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ABSTRACT

An experimental investigation of fu1ly developed

turbulent flow in an equilateral triangular duct at
Reynolds numbers between 53,000 and 107r300 is described.

By measuring one component of the secondary velocity, the

secondary flow pattern was shown to consist of si-x counter-
rotating cells bounded by the corner bisectors. Secondary

-flows were directed into the corners via the corner bisector
and returned along the waII and waIl bisector. A maximum

secondaqy velocity or' 1.5? of the bulk velocity r¡ras observed.

The effects of secondary currents were evident in the dis-
tributions of mearr velocity, wall shear, and- Reynolds

stresses and were very prominent in the turbulence kinetic
energy distribution. The universal law of the wall can be

used to describe the mean axiar velocity distribution near

the wall although the constants differ somewhat from those

for pipe flow. The friction factors vrere 5.0 6.5eo lower

than pipe friction factors. It is demonstrated that, in
order to obtain satisfactory results, techniques'for. pre-

dicting the distributions of mean flow quantities in a

triangular duct must allow for secondary flow effects.
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NOMENCLATURE

D- equivalent hydraulic diametern
E(n) energy spectrum function

f friction factor
q- dimensional universal constal-c ensional universal constant

H height of triangular duct

h distance from duct centerline to
midpoint of waII

K geometry factor for turbulent flow
T

k' yaw sensitivity of hot wire

L axial distance from inlet of test section

I one half length of duct sid.ewall

Iog logarithm to the base 10

n frequency

Þ mean static pressure

AÞ mean static pressure referred to statió
pressure 2.65 cm from duct exit
fluctuating component of static pressure

mean flow kinetic energy per unit mass

instantaneous turbulence kinetic energy
per unit mass

mean turbulence kinetic energy per unit mass

qt qt = Úu + lv + I'fi^¡

Re Reynolds number = Ltb Dh
v

correlation coef ficient = nv-v/u t v,uv
sensitivity of linearized hot wire
anemometry sysÈem

p

0

q

q

R

s
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vaLL

U instantaneous axial velocity
ü mean axiat velocity (time averaged)

Ub bulk velocity

U+ dimensionLess mean axial velocity = t/u*
' urvr\¡r fluctuating components of velocity in the

ryandzdirections,,, u, ¡v, ¡rn', ii3:.i:Ëi";:"î1".ilåriîu"":"å"1";ilå".ro,,=
,'. 'un friçtion velocity

V, Vt instantaneous components of velocity parallel
and normal to base of duct

j-

1 V, IrI mean velocities parallel and normal to
I base of duct

i n dimensionless dj-stance from wall = z u*
Jr.

U viscosiÈ12

r v kinematic viscosity = v/p
p density

T-_ wall shear stress
$I

o mean axial vorticity

Subscripts

loc local
L-:.- :: :

ì..-........
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TURBULENT FLOW TN AN

EQUTLATERAL TRÏANGUT.¡AR DUCÎ

1.0

1.1

TNTRODUCTION

Motivation

Most nuclear fuel designs involve the transfer
of heat from the elements of a rod bundle to an axial
flow of coolant at high Reynold.s numbers. 'Past studies

of this heat transfer process have usually consisted of
full scale experiments to evaluate bulk-average quantities
such as pressure drop, heat'transfer coefficients and

bubchannel mixing for a particular design and range of
conditions. Due to the random nature of these experiments

and the complex geometry of fuel bundles (Figure I), it,
has not been possible to combine the existing heat transfer
dàta in the form of simple correlations. A more funda-

mental knowledge of the turbulence structure in rod bundle

flows'is therefore important both for the analysis of

experimental results and for the development of numerical

techniques for pred.icting hydraulic and thermal performance.

Some fundamental studies of the structure of
fully developed turbulent flow have been conducted in
triangular array rod bundles (]-'2'3). 

These investigations
indicate that rod bundle flows are strongly influenc"U O"

secondary vetocities of the type arising in all straight
non- axisl'mmetric flow passages under turbulent flow

!ì:::



cond.itions. Arthough the secondary verocities'are reratiye-
'ly small, they prod.uce a spiral motion in the rnean f low

which convects kinetic energy and momentum in the plane

normal to the main flow axis. A detailed knowledge of
secondary velocities and their effects on the primary flow
is of key importance. certain effects such as tlre homogen-

ization of locar wall shear stress have been quantized. At
present, however, there are no reliable measurements of
secondary flows in rod, bundle geometries. Hall and

I
svenning="or, (2) attempted direct measurements of second.ary

verocities, but their results vrere not, conclusive and, they '

reconmended further investigation. similarly, although
Trupp and Azad(3) could infer the direction and approximate

magnitude of second.ary flows from momentum and energy bal-
ances¡ they rÂtere unable to measure the tiny secondary vel-
ocities via conventional X-probes and. a three-wire probe.

