the
need for turbulence information as a means of improving the
understanding of diffuser operation.

The structure of turbulent shear flow in a diffuser
was probably first studied by Ruetenik and corrsin (1955).

They investigated the turburence properties of fully
developed, plane diffuser flow at a total divergence angle

o, = 2o ì comparison of their resurts with those of Laufer
(1951) for parallel wall channel flow showed that there \,vere

large increases in turbulent energy and average shear

Ievels. Previously published turbulence measurements in a

conical diffuser include those of Robertson and calehuff
(1957) for o = 7\" and Trupp et al (1971) for o = Bo.

Robertson and calehuff observed that the turbulence IeveIs,
the rates of turbulence production and dissipation were

greatly in excess of similar quantities for zero pressure

gradient boundary layers and that. the longitudinal micro-

scales of turbulence remained remarkably constant across
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and along the developing diffuser frow. Trupp et al investi-
gated diffuser flow with a partry deveroped pipe flow at
entry; they found that the effect of Reynords number (within
the range tested) on the distribution of the turbulence

intensities was negligible, and that the rerationship
between the turbulent shear stress and the turbulent
kinetic energy was approximately linear as noted by Harsha

and Lee (1970).

Flow through diffusers does not usually possess the

simplified. features of fully d.eveloped frow and it may be

expected that any mathemati-cal model of turbulence formulated
with reference to the existing experimental data for
symmetric equilibrium flows will be inadequate when used. to
predict diffuser flows in moderate to strong adverse

pressure gradients. rt thus appeared desirable to provide

more quantitative data than has hitherto been available on

the turbulence properties of conical di-ffuser flow. This

information shourd also be useful as a test case for future
calculation methods for predicting the distribution of
mean and turbulent quantities in a diffuser.

1.3 Objectives

The primary objective of the present investigation
\^/as to make extensive measurements of mean and turbulent
flow quantities in a conical diffuser; emphasis was to be

placed on fully developed fl-ow conditions at entry.
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l"leasurements \^/ere to incrude , for two Reynords numbers,

profj-les of the mean pressure, mean velocity, turburence

intensities, correlation coefficients and the one-dimensional

energy spectra. Other objectives were

(i) to examine the data for any similarity or

dissimilarity between the flow properties at the inlet
(fully developed pipe flow) and in the diffuser.

(ii-¡ to examine the flow characteristics in the wall_

layer defined as extending to the poj-nt of maximum ul-
fluctuation.

(iii) to investigate at a station about halfway along

the diffuser (station 7) how the rates of production,

diffusion and dissipation of turbulent energy are distri-
buted 

"

Measurements of the turbulence quantities were to
be made using the hot wire technique; the choice of the

diffuser geometry was guided by the work of Sprenger (1959)

and sovran and Klomp (L967 ) whose resurts show that the Bo

conicar diffuser of area ratio 4:1 possesses optimum pressure

recovery characteristics.



2. PRELIMINARY CONSTDERÀTIONS

2"L Fundamental concepts

The basic equations of incompressible turbulent flow
are derived from the Navier-stokes and continuity relation-
ships" These equations hold for both l-aminar and turbulent
flow fields as long as the scale of motion of the turbul_ence

exceeds the molecular mean free path. Townsend (1956) has

shown that the molecular mean free path of air, under

standard conditions, j-s approximately three orders of
magnitude less than the dimensions of the small-est turbulent
eddy; the Navier-stokes and continuity equations shourd be

adequate to describe turbulent. air flow under such

conditions.

The equations of motion are based upon the instan-
taneous values of velocity, pressure, body forces and fluid
properties. The analysis of turbulent flow fierds can be

greatly simplified by considering the instantaneous

property (M') to be made up of a mean component (M) and a

fluctuating component (m) expressed as (Reynolds 1895)

Mr = M * m (2 "r)

For stationary flows such as those usually studied in
laboratory experiments, the mean component (ttt) is def ined



by

l,t(xi) = qt

l_m:- ñt2-tl-

(x't) dtf::' (2.2)

(2.3)

and

by

the time average value of the fluctuating component (m)

The averaging

ensure a repre

laboratory exp

seconds.

lrz
| *(x't) dt = O.
, tr_

time (rr-rr) should

sentative sample of

eriments it usually

be taken long enough to

the averaged quantity; for
ranges from I to 100

2.2 Governing equations

The flow of an incompressible turbulent fluid may be

described by the following system of equations (Cartesian

coordinates):

(f) Continuity equation:

ôu!
. t = 0.o*i

(ii) Momentum equation (Navier-Stokes) :

(2"4)

ôU:
l_

ãT-
ôU:

l-

-=
ðx.l

àu !

tu*r
l

+ ull
I âP' A

- ;- -1 vì-o dx. dx.'r-l
(2.s)



Taking the time average of each term in equation (2.5)

yields the equation of mean motion

au.
t-

-J

âr - u.u.lt l'

One objective of the experirnental investigation was directed
at measuring the Reynords (or turbulent) stresses u,r1 which

appear in equation (2"6). rt may be noted that this stress
term arises from momentum exchange effect,.

Mechanical energy consideration:

The mean energy in a turbulent field is affected by

the existence of turbulent velocity fluctuation through the

mechanism of energy production, diffusion and dissípat.ion.

rn what follows, some physical aspects of turbulent fields
will be presented. and the contribution of turbulence to the

mean flow energy identified.
Multiplying the momentum equation (2.6) Uy Ui and

rearranging the terms yields the mechanical mean energy

equation

(2"61

urt|+|

^ âu.d , r.t-täx. 'ðx.'ll

Ð .11-ât'2
d

ãx.l

VU.
l_

U.U.)
l- ]-'

u.gl- dx.l
u.u.r-l (2"7)
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The energy balance of the mean plus turbulent kinetic
energy can readily be obLained by multiprying the momentum

equation (2.5) by uj. and carrying out appropriate transforma-

tions. However, to bring out the meaning of some of the

terms of the energy equation, it is worth while to consider

the work done by the total stress oij acting on a fluid
particle per unit mass during the deformation of the flowing
fluid. This work W per unit mass may be written as

1ärW = =.;r- d.. U.pdxi rl l

= åtù ouui . tL ozrui . & osrui

- # onu) + ...1 , (2"8)
1_

but

and from Newtonrs second 1aw,

â uui
¡t oi¡ = P iÉ , (2"10)

I

therefore

u] -L o.. = orrl 
uYi 

= q -q ulul"j ã\- "ij u"j -ãE - 7 ä-t "j"j ,

(2.e)

(2.11)

and represents the total change of the kinetic energy of
the fluid. The first term on the right-hand side of equation
(2.9) may be evaluated by considering the details of the
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stress tensor

oij = P'ôij +,r(oij -!oôij).