The present work constitutes the first phase of
a cont,inuation of rod bundre rork(3) at the university of
Manitoba" rt involves an experimentar investigation of the
turbulence structure and. secondary flows in fully developed

turbulent flow in an equilateral triangular duct. This
duct represents a sfunplification of a single subchannel in
a triangular array rod bund.le with a pitch to diameter

ratio of 1.0. The tríangular shape was chosen because it
could easily be fabricated wiÈh a high degree of accuracy.

Much of the information obtained in the triangular duct will

'::.:.¡l
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be applicable to a subchannel in a triangular array rod
bundle 'in spite of the differences in geometry. rn add.ition,
the triangular test section w.í11 provi.de a convenìent
facilíty for the future deveropment of a secondary flow
meter which can be used in rod bundles. The present work
also contributes, in its own right, to the existing knowledge
of turbulent duct, flows since triangular d,utts have received
little attention to date.

L.2 scope and' objectives :"'

The present work was undertaken to estabrish the 
i

mean velocity field.s, turbulence structure, and secondary
flow patterns in fully developed turbulent flow in an equil-

,]
ateral triangular duct" The first phase of the work in-
cluded' the d'esígn and construction of a suitable test section l

to be attached to an existing wind tunnel. The wind. tunnel
:layout and. d.uct cross-section are shown in Figures 2 and 3

respectively"
,,,, 

,l:,
, ,._;

The second phase of the work involved. an experi- ',',r.

'_ "t--mental investigation of the fully deveroped flow near the
exit of the test section. After initial measurements Èo

verify flow symmetry, all measurements vrere made at the grid
points shown in Figure 4. These grid points cover one of
the six'symmetric frow areas which are f,ormed by rines of

. symmetry and which Trupp and Azad(3) r"f"r to as primary :.
flow cells.
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The results of mean velocity and Reynofds stress

measurements cond.ucted aË Reynolds numbers of 53r'o0o; g1r0oo,

and 107r300 are d,iscussed in subsequent portions'of this
report. Addit,ional data on local wall shear stresses and

axial po\úer spectra are also incruded. rnformation con-

cerning secondary flows includes Lnferences d.erived from

momentum balances and direct x-probe measurements of one

component. Further exploration of the secondary velocities
has been planned as a continuation of the present project,.



2.0 LITERATURE REVTEW

Very few publications'in the open literature have

dealt with turbulent flow in triangular ducts. The first,

work to appear was that of Nikur.a="(4) who, in 1930, prê-

sented mean axial velocity profiles for several. triangular
duct. shapes. Nikuradse noted that isovel lines in these

ducts tend.ed to bulge'towards the "orrr"r". 
' 

This phenomenon

had also been obseived in an earlier "trray(5) in rectangular
ducts and had been exprained (6) by the postulated exisLence

of secondary currents which transported momentum from the
center region of the d.uct to the corner region. Flow

visualization studies by Nikuradse(4) .orrfirmed the presence

of secondary flows in an equilateral triangle. As predicted,

secondary flows are bounded by the corner bisectors which

divid.e the triangre into six primary flow ceIls. The isovels
are distorted by the convection of high momentum fluid into
the corner via the bisector of the corner angIe, and by the

transport of 1ow momentum fluid out along the wall and

finalty along the walI bisector. No flow crosses the lines
of symmetry and., as illustrated by Figure 3, f l-ow cel1s on

opposite sides of a symmetry line are counter-rotating.