For an incompressible fluid, Õ = 0 and oij reduces to

6,. = - Pt6., + uD.rl rl ' l-l (2 "12)

The total spatial change aV]/axu, of a deformingIJ

fluid may be divided into a symmetrical and antisymmetrical
part as

aui , ðu,' au: . ðu l au lr _ !t, r + Jr * It 1 _ --jrãx, - Z\ãx. -r ãl;/ - tr'ã;l - ã-:,, 2'ãx, â*i' ' Z'ãçt ãçi'

= I o.. * I n. e.., "¿ r) ¿ R -alK

The symmetrical part D.. determines the deformation of the

fluid while the antisymmetrical part 0:. rijr. determines

the pure rotation of the fluid. substituting for D.. in
equa.tion (2 "12 ) yields

AU: âU:oij=-p'ôij+u,*i-r'i,. (2.13)

Thus the work done by the stresses oij may be written as

. âu: âo..
W = I [o.. =_J + ui .tJ]p rl d*i I dxi-
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I d ,rrr,, aul au! aul
= i äE ujuj + ,(ã* * ç]) # (2.r4)

l-ll-

Since

A1so, introducing the expression for the stress tensor,
equation (2.I3) , into equation (2 . B ) yields

AU: AU:¡lJ-^
"i'ì ¡x-: - ãD(. - u'

-I-a

w = ! J o.. u:p dxi r-l )

= 1 â {rr,r.- -¡^ .Au; AU:

p axi '- j ' P'ôij + u (ã* + *]l: t

= ð r- B'rr' - âu; 'J; 

l-

= qt- ã ui + "ut(d + *]lr

- â p',., I . âU: aul
; - ._ 

- u. -1ô*ip-i'"*;"j tæ;.*i'' (2'r5)

Equating equations (2.14) and (2.15) give the balance of
the mean plus turbulent kinetic energy as

å"åtujujr= d"rtå.$,
(r.) (2)

^ aul aul
+ vã*+ ui cu* * #)I-J1

(3)

aui aul au]u(# * #) n_* , (2.l6)
ll-l-

(4)



.. : . :.: i:.:..1.t...:.- \\....
:j:::],. j.-]:: ;] j] | ì j:'..::.].|]

I2

where

+ # ujuj = å ãå ujuj * å ui t* "j"j
=l:1 ulul *lJ-u.'ului2 ¿r -j-j 2 axk -k"j"j

Term (1) in equation (2.3-6) represents the local_

change of the kinetic energy of the fluid per unit mass.

Term (2) may be interpreted as the rate of
convection per unit mass of the total dynamic pressure by

the velocity u].

Term (3) represents the rate of convection by the

velocity u] of the total viscous stresses per unit mass.')
Term (4) is the energy dissipation per unit mass.

To identify the contribution of the turbulence

motion, the velocity and pressure quantities may be written
in 'terms of their mean and fluctuating parts as

U: = {J. + u.A T I'

pt = p + p I

and

UiUl = U.U. + 2U.u. + u,u,L I l- l_ l_ l_ l- f.

Substituting these expressions into equation (2.16) and

averaging with respect to time yield
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^ au. âu.
+ vçi ui(mi * #ll-")l-

àu. ðu. au,,(#* #) #ll-r

_ a ,p*rjrj,,- EÇ ti(p * -T)

1_'l^
- "=- U.U.U. - ;ï ¡- U,U.U.o*i I r_ J ¿ o*i -r-j-j

â ---ãu* 
-m..+ "d ":'d * #)

ffiu(#*#)#. (2.r7)
lr-l-

The turbulent energy equation is then obtained by

subtracting equation (2.7) from equation (2.l-7) to give

å#"tl . ådç!t = d"r(Ë* "'l',
.\_^_

- ril- U.u.u. + U. =--: u.u.o*j- lr-r- ldxi 1l

^ du. du.
+ vãx+ "i(¡* * #)l--I--L

du. au . iiu .u(#*#)#r
lLl-

or rearranged in the form
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-7^ u.d t )t
ðt t Z'

2
^ Ll .ui ãç+(+)
I

2u.

"i (Ë * ,f)
.dl

ulV-ldx. Ir-L
+ u.u.

I)

au.
l_

âx.
t_

---ãu. --ãu .

"i(# * #)-fr

Au. âu. âu,
+ u(# * E*) # = o

ll-l-

The terms arising from this equation have usually
been considered as the key to the understanding of the
turbulence problem, namely the production, diffusion and

dissipation of turburence; these terms will be considered
in relation to the diffuser flow.

For axisymmetric mean flow, equation (2.r8) for the
turbulent kinetic energy barance of the mean flow may be

non-dimensionalised and written in the form (Appendix A)

(r) + (II) + (rrr) + (rv) + (v) = 0,

where the terms have the following meanings.

(2.18)

(2"1e)

Mean flow

(r) =
c2(+-) +

U-
lrm

U^
rnål

lrIll

equation:

+l'qÏ'd
1

d'É'l1r* 
J
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Convective diffusion kinetic and pressure effects:by

L

t

tr'2 
a* --;- 

--Ü: oLl
I rIIl

Viscous work:

I
(rv) = (zn*

"(+) (fr.fr)
,,[*) w- jh)

/2.(#
I TIII

(+) a f "')aEr t ur,*'

Iur\
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and

are

ffie=u(#*#) æ+ll-J

the normalising quantities R and Ufr* ra station 7

Laken as constants.

Each of the terms of equati-on (2.I9 ) represents a

rate of change of turbulent energy per unit mass, where a

positive sign indicates energy entering the fluid element.

Term I represents the convection of energy by the

mean velocity; it reduces to zero for fully developed pipe

flow, but is non-zero for flows which are developing in the

axial direction (61) as in a diffuser.
Term II represents the convective diffusion of

energy due to kinetic and pressure effects.
Term III is the energy transferred from the mean

motion through the turbulence shear stresses and is known

as the production term.

Term IV denotes the work done by the viscous shear

stresses of the turbulent motion.

Term V represents the dissipatÍon of turbulence by

turbulent motion"

2.3 Wall friction velocities
The characteristic velocity parameter U* is

important in the correl-ation of both mean and fluctuating
velocity components near a smooth wal1. The methods for
accurately calculating U* in pipe flow and constant
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pressure boundary layers are well estabrished unlike the
case in adverse pressure gradients. rn consequence, values

of u* obtained by varíous methods have been considered.

(i) The rlaw of the wall' : A method considered

for evaluating the friction velocity assumes the validity
of 'the 1aw of the wa1Ir ; the law is an hypothesis which

states that there exists a region near a smooth warl where

the mean velocity data in turbulent flow fa1l on one

universal curve independent of the governing bound.ary

conditions; that is, it is valid for pipes, channels and

boundary layers with or without pressure gradients. In
general, results from many experimental data (Cole and.

Hirst 1969) indicate that the law provides a plausible
method for estimating the waIl friction velocity.

The procedure requires looking for a parameter Uy.

which fits the formula

in the range

u1

#=Alogro+.8,

1oo . YY* < 3oo .v

(2.20)

Typical values for the consLants A and B are as follows:

A - 5.60 , B = 4"90 (Clauser 1954);

A - 5"50 , B = 5"45 (Patel 1965);

[ = 5.75 , B = 5.50 (Nikuradse, referenced in Schlichting

196B).
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The fitting procedure to be carried out will be thatr at

each station, â U,t will be found (for each of the A and B

values listed above) such that the residual of

U.
f (u*, = # - o losro + - B

is l-ess than 0.01 and the arithmetic mean of U* determined

in the range of 100 < yri*/v < 300.

(ii) Ludweig and Tillman equation: A second method

for evaluating the friction velocity will make use of the

formula

ui, = ulr* kr/z)L/z I Q.2r)

where c, will be determined from the Ludweig and Tillman

(f950) equation

with
"f. = Q.246 x ro-o ' 678H 

" R;o '268 |

*
H =6 /A t

rR

o - I (' 
"-l 

(Jt) (r gr dy,
io rrm 'rrll

ô*= l.(, qï) (r grdv,
Jo

and

Ro = ur,*o/u



(iii )

The friction

intercept of

L'otal shear stress

velocity will also

the shear stress

extrapolation

be evaluated by
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to the wall:

finding the

T-
p

ôut
dy 'rt2 (2 " 22)

at the wall"



3. EXPERIMENTAL EQUTPMENT AND PROCEDURES

3"1 Wind tunnel and diffuser

The Iow speed open circuit wind tunnel used in the

experiment has been described by Azad and Hummel (197I).

The fan was driven by a 25 h.p. DC motor; the settling
charnber, 92 cm in diameter and 366 cm long, was provided

with two sets of fine mesh screens; the contraction cone

with an area ratio of 89:1 was fabricated from rnahogany

plywood; seventy-eight diameters of straight pipe separated

the contraction cone from the start of the diffuser.
The diffuser (Figure 1) \úas machined from cast

aluminum. The inner surface was finished with a smooth

curve from the inlet Lo a distance of 3 cm along the wall.
Static pressure holes , 0.6 mm in diameter and spaced 90o

apart were inserted at each statj-on; these were connected

to a static pressure ring. A machined reinforcement ring
which could be rotated to any angular position was adapted

to the outl-et end to support the traversing mechanism

(Figure 2(a)) with a micrometer head graduated in 0.001

inches. The probes were mounted on a tube entering the

diffuser from the downstream end. (The size of the tube,

2.5 cm in diameter, was determined by the hot wire probe

lead connectors; a long taper (Figure 2 (b) ) was fitted
20
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between the end of the tube and the probe support to minimise

any flow blockage effect upstream of the probe. ) The hot

wire hol-der coul-d be rotated about its axis to al-ign the

X-probe sensors with the xrx, or x1x3 planes; the line of

traverse was normal to the diffuser axis.

3.2 Measuring equipment

Mean static and total pressures across the diffuser

at each station were measured by means of round tubes with

external and internal diameters of l- mm and. 0.76 mm,

respectively. The f low near the wall \,'/as examined f or

evidence of separation using flattened-tip forward- and

reverse-facing pitot-tubes with external and internal tip
heights of 0"45 mm and 0.15 mm, respectively. The width of

the tubes at the tip was 2.5 mm. The probe readings were

recorded on a Betz* projection manometer (discrimination

0.1 mm of water) for large pressure differences and a Herot

precision micromanometer (discrimination, 0.01 mm of

alcohol) for small pressure differences.

Velocity fluctuations were measured with standard

Disa hot wire equipment (constant temperature anemometers

55D01; linearizers 55D10; DC voltmeter 55D30; random signal

indicators and correlators 55406; and X-probe 55438)" A

block diagram of the turbulence measuring equipment is
shown in Figure 3. The X-probe sensors were platinum-plated

*Betz Manometer AVA
tH.ro Präz isions-Mikromanometer
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tungsten probe wires, 0.005 mm in diameter, 1.2 mm long,
spaced 1 mm apart and operated at an overheat ratio of 0. B.

calibrations of the hot wires !,/ere performed at the centre
of the reference station (by fitting the probe stem to the
pipe traversing mechanism) before and after each ïun. The

linearizer exponent setting of 2.3 was found to yield a

linear calibration curve in the velocity range of
15 < (ul,*)ret I 60 m/sec. The X-probe sensors showed

nearly equal sensitivity; the smarl differences were

reduced by adjusting the linearizer gains.

The frequency spectra \.^/ere measured with a Hewlett-
Packard model 35904 \.^/ave analyzer. The signals from the

x-probes were recorded on a seven channer- Lyric TR 6r-2 F.M.

magnetic tape recording system which could operate at tape

speeds of 0.6, 6.0 and 60.0 in/sec with corresponding upper

frequency limits of 200, 2,ooot and 20,000 Hz, respectivery.
The recording and playback speed of 60.0 in/sec was used.

The signal-to-noise ratio for the combined hot wire, anemo-

meter, tape recorder and wave analyzer system was maintained
in excess of 40 db. other instrumentation included a dual

beam oscilloscope for monitoring the signals from the hot

wires and a pressure manometer Disa type 55D4r for monitoring
the pressure drop across the contraction cone.

3.3 Measurements

The mean flow parameters at the reference station



23

are given in Tabre r. wall static pressure was recorded

at positions upstream of the reference station and arong the

diffuser wall. Pressure measurements were also taken at
1 mm from the wall at stations 1 to 12 with (i) the
flattened-tip forward-faci-ng pitot-tube (ii) the flattened-
tip reverse-facing pitot-Lube and (iif) the static pressure

tube. Measurements recorded in the radial traversers at
stations 1 to 10 were the total and. static pressures, the
r.m"s. turbulence intensities and the correlation coeffi-
cients. To obtain the correlation coefficient, two random

signal correlators were used as outlined in the Disa

manualt The frequency spectra were measured, at station 7 "

3.4 Corrections

Considerable care was taken to minimize possible
measurement errors in data acquisition; measurements were

repeated whenever it appeared necessary. The hot wire and

pitot-tube were traversed to I mm distance from the wall
where the accuracy for the probe positíoning was estimated

at about I 0.05 mm. Correction for wall effect was thus

assumed to be negligible and was not applied. The X-probe

effective cooling velocity and the corrections for non-

l-inearities caused by high intensity turbulence were

assumed and applied in the form proposed by Champagne et al

*Instruction l"lanual 55406, Disa Elektronik A/S,
Herlev, Denmark.
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(1967 ) for the linearized constant temperature operation
(appendix B). The corrected mean velocity data obtained

from pitot and static tube measurements using the method.

suggested by Kaye (1968), and outlined in Appendix B,

showed good agreement with those of hot wire measurements;

close to the wall, the deviation \,vas about 5?.

The magnetic tape recorder input-output values of
the r.m.s. velocity fluctuations \^iere compared at five
radial positions in station 7; the raLio varied from 1.0

to 0"97.



4. RESULTS AND DISCUSSTON

4.L Flow specification

Mean velocity traverses taken along two perpendicu-

lar diameters at the reference station showecl that the mean

velocity profile was symmetric to within ! 0.42¡ at station
I0, the symmetry was within ! 1%.