cremers and Eckert(7) h.rr" published measurements

of the mean axial velocity and five Reynolds stresses in an

isosceles triangle with an aspect ratio of 5 to I. They

reported that, there was no experirnental evidence of secondary

flows at a Reynolds number of I0,900 although contour plots
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of axial velocity fÌuctuations strongry suggest the presence

of secondary flows near the base. At a Reynolds number of
5480, Cremers and Eckert noted a region near the apex in
which no velocity fluctuations could be detected. A recent
study by Bandopadhayay and Hinwooa(8) confirms that, for a

range of Reynolds numbers, laminar and turbulent flows may

coexist near Lhe apex of high aspect ratio i.riangutar ducts.
cremers and Eckert also reported that, in the Reynolds number

range from 5,000 to 10,000, fluctuating quantities in a

tr-i angle do not become Reynolds number independent when

normalized by friction verocity. r,.ofer(9) had previously
established Lhat, in the case of fulry devetoped pipe flow,
the friction velocity could be used as a scaring factor to
remove the Reynolds number dependence of turbulence quantities.
Although pipe flow has been studied extensively since Lauferrs
originar work, his investigation is probably the most com-

prehensive of any to date

of particurar interest in the present investigation
is the work done on secondary flows in fuIIy developed tur-
burent flow in square ducts. secondary frows are common to
all turbulent flows in straight noncircular ducts,. but the

square duct has been studied the most extensivery. As pre-
viousry mentioned, Nikur.d".(S) first not.iced the distortion
of isovels in a square duct in Lgz6 and prandtr(6) attributed
these distortions to secondary flows circurating in crosed

cells and bounded by lines of symmetry. Ho!.¡ever, it was not
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untir 1960 that Hoagland(10), using a sensitive, rotatable
hot-wire probe, was able.to make quantitative measurements

of the transverse velocity components. His measurements

confirmed'the flow patterns suggested by Prandt.l and indica-
ted that the ratio of secondary velocity to centerline
velocity reached a maximum value of 1 to 1 L/2 percent near

the corners. Hoagland. also found that wall"shear stresses

in a square duct \,\rere almost uniform everywhere except in the

corners. He concluded that secondary flows, by the convection

of axial momentum, have a significant effect on the axial
velocity distribution throughout most of the flow.

Leutheus""r(11) in 1963 found. that, while the

inner law of velocity d.istribution applied to the wall region
lof'flow in square ducts, the flow neSr the center of the

duct d.oes not. follow the outer Iaw formulation. He also
postulated that the strength of secondary flows decreased

with increasing Reynolds number

Brundret.t and. e.irr""(12) carried out an investiga-

tion of the origin and d.issipation of secondary flowd by

examining the mean axial vorticity equation. Their measure-

ments of the Reynolds stresses indicate that the production

of axial vorticity occurs along the bisector near the corner.

Although they were able to show that secondary flows are the

result of Reynolds stress gradients, they did not examine Èhe

turbulence mechanism producing the gradients.
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Some further aspects of square duct flow were

studied by Gessner and Jones(1:¡. They examined the
Reynolds equation along a secondary flow streamrine and

concluded that secondary flows were caused by a complex

interaction of Reynolds stresses and static pressure
gradients. They also concluded that secondary flow vel-ocities
normalized with either bulk or centerline vçlocities decrease
with increasing Reynolds numbers. Finally, their measurements ,.,,,.

showed that the greatest skewness of the wal1 shear stress
occurs in the corners and that, in the cross-sectional plane,
Reynolds stress principal ptanes are not normal and tangent
to isovels.

Using ducts of different roughness Launder and

vinn(14) determined that the friction velocity \^/as the approp-
riate scaling factor to remove the Reynolds number and. surface
roughness dependency of secondary velocities.

Lg73,G""=.r.r (15) conducted a study of the
origins of secondary fl-ows based on the experimental evalua-
tion of terms in the mean energy and vorticity balanie
equations appried arong a corner bisector in developing

turbulent f lows. His result,s indicated that seconilary f lows
. are initiated and sustained as a result of turbulent shear

stress gradients normal to the bisector. He also concluded

that the transport of turbulent kinetic energy and axial
'' vorticity are second order effects of secondary frows, and

the equations governing these processes do not govern the



generation of secondary flows, First order effects are

classÍfied as the convection of axial momentum, total
energy of the mean flow, and transverse vorticity. These

conclusions are apparently applicabl,€ to all geometries,

inctuding exterior corners, which involve changes of
curvature of isovels.'