At the reference station, the ratio of the cross

section average to maximum velocity (<Ul>r/U1rm)="f , which

is an indication of the degree of development of the flow,
\^/as 0"82 and.0.83 for the two flows of Re 1521000 and

293,000. Nikuradse (referenced in Schlichting 1968)

obtained values of <Ul>,/Ulr* in the range 0.BI 0.93 for
23,000 < Re < 1100,000 and L/Dref = I20¡ Lawn (1971)

reported values of <UI>,/Ulr* in the range 0.806 - 0.833

for 351000 < Re < 250,000 and L/Dref = 59. The present

values of (<Ul>,/Ulr*)ref therefore suggest that the flow

is fully developed. A more rigorous criterion for
establ-ishing fully developed pipe flow is that the rate

of change of aII mean quantities (excluding pressure) with

respect to the axial flow direction is zero. Experimental

evidence (e.9. Laufer 1954) has shown that a value for

L/Dr"f of 50 is adequate. Flere a value for n/oref of 78

is used; therefore the flow can be claimed to be fully
25
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developed turbulent pipe flow.

The universal vel-ocity profile (Figure 4), the

distribution of the turbulence intensities and correlation
coefficient (Figure 5) at the reference station are shown

in relation to Lauferrs (1954) and. Lawnts (197r) data to
indicate the condition of the flow entering the diffuser.
Here, the walI shear stress was evaluated from the walI
pressure gradient upstream of the reference station.

4.2 Mean pressure

The mean pressure distributions along the diffuser
wall as well as at 1 mm from the warl is presented in
Figure 6. sandborn and Liu (1968) investigated turbulent
boundary layer separation employing a dual pressure probe

with one tip pointing upstream and the other downstream;

they traversed the pressure probe along the curved surface

of their diverging duct untir the point of the minimum

:: differential pressure was located. A similar approach by

way of comparing the readings of the forward- and reverse-t:

facing pitot tube was employed in the experiment. The

readings of the wall pressure, the static pressure and the

reverse-facing pitot tube pressure were practically the

same; the forward-facing pitot tube indicated correspondingly

higher readings a1l along the diffuser waII up to the exit,

thus showing that there was forward flow very close to the

wall and that separation had not been reached.
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Previous studies have shown that in the diffuser,
the pressure recovery coefficient decreases with the

increase of the boundary layer thickness at entry; this
coefficient thus approaches a lower limiting value when the

flow at the inlet is ful1y developed as in the present case.

Figure 7 shows the pressure recovery line on the triangular
plot discussed by sovran and Klomp (L967) ¡ the ratio
e-/e _ . was found to be 0.78.P' Pra

The radial distri-bution of the measured mean static
pressure is plotted in Figures B (a) to (d) as a pressure

coefficient (Ps Pw') /+ p<Ul>?"r. The variation of rhe

pressure coefficient in the region 0.02 < y/R < 1.0 is less

than 0.01 at statj-ons I to 5 but approaches a varue of o. 02

at stations 6 to 10.

For turbulent flow fields in which it is possible

to distinguish one main flow direction, both theoretj-cal

and experimental- investigations can be greatly simplified
if a relationship describing the flow field in the trans-
verse dj-rection can be found. For fully developed pipe

fl-ow, the relationship takes the form of

)
Ps * pv; +

-z -z
u" u,.,

JZ
g - ,;i- dV' = PW

'J"
(4.1)

From boundary layer type order-of-magnitude analysis of the

Reynolds equation in the radial direction, equation (4.1)

turns out to be a rsecond-orderf approximation for moderately
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diverging

developed

equation

flow" (rhe order

in detail in Hinze

(4 . 1) to give

p"3 +

of magnitude analysis has been

1959. ) By rearranging

22u1 u.
ffav'Ps-Pw

r;õ;ã,
'I

(4.2)
P'urtl"r

it is seen that the term on the L.H.s. of equation (4"2)

is the static pressure expressed in the same form as the
measured pressures. !'vtren oÇ ana o{ irr.rease, (pS nw)

tends to decrease; thus the profile of (pS nW) may be

expected to show a maximum variation toward the diffuser
exit with a trend. simitar to those of oÇ .r,a pq. A note-
worthy feature of the radial pressure distribution in the

nondimensionalised form is that the profiles show a good

agreement for the two Reynolds numbers of 2931000 and r52,000.

A comparison of the profiles of both sides of
equation (4.2) is shown in Figures B (a) and (b) . Except for
the trend in the profiles, there is hardly any agreement.

This lack of ag:reement may be due to the effect of the

curvature of the mean streamlines i_n the divergJ-ng flow;

another possibility may be that equation (4.1) does not

adequately apply as it represents an approximation for
diffuser flow; the lack of agreement may also be due to the

fact that the comparison is between relatively small

quantities which are not totatly free of experimental

I
2
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errors. rt appears from the foregoing discussion that the

use of equation (4.1) for the diffuser flow investigatedr âs

well- as correction required in measured values of static
pressure will require further justification.

4.3 Mean velocity

The corrected mean axial velociti-es obtained from hot

wire measurerrìents are plotted in Figure 9. The decrease in
slope and magnitude of the profiles especially near the wall
is due to the retardation of the fluid layers relative to each

other caused by the rising pressure in the downstream direc-
tion. Physically, the change in the diffuser cïoss-section
in the axial direction produces a reductíon in u, as demanded

by flow continuity and a simultaneous rise in pressure;

because the radial variation of the static pressure is
comparatively smalI, the amount by which the axial velocity
is reduced would tend to be of the same order of magnitude

across the diffuser but is modified by the shear forces " The

velocity profiles therefore show the biggest change of shape

in regions of low velocity (near the wall). It is from

stations 6 to 10 that the velocity profiles start exhibiting
points of inflexion usual-Iy observed in boundary Ìayers in
adverse pressure gradients. The data are plotted in universal
co-ordinates in Figure 10 (a). The walI shear stress \^/as deter-
mined by extrapolating to the walI as shown in Figure 10 (b) the

total mean shear stress calculated from the sum of t,he viscous
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shear and the directly measured Reynolds stress using

equation (2.22) . Table 2 compares the values of the

friction velocity U* obtained from different methoos.