Although most studies of secondary tfo* patterns
have involved square ducts, some work has been done in other
duct shapes. Liggett et .t(16) investigated secondary

currents in an open triangular channel. Rectangular ducts

have been studied by Hoag].arrd(10), Leutheus=ur(t1), Gessner

and Jone"(13), andTrace"(l7). r."k"r(18) studied a

circular pipe with one or two eccentric rods. For the two

pin geometr¿ he identified two counter-rotating secondary

flow cells in each symmetric quadrant. As is the case for
square ducts, Kacker concruded that secondary flows have a
significant infruence on mean velocity and wall shear stress
distributions

. Based on turbulence measurements in a rectangular
duct with roughened sections of wall and consideration of the
turburent kinetic energy equations, uin".(19) has þroposed a
generar rure pertaining to the existence of secondary frows.
This rule states that, when in a localized region the pro-

duction of turburent kinetic energy greatly exceeds viscous
dissipationr. there must be a secondary current that transports
turbulence poor fluid into this region and turbulence rich
fluid out.

t..

l:.:.:::,.
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There have been at least three attempts to compute

mean velocity profiles and waII shear stress distributions

in equilateral triangular ducts. The first attempt was

made in 1954 by Deissler and Taylor (20) who developed

an iterative technique based on the eddy d.iffusivity in a

tube. They ignored secondary flows and assumed that shear

stresses normal to isovels v¡ere negligible.' The isovels

obtained by this method had the same gieneral shape as the

experimental curves of ttikur-4"" (.a ) but did not penetrate

as far into the corners.

A second technique, which is limited. to prediction

of waIl shear stress distributions but includes the effects

of secondary flows, was suggested by Kogorev "t .t(21) in

L97L. In this technique, the axial momentum equation is

written in eddy viscosi-ty form and integrated. by using an

assumed universal velocity d.istribution and. experimental

data for secondary flows. For a square duct, Kogorev found

that agreement between measured and predicted distributions

was improved by including secondary flow effects. U.sing a

secondary flow pattern obtained by transformation of square

duct data, Kogorev also found that secondary flows. tend to

equalize the distribution of the wall shear stress about the

perimeter of an equilateral trianglê;

Finally, the finite element technique was adapted

to the calculation of mean velocity and wall shear stress

distributions in noncircul-ar ducts by Gerardc2) in Ig74.

I
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His. techníque uses an eddy viscosity model to account, for
Reynolds shear sÈresses and reguires information describing
secondary flows as input data if their effects are to be

taken into account. He appried the technique to an equir-
aterar triangle by ignoring secondary frows and obtained
resurts with the same deficiencies as the results obtained
by Deissler and Taylor. rn an effort to quantify the
effects of secondary frowsr the case of a square duct was

considered with and without secondary flow data as input.
The inclusion of secondary flow effects significantly im-
proved the accuracy of his predictions. He coniruded that
secondary flows are responsible for the d.istorted isovels
and unexpected.ly uniform warl shear stress distributions

, found in turbulent flow in noncÍrcurar conduits.
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3.0. THEORETICAL CONSIDERATTONS

rn a duct with the cross-section of an equilateral
triangle, flow properties are symmetric about the corner
bisectors. As illustrat.ed in Figure 3, this property of 

,..:..,:;,

symmetry can be used to subdivide the duct cross-section
into six primary flow cells. Each of these cells is identical
when vÍewed wiLh respect to rotated coordinate systems and ,,,;,

no net mass or energy is transferred across their boundaries. t,',,,

A knowledge of the flow properties in one cell is therefore ,,,,,,,.

sufficient. to describe the entire flow field

The primary cerl and coordinate system considered
in the present investigation are shown in Figure 3. Equatíons
governing the conservation of mass, momentum, axial vort.icity 

l

and energy in this system are presented. beIow. These 
l

equations are appricable to the isothermar, fully deveroped, 
l

turbulent flow of a constant property f1uid.

i"t
i.,,t:,',3.1 Continuitv and. Rel¡nolds Equations

füithin a primary celI, the only allowable simplifi- ',,,.,1,,

cations of the continuity and Reynolds equat,ions.are those
due to the fully developed flow condition. This condition
implies that. the velocity fields and axial pressure gradient -: ::

;:, a,.;1:.

are independent of the axial coordinate. consequentry, the
simplest forms of the continuity equations which can. be

applied within a flow cell are:
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aV +aw =o
ây àz

Ðu âv âw-ì- + ::- + '" = 0
âx ôy ðz

(3.1)

(3.2)

(3.3)

The Reynolds equations for fulIy developed flow

withín a primary ceII are: e

:.