The noteworthy feature of Figure 10 (a) is the

absence of the logarithmic region of the rlaw of the waIl' ;

a semi--logarithmic variation occurs near the axis in a

region which, for futly developed pipe f1ow, would be

associated with the velocity defect Iaw. The velocity
profiles j-n the ut and Y* scares using the other friction
velocities listed in Table 2 do not indicate any noticeabl-e

logarithmic portion of the Iaw of the wall.
The mean radial velocity distribution shown in

Figure 11 was evaluated from the continuity relation

uz tt1l at-rl ð*r
/o

x^U-, ¿ l_(zu-t -) dx2
l- reI

(4.s)<u- >I rer

By comparing the values of vr/<ul>ref with the corresponding

values of Ur,/<Ul->ref in Figure 9 , it is seen that for
y/Rr"f > 0.02 the ratio UZ/UL is generally less than 62"

4.4 Turbulence intensities

The distributions of the three components of the

r.m.s. relative turbul-ence intensities are shown in Figure

L2. The ù, profiles are those obtained from the average

values of the X-probe readings in the *l *Z and *l *3

planes. At each station, the üf component has the highest
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value with ùr,/u, t ür,zu, > ir/v, ancl the clegree of
anisotropy decreasing from the wall to the diffuser axis.
The ü. component shows a peak away from the wa1l; this is a

result of the more restrictive infl-uence of the walr on the
úZ component than on either the ü, or ü, components. For a

given relative position y/R, the relative turburence

intensities increases in the downstream d.irection. The

tendency may be explained by noti-ng that u, decreases as

the fluid. moves through the diffuser. Thus, in a flow with
rising pressure as in the diffuser, the tendency is towards

an increase in turbulence. The trend in the distribution of
the intensity levels in the radial direction are qualita-
tively similar to those of m.easurements by Klebanoff (1954)

for boundary layer fIow, Laufer (L954) for fu11y developed

pipe flow, Ruetenik and Corrsin (1955) for slightly diver-
gent channel flow, Robertson and Calehuff (1952) and

Trupp et al (197I) for diffuser flow.

The components of the turbulence intensity non-

dimensionalised. with the friction velocity (obtained by

total shear stress extrapolation) are plotted in Figure 13.

The peak which is d.eveloped very close to the wall near the

diffuser inlet moves progressively away from the wal-l in
the downstream direction; the trend is in qualitative agree-

ment with the observations of Sandborn and Slogan (1955) in

two dimensional adverse pressure gradients.



32

4.5 Correlation coefficients
The correlation coef f icient {Ç/ülü, (Figure 14 )

varies appreciabry in the radial direction. The noteworilry
features of the data are the progressive contraction of the
region of constant coefficient which at the reference
station (Fígure 5) is in the region 0.05 < y/R < 0.5 and

the development of peaks with a trend similar to those

noted for the turbul-ence intensities úr/ur,, ú.2/u* and ü3/u*.
close to the waIl, the correlation coefficient exhibits an

approximate linear variation with the distance from the

wal-l and the linear range grows with downstream distance.
The distribution of the correl_ation coeffi-cient

urur/ürü3 i= shown in Figure 15. The vertical lines
indicate the range of the distribution of the coefficient
for a given relati-ve position y/R from stations r to r0;
the values of the coefficient vary from 0.0 to 0.05 and

are smal-l in relation to those of urur/ütù2.

4.6 WalI turbulent layer

fn fully developed pipe flow, the edge of the

viscous subrayer approximately corresponds to the point of
the maximum ul-fluctuation. This region y+ 7 n is usually

of interest because the bulk of the direcL Viscous dissipa-
tion takes place within it; at the edge, the energy

production reaches a maximum value with production equal

to dissipaLion; within the layer, ùr/U* is linear with the
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distance from the waIl as shown by the work of Laufer (1954),

Bakewell and Lumley (f967).

It j-s perhaps of interest to examine for the diffuser
the flow characteristics in the layer between the wal-l and

the point of maximum ur-fluctuation. As in pipe flow, the

energy production (figure 16) attains a maximum value

approximately at the edge of the layer and. the bulk of the

direct viscous d.J-ssipation takes place within ít. When the

mean square of the streamwise velocity fluctuatior, { i=
plotted in universal coordinates (Figure f7) there is a

linear variation in this layer; the surfaces of maximum

-uj and uru, closely coincide as shown in Figure l8; at the

edge of the 1ayer, the energy production rate is not in
local equilibrium with the direct viscous dissipatj-on rate
as in the boundary layer and pipe flow, rather, production

is about two orders of magnitude greater than direct
viscous dissipation (Figure 16); and about 602 of the total-

energy production (Figure 19) takes places within the layer
as compared to about 402 for boundary layers and pipes.

4.7 Turbulent flow features with partly

developed flow at entry

Complementary to the investigation reported. here,

turbulent flow properties were examined, using the same

wind tunnel and diffuser, for four flow conditions at entry

(Okwuobi and Azad L972b) defined in terms of the entry pipe
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conditions by

L/D = 2.5

tL/D = 2.5

L/O = 19

L/o = L9 , Rê = 1501000

Measurements included profiles of mean velocity, turburence

intensities and correlation coefficients. rn general, the

data showed. trends similar to the observation in the

diffuser for fully developed pipe flow entry conditions.
The turbulent fl-ow characteristics exhibited in the warl
turbulent layer \dere arso similar irrespective of the inlet
flow conditions: namely, q varied linearly with the

distance from the wall (Figures 20 (a) and Ib) ); the energy

production rate approximately reached a maximum varue at
the edge of the layer; and. the surfaces of maxim,r* { r.ra

t1t2 cJ-osely coincided. For a fixed L/Dr"f ratio, the

relative turbulence intensity profiles showed a slight
dependence on Reynolds number.

4.8 Structure parameters

A feature of interest with regard to the turbulent
stress tensor is the direction along which the maximum

stress acts. The orientation of one of the principal axes

of the turbulent stress tensor is shown in Figure 22 where

9., is evaluated from the expression
I

, Re = 3001000

r Re = 1501000

, Re = 3001000
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ßl = Lan
2rlr2
-z -z
tI u2

'I
l

(4 .4)

(4.5)

and is positive away from diffuser axis.
The variation of ßf in the radial direction is

between 13o and 20o over the large region 0.15 < y/R < 0.9

for the two Reynolds numbers: elsewhere, the variation is
considerable. rn particular, ßl decreases as the diffuser
wall is approached and its direction is aligned closely
parallel to the wall.

The structure parameters,

Kl =

-22
t3 uz

22,3*12

and.

^2Ju-I
^?=:-ir-2

q

which give an indication of the relative values of the

components of the turbulence intensities, were investigated
to see whether they would reveal any interesting features

in the diffuser flow fie1d. These parametegs have been

employed e.g. by Townsend (1956), Tucker and Reynolds

(1968) to predict the equilibrium structure of the

turbulence subjected. to a homogeneous uniform plain

straining in suitably shaped distorting ducts. The
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assumption embodied in these experinients were first that the

mean flow was irrotational and second that ür/ur<<1, so that
the major contribution to the distortion came from changes

in the mean flow. viscous effects were negrected as the

distortion was assumed to take place in a short time. For

the diffuser frow investigated, none of the above simplifying
conditions is satisfied. The strain field is inhomogeneous

and the turbulent fruid is subjected to prain straining,
rotation and the effect of adverse pressure gradient
Figures 23 and 24 irrustrate how K, ancl Kz are distributed.
in the diffuser. At the various stations, the distributions
of Kl (Figure 23) are similar and have a row value except

near the wall. As the wal-l is approached, the value of K1

increases due to the high degree of anisotropy of the fl-ow

in this regíon. The variation of KI in the radiar dj-rection
appears to limit the usefulness of the parameter in
deciding when the diffuser turbulence has been fu11y

compressed.

The structure parameter K, (Figure 24) , which for
isotropic homogeneous turbulence is zero, varies from about

0.9 near the wall to about 0.35 at the diffuser axis. The

distributions emphasize that the energy component of the

ur-fluctuation considerably exceeds the combined energy

components of the *I and u, fluctuations over the large

portion 0.0I < y/R < 0.8.

A st.udy of the structure parameters t"| 4,,
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(q . Qt , q/7 , 4r7 ""u ZrtQ, usins the same experi-
mental equipment, is reported in Okwuobi, Azad and

Hawaleshka (L972a); the study indicates thaL along the

diffuser axis the parameters remain practically constant

and independent of both pipe entry Reynolds numbers (within

the range tested) and changes in the turbulent kinetic
energy along the axis "

4.9 One-dimensional spectra

Spectral analysis provides an important description

of the structure of turbulence; it gives an idea of the way

in which eddies of different sizes exchange energy with one

another" The low wave-number part of the energy spectrum

consísts of energy containing eddies whose structure is
determined by the mean fl-ow. The structure of eddies at

the high wave-number range of the spectrum is determined. by

viscosity; it is in this region that the turbulent energy

is dissipated into heaL. The eddies which lie between

the two ends of the spectrum are not directly affected by

viscosity; this rangie is called. the inertial subrange. In

this investigation, the spectral analysis has been employed

as a method for estimating the energy dissipation.

The normalised specLral density 0ij is defined by

8.,(rr)
Oii(rcrn¡ = *, titj

(4 .6 )
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vlhere F,, is the unnormalised spectrum of ü.,u--, such thatr-l -'r -.l

"i 
"'r*"t' d(rcrR) = u.u.r-J

The profil-es of ôff and þZZ measured at station 7 are

plotted in Figures 25 and 26, respectively. The spectra $ff
(Figure 25) at varying distance from the wall_ for y/R > 0. 02

exhibit the *;t/= d.ependence in the portion 9 < *lR < 95;

t,he contribution to the turbulent energy in the low wave-

number range increases with distance from the wa1l and

reaches a maximum value at about mid-radius. The difference
between the profiles of the þff and þZZ spectra, Figures 25

and 26, respectively is that, in the Iow wave-number range,

the energy contents of the ôff spectra are relatively
greater than those of the þzz spectra as can be explained by

the trend that ui , u;; a1so, the range of the -5/3 po\,,ier

law for the þZZ spectra is less than that of the ôff spectra.

4 .10 Energy bal-ance

The distribution, ât station 7, of the terms in the

energy equation (2.10) are shown in Figure 27. The mean

flol convection (Term I), the production (Term III) and the

viscous work

1 rr qi6^Jrltlt.4t{n
2Re,mrq TÇ Le2 Tq ,4; ari uI,*
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were evaluated directly from the data.

The dissipation (Term V) was evaluated using the

dissipation rate ,* calculated from the 2tl energy spectra

by the method proposed b1' Bradshaw (1967) as

Frr ( "rl *5r/3 /0. s3
3/2.Ie =L I

For comparison a second estimate

vras obtained from the isotropic
of the dissipation rate

relationship

(4 "7)

(4"8),l"o = ls ,;ltx2r, ,

where À is the Taylor microscale evaluated fromtl

, "r-,1=f
"J-"1 

or. ( r<rR) d
-r/2

*1

The dissipation rates from equations (4.7) and (4.8) are
given in Table 3. At about mid-radius, the magnitudes

are approximately the same; from mid-radius to the diffuser
axis, e* t .T=o; and from the diffuser walI to mid-radius,
e* . eI^^. These values thus provide an estimate of thel- so

maximum value of the dissipation rate at station 7.

Equation (2.19 ) has been employed to determine

the diffusion (Term II) as the closing entry in the



40

energy balance" The viscous work is about two orders of
magnitude less than the production. The profile of the

energy production shows a loca1 minimum value near the

walI (y/R : 0.03); this trend is a resul-t of the decrease

of AUI/ðY close to the waIl due to the effect of adverse

pressure gradient as can be observed from Figure g

(station 7).

From the energy balance shown in Figure 27, the

following conclusions may be drawn.

(i) In the region 0.8 < y/R < 1.0, the dissipa-
t.ion is mostly balanced by the mean flow convection;

here, the picture is different from that for fulIy
developed pipe flow (e.g. Laufer 1954) in that, in the

latter case, the dissipation is mostly balanced by the

kinetic energy diffusion, while the mean flow convection

is zero.

(ii) For 0.2 < y/R < 0.8, the energy production

and the convective diffusion due to kinetic and pressure

effects are approximately equal in magnitude while the

mean flow convection which is comparatively less than the

production is approximately equal in magnitude to the

dissipation. The increased significance of the convective

diffusion of turbulence due to kinetic and pressure effects
in the diffuser flow is attributable to the fact that the

portion,



4I

F,2

of Term ff, equation (2.19) , is zero in ful1y developed

pipe flow but non-zero for the diffuser fl-ow; the convec-

tive diffusion of turburence may therefore be viewed here

as taking place both in the streamwise and transverse

directions 
"

(iii) For 0"01 < y/R < 0.2, the rate of energy

production and convection by mea.n motion is mostly

baranced by the rate of energy convective diffusion due to
kinetic and pressure effects.

The picture which emerges from the energy balance

is that the magnitude of the convective diffusion of
turbulence due to kinetic and pressure effects is increased

in relation to that of the dissipation and is comparable

to that of the production; the picture is different from

those in constant pressure boundary layer and fully
developed pipe flow, where the rate of turbulence produc-

tion is comparable to the rate of turbulence dissipation.

4.11 Turbulence mechanism in diffuser flow

To convey a vivid appreciation of the basic

features of diffuser turbulent flow in the present study,

the results such as the turbulent intensities, the

(+^)1f urq 
læ;

(4. Íh) l)
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correl-ation coefficients and the turburent kinetic energy

balance have been presented in the form of their spatial-

distributions. The discussion of these results has examined

in turn the various properties of the mean and turbulent
fl-ow. This section considers the turburence mechanism of
the flow as conveyed by the data. The words rturburence

mechanism' have been used in a restricted sense to describe

observations and conjectures based on the present study. rt
is clear that for an indepth understanding of the detailed
mechanism of diffuser turbulent flow, knowledge is
required of the double and triple velocity correrations,
pressure correlations and the turburent vorticity distri-
butions in the flow fietd.