.l X - direction

, Vâú+wâú=_!€*u(rrt*arû)_ (q".r*Ðffi)
] ay àz p ðx àyz à22 ây àz

Y - direction

V ,V * !ü âV - - 1 ,Þ * u(rrV * ,rV) (arr" * âñ)
ây àz p ay ãy2 à22 ây ðz

(3.4)

Z direction

V âw * w !w = _ l rF * v¡â2w- * rtF) - Æ + ârz)
ây àz p ðz Dyz à22 ây Dz

(3. s)

The Reyno1d.s equation for the X - direction can be

interpreted as an expression for the change in axial momentum

of a smalr erement of fruid. The roles of the various terms

are more easily understood if the equation is rearranged

in the following form:
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- ! aÞ = V ru + r^r ¿U - u(¿'u * !-3ú) + (tñ * rffi)
p âx ây Ðz ây2 ð22 ây àz

3.6)

.,. . -.'.
The first term in equation 3.6, _ 1 âÞ, represents

pax
the change in axial momentum due to the axial pressure

gradient. Its magnitude is constant over trhe cross-section 
.,.,,..as can be verified by differenLiating equations 3.3, 3.4 and. ,..:i

3.5 r^¡ith respect to x. 
,..,.,,, ,

:. On the right hand side of equation 3.6, the two 
I

brackètedtermsrepreSentthechangeinmomentumd'ueto

viscous and Reynolds shear stresses. The two remaining 
l

ìterms indicate that changes in the axiar momentum of a smalr 
),ì

fruid particle occur as a result of convection by secondary 
',

iflows. These terms represent an important difference be- 
l

tween flow in circular and noncircular ducts.

At the cell boundaries, the Reynolds equations can . ;l.: ::.. ..-.

be simptif ied by using the following boundary conditions - ::;: ;:'

(1) Along the y axis or wall boundary

û=V=ñ=u=v=w=O
-âand- -0

ây

due to the no-s1ip condition.

(2) Along the z axis normal to the midpoint of
the walI, V = 0, since no flow crosses the



cell boundary. Since V = 0 for alt z and is
of opposite sign on each side of the z axis,

it, follows that
aV=atV=Ðtf=n

v
àz à22 ây2

15'

Due to symmetry
be shown that:

âuz â7
-=-
ây ây

By applying the above

3.4. reduces to:
tlt=o
àz

about the z axis,'it can also

â\,.¡z âu âF âP
ðy .ay ây ðy

simplificat.ions, equation

Upon integratiory and using the

ñ = 0 at the wa11, one obtains

boundary condition
'v-d = 0 for all z.

(3) Along

no net

v-

the corner bisector, the condition that
flow crosses the boundary implies that:
/- R'

Due to symmetry along this boundary

âu¿ 
t̂

ân

where n is the direction normal to the diagonal.

It should be noted that symmetry about the cell
boundaries does not imply that the gradients of all quan-
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títies are zero acfoss these boundaries. For example, f
i__has an antisymmetric distribut.ion about the z axis and ai/ay
can have finite values along the z axis.

Using the above simplifications, the Reynolds

equations at the wall become:

X - direction
rì - I âÞ -. â 2ú âur^t
v - - p Ðx à22 ðz

Y - direction

(3.7)

(3.8)

Z - direction

o - - ! aÞ * u"W - âwz i

p Az à22 ðz ',

(3. e)

it.

'.:..

Along the z axis from the midpoint of the waIl to i:'

the duct centerline, the Reynords equations reduce to the
following forms:

X - direction

Q=-!aP+uâ'V-avw
p Ay ð22 Ðz

! ¿E = - F ntl * ulaÐ * Ðtú) (añ * rñ)
p ax ãz ayz ð22 ây àz

' (3.10)
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Y - direction

0=0 (3.11)

Z - direction

I ðP - - w 4 * "({+ * 
a'E) (at'* * tF)

p ãz ãz ây2 Ð22 Ðy ðz

(3.12)

It is of interest to examine equation 3.lO in ,:,,,,
i.:: :'

more detail to see if anything can be learned about the

distribution of uw along the z axis. First consider the 
:

viscousstresscontribution.Duetothere1ative1yfIat

axiar velocity dist.rj-bution, it is expected that the term l

ia2u/az2 will be signifícant onty very near the warl and :

àzl|/ayz will be negligible everlruvhere. For points not too 
.

close to the watl both of these terms can therefore be l

:

ignored.. ïnspection of the remaining terms indicates that
no further simplifications can be made. For example, Èhe ,,1,,

'' :r':i'

gradient of [v with respect to y may take on non-zero values ,, ,:

since F tras an antisymmetric distribution about the z axis. 
':r-::::;

ñ may also have a finite value everln,rhere except at the
waII and the duct centerrine. As a result, the simplest form 

;: :: :l
ì':i: :-;to which equat.ion 3.10 can be reduced is I i.:ij,,::.'-:

f ?tr= - ¡a¡ au - (aor+ affi)
pAx Az Ay àz

(3.13)

1.t.. -.ì '::l:
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Eyidently, it is not possible to obtain a theoreti-

cal distribution of uw without a d.etailed knowledge of the

various quantities in equation 3.13.

3.2 4xial vorticity

As derived by Brundrett and Baiies (L2') , the

equation governing conservation .of axial vorticity is :

v # + w 4 = fu (rz - ç:;z¡ -,# - #,
+ v ( 

â'n * -a 
fu.) (3.14 )

ãY2 à22

The terms on the left hand sid.e of equation 3.14

represent the change in axíàl vorticity due to convection

along a secondary flow streamline while the viscous terms

on the right hand sid.e represent the diffusion of vorticity
down its gradient. Depending on t.he locaI turburence fierd,
the remaining terms may represent either production or

' dissipation of axial vorticity.

3.3 Energy Equations

A mean energy equation can be obtained by multi-
plying equations 3.3, 3.4 and 3.5 by Ú, v- and W- respectively :.:; :.

' 
,r -t,'.,tt'-,and adding the resultant equations. After rearrangement and

simplification using the continuity equation, the mean energy 
:

equat.ion for flow in a triangular duct can be written as

follows:
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u aP + p9- V to + El -* o3- w to * El

rIr

â-â* pi vqt + p- wqt
ây Ðz

rrr

-pt[l!9 + oonat, + F{ * *i4 + Çñ t{ + Ðll
ây àz ây àz èz ây

-urt'9 * âtõ l- r(d)'- u(d)'- 2v aV âw

ày2 àzz ay ãz þ.2 ay

IV

VI

(3.15)

where

õ'= å tt2 + 12 + I^I2 l

q'=üu+v1/+Fw

The various terms in equation 3.15 can be given

the following physical interpretations:
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II

energy input per unit volume and time due to

axial pressure drop

change in energy per unit volume and time due to

convection of mean energy by secondary flows.

change in energy per unit volume and time due to

convection by turbulence.

production of turbulence energy per unit volume

and time

viscous diffusion of mean flow energy.

direct viscous dissipation per unit volume and

time

vïr

ïIf =

v

VT

Thä mechanical energy balance equation for
turbulence, as derived. by Hinze(19), is:

Ð vq+9-wq
ây ðz

+â
Ðz

âV

Ðy

.-aÚ+uv-
ây

* !- v(e
Ðy

. -au+uvl-
àz

;G;T)
p

D+:)
p

+ vl¡

IX

VTTI

,âV(-
èz
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-ua [u(âo *E)+zvE +w1E *E)i
ây Ay âx Ay t", àz

-u â t làz àz âx Ðz ây àz

x

+ v[21?"f * 21$ * 21$ * (q + (Isl
âx ây ðz ây àz

o (ry + 1S * (&lt + (E)t + 2(E) rEl
âx àz âx ây âx ây

+ 218¡ t3.gl + z tSYl tEl I = o

âx àz ây àz

(3.16)
XT

where
1_A=rrüF+7+71
1-^õ^q=;[u2+v2+w2]'¿

Physically the terms in equation 3.16 represent

the. following effectss
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VII = conyection of mean turbulence kinetic energy

by secondary flows.

vïrr = convection of turbulence kinetic and pressure

IX = production of turbulence energy.

X = energy diffusion due to viscous effects.
XI = viscous dissipation of the turbulent motion.

A mean total energy equation can be obtained by

mult.iplyíng equation 3.16 by the d.ensity and adding with
equation 3.15; since the term describing production of
turburence has opposite signs in the two equations, it will
disappear. All other terms wirl appear in the total energy

equation and will have the physical interpretations described
above.



4"O EXPERTMENTAL APPARATUS

' The present work included the d.esign and. construc-
tion of a test section and traversing mechanism to be used

in conjunction with an existing wind. tunnel. Figure 2 shows

the wind. tunnel and test section layout. A brief d.escription
of the components is given below.

4.L Wind