Initially, the fu1ly developed pipe flow entering

the diffuser is in a state of dynamic balance between

pressure force and shear-stress force. When the flow

enters the diffuser, the mean velocity U, decreases to

preserve continui-ty. Simultaneously, the pressure

increases resulting in a change in momentum with maximum

effect on the velocity profile near the waII. This

changing momentum flux in the wall proximity produces a

thickening wall layer and a displacing effect of the

position of maximum velocity fluctuations and turbulent

shear stress toward the d.iffuser axis. The retardation

of the mean velocity U, increases the relative turbulence

intensity. The equilibrium between the production and
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dissipation of turbulent

entering the diffuser is
which is now present and

intensity profiles.

energy which existed in the flow

upset by convective acceleration

further distorts the turbulence

one interesting observation in the present study is
that the convective diffusion of turbulent energy is
comparable in magnitude with the energy production. This

observation can be viewed from another approach. rf the

turbulence were spatially homogeneous, one would expect

that the terms describing the diffusion of turbulent energy

would be zero since there would be no spatiar transfer of
energy. vühen the turburence is inhornogeneous in one

directj-on as in the radial direction in furly developed

pipe flow, experimental evj-dence indicates that there is
a net transfer of turbulent energy by diffusion toward. the

pipe axis; the magnitude of the diffusion is everywhere

small- except near the pipe axis where it is comparable to
that. of the dissipation; there is of course no diffusion
in the axial direction. rn the diffuser, the turbulence

is inhomogeneous both in the axial and. radial directions
as shown in Fi-gures L2 and 13. Thus, not aII the energy

produced at a cross-section is dissipated there as would

be the case in fully developed pipe flow. It turns out

that an appreciable proportion of the energy produced is
convected and diffused both in the radial and downstream

directions. The deduction that may be made on the basis of
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the foregoing consideration is that when the diffuser
divergence angle a is zero (continuatj-on of the straight
pipe), the convective diffusion is negligible; as q

increases and the dissipation decreases but production

increases.

Turburence production leads to a loss in mean frow

energy" rt thus appears plausible to conjecture that as

the diffuser divergence angle cr increases to the optimum

pressure recovery limit for a given area ratio, the total
energy production throughout the diffuser flow field
approaches the lower limiting vaIue. For, when cl is very

sma1I n the diffuser is very long and the total energy

production is very large. As o, increases beyond the

optimum angle, separation occurs; eddies are formed leading

to a very large total energy productj-on. Thus, within the

range of these values of o, there is an G at which the

total- energy production is a minimum. It is surmised,

here, that the optimum pressure recovery occurs at the

same o,.

It was remarked in section (4.3) that the velocity
profiles plotted in the universal coordinates did not

indicate any appreciable logarithmic portion of the law of

the wall. For a logarithmic portion to exist, the mean

velocity gradient has to be inversely proportional to the

distance from the wall in a region of constant shear stress.

In fully developed pipe flow, the region of constant shear
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stress (equilibrium rayer) approximately corresponds to the

region where a barance exists between the production and

the dissipation of turbulent energy. From the turbulenL

energy balance lrigure 27, it is seen that the absence of
the equilibrium layer is due to the fact that production is
greater than dissi-pation and the excess energy is carried
out of the el-ement by convective diffusion due to kinetic
and pressure effects. In fact Figure 10 (b) indicates thaL

the shear stress increases linearly from the wall to a

maximum value before decreasing to zero at the diffuser
axis with no region of constant shear stress. Thus a

plausible explanation for the absence of the usual wall
logarithmic portion in the semi-logarithmic plot of the

velocity profiles is that the flow does not exhibit an

equilibrium layer

The foregoing considerations tend to suggest that
there is a need for turbulence measurements of higher

order correlations in diffuser flow in order to further

the understanding of the turbulence mechanism associated

with the flow"



5" CONCLUDING REMARKS

An experj-mental study of mean and turburent flow
properties in a conical diffuser with fully developed flow
at entry has been described. euantitative data presented

have included, for entry Reynolds numbers of 152r0oo and

293t000, measurements of the mean pressure, mean velocity,
turbulence intensities, correlati-on coefficients and the
one-dimensional energy spectra.

The general feature of the radial distribution of
the turbulent fluctuations and the correlation coefficients
is the occurrence of a peak very close to the wall near

the diffuser inlet; the peak progressively shifts away

from the waII with the di-stance in the streamwise direction.
The distribution of the turbulence intensity Ievels is
qualitatively similar, but quantitatively much in excess

of those in pipe flow.

The results show that the rate of turbulent energy

production approximatery reaches a maximum value at the

edge of the wal-I layer defined by the point of maximum

ur-fluctuatj-on. It is found that within the layer, q

varies linearly with the distance from the wa]l- and the

linear range grows witfr distance in the downstream

d.irection. The surfaces of maxim"* q and uru, closely

46
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coincide. At the edge of the layer, the energy production

is about two orders of magnitude greater than the direct

viscous dissipation and about 602 of the total energy

production takes place in the Iayer.

The spectral profiles and characteristics are very

similar to those reported for pipe flows; the normalised'
-v

spectra of ui exhibit the *r.-'/= d.ependence for about one

decade of the one-dimensional wave-number Kt'

From the turbulent kinetic energy balance it is

found that the magnitude of the energy convective diffusion

due to kinetic and pressure effects is comparable to that

of the energy Production.



RECOMMENDATTONS

As pointed out in the rlntroduction' (section 1),
the primary objective of the present investigation was to
obtain quantitaLive information on the distribution of
some mean a turbulence quantities in a conical diffuser
with optimum pressure recovery characteristì cs. To gain

further insight into the structure of turbulence in
diffuser flow, future investigations along the following
lines are recommended.

(i) Measurement of the doubre and triple veloci-ty
correlations. The double verocity correlation wilr be

useful in providing information regarding the size of the
turburent eddies and the way in which energy is transferred
from one size of an eddy to another. The tripre velocity
correlation will make it possibre to assess the separate

contribution made to the convective diffusion of turbulence
by kinetic effects only.

(ii) Measurement of the pressure diffusion term of
the turbul-ent kinetic energy balance.

(iii) Measurement of the turbulence vorticity field.
As is well-known, turbulence is rotational, three-

dimensionar and characterized by high levels of fructuating
vorticity. Evidence suggests (Tennekes and Lumley Lg72)

6.

4B
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'0

that the eddies most effective in maintaining a correlation
between the fluctuatÍng velocities (e.g., ü1 and rz) and in
extracting energy from the mean flow are vorticies whose

principal axes are approximately aligned with those of the
mean strain rate; the energy transfer mechanism for such

eddies is believed to be linked with vortex stretching.
Thus a study of the vorticity fiel-d can shed more light on

the turbulence mechanism in diffuser flow.



APPENDIX A

TURBULENT ENERGY EQUATION IN CYLINDRICAL

COORDINATES FOR AXISY¡METRIC MEAN FLOW

The turbulent energy equation (2.18) may be written
for mean flow in the form

u.=L(É) + L-f 
-l'=t I

"i a1 \-ãl axi 
L ' 

.ot * *J 
]

+u,iä "#(g) ."w
=0, (A.1)

by noting that

50
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sl_nce

and

42r.'. ^ âL1,
u. , t = u. a ;art = o-j ð*i ô*j *j ô*j âxi

For cylindrical coordinates, Iet

Ui be represented by U* , U, , U0

utbYu*rürrtO

andxrbyxrTr0.

n / ôu,\ âu, ðu. a2u.d l.- l-ì I --l- - -i
æ; \": ã";/ = ã"ir5 *'j æ¡5 ,

Application of the identities

aui ð (rUr) ðUn âUx
--j = r?. Tf -ðxi v-v - râr -' rðo ' -¡l '

?.)2- 
- n2 - A lrâr * ô' * â'

a"? ' rôr 'ar' ' ?;J ;7 '

^u."a
ì---¿ = VU =dx.

.I

ôut
ar

âUr
ax

ôU
0

ðr

ðUx

Ar

âU U âU^ U âUr0-u,Y-x
rao- r ffi-; rôo

ôuo

âx

ðUx

dra
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and the conditions that

uo=
V.U =

to equati-on (Ã'. 1)

I--T= o ,o '"&
0,

+ (u2'x

(ux 3*udx

yields on expansion,

-22-Z
^ u +u +u^d\ / x r u\r ãT' '------T-)

u r9+r 'p

22u +uxr *"3
)

+t uuxr
âUx-TE

âU x
-ãx-{r

u,(4 - {r+uuxr
âUr

-f
dX l

-z+u
T "Ët{H

2ux

(A.2)

The non-dimensional form of the turbulent energy

balance equation (2.19 ) is finalty obtained by re-arranging

and multiplying equation (a'.2) by n/ul,* , replaci"s ul by
)q- and reLurning to the index notation.



APPENDIX B

CORRECTIONS TO THE MEASUREMENTS

(i) Correction to the X-probe measurements

Errors arise from many sources when making turbulence

measurements " These errors have been discussed extensively
by Hinze (1959) and Corrsin (1963)" Here,the hot-wire
response to yaw and non-linearities caused by high

intensity turbulence is assumed. to be significant; the

correction factors applied to the measured turburence

quantities were in the form suggested by Champagne et al
(L967) , as follows:

(8.1)
CORR* MEAS+

(s.z)
CORR MEAS

(f)(f)

t#)
/-z\

= 1.r-7 {þl
\ uit

and /\
/ ot"r'ì

\;¡/"oo*
/ "r"r\\;rLuo, 't.0B (8.3)

*CORR denotes corrected.
*¡lnes denotes measured; in

it denotes normal component cooling
law cooLirg).

s3

connection with hot-wire,
only (assuming cosine
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(ii) Correction to mean vetocity obtained

from pitot and static tube measurements

considerable theoretical- and experimental investi-
gations have been directed in the past to the study of
pitot and static tube measurements in turbulent flow; these
investigations are d.iscussed in considerabre detail for
example in Hinze (1959) and Kaye (1968). rn the present
experiment, the mean static and total pressures were

referenced to the loca1 wall pressure

The mean velocities obtained from pitot and static
tube measurements \^/ere corrected with Kaye I s resul-ts as

follows:

Pt Ps I-z

+(A+'o

(ui * 4r

Az) ,B . 4,

t t3¡2 + ,4

o 
[^"

+ (Az + ar)

r1
Ao = I r(o) 

I- J d,=o

q. :r(r2
u2,

, (8.4)
CORR

where

['=[tAz
^1

arr (cr) 
I--:-T-l

cLcr, I

J q=o
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a = [i q*¡Lgri'-4 I 4: ds4 |L I q,=o

[f (cl) is given in Kaye, Figure 11, page 104 for hemispheri-

cal nose probe (0.072 ins external diameter and 0.0135

internal diameter; this probe is crosest in dimension to the

one used in the present experiment) ].
By combining equation (8.4) with the measured

quantity

D p.'=*ptu?l ,'T 'u a L 
MEAS

the corrected mean velocity was obtained.

(B.s)
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Reynolds number

<u1>D/v

Cross-section
average velocity
<u1> , m/sec

Centre line velocity

ul r* ' m/sec

Friction velocity

u* , m/sec

Kinematic viscosity
2.V¡ m /sec

Density

g , kg.f . =""2¡^4

29 3 ,000 152,000

45 "7 22.9

s4 "9 27 "B

r.9 4 0 " 99

-'7 11.59 x 1o-/ I.53 x l-o-/

0. 118 0.120

TABLE 1. Mean flow parameters at the

reference station.
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Re = 293,000

Station
(r)

loo I Y+ s- 3oo

Clauser PateI

(2) (3)

Nikuradse

(4)

Ludwieg
&

Tillman
(s )

Total-
shear
extra-
polation

(6 )

t
2

3

4

5

6

7

B

9

IO

t1
L2

Re = 1521000

1

2

3

4

5

6

7

I
9

IO

11

T2

L.496
1"155
0.904
0 " 708

0"6l-2
0.548
0.495
0.431
0.399
0 "372
0.346
0 "324

0"793
0.618
O.4BB

0.410
0. 330

0.308
0.282
0"250
0.232
0.2L2
0.202
O.lBB

I"475
1. 134

O. BB3

0.687
0"591
0 " 534

0.484
0 .420
O " 3BB

0.367
0 "346
0 "324

0.782
0.607
0 .484
0.410
0.324
0.303
0 "282
0.250
0 "228
0 "207
0.191
O"IBB

L.432
1. 113

0.861
0.665
0.569
0.527
0.473
0.431
0.378
0.35I
0.346
0.308

0.787
0.586
0 .484
0.399
0. 308

0.298
0.276
0.239
0.225
0.207
0"191
0. tB3

I.522
1.231
0.987
0.790
0.641
0.536
0 .454
0.374
0 .32s
0.286
0.258
0.231

0.791
0 .625
0 " 480

0.372
O.2BB

0.244
0.208
0. 175

0.148
0.130
0. t17
0.106

T.6T2
I.367
1.170
1. 011

0 " 881

0.773
0.685
0.613
0.553
0. s03

0.461
0 .427

0.884
0.782
0.695
0 .620
0.555
0"499
0.450
0.407
0.370
0.338
0.309
0.284

The friction velocities in m/sec.TABLE 2.
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v.
R

^r(¿.
l_so

2
m---

sec

g

2
m---3

sec

Re*_ã-
UJI rIn

0"017

0 " 080

0.20s

0.268

0.331

0"393

0"582

0 "770

0 " 957

TABLE 3.

160 " 0

240 "0

407 "0

435"0

497 "0

635 " 0

526 "0

360"0

239 "0

Dissipation

at station 7

8"30

38.5

186.0

305"0

546.0

609.0

709.0

608.0

545.0

-?0.013 x l0 r

0"058 x 10 J

O.2Bl x 1O-3

0.463 x I0-3

0. B2B x lO-3
-?0.924 x 10 r

-?1.076 x 10 r

-?0.923 x 10 J

-¿0.826 x 10 J

rate in the diffuser

for the Re = 293,000.
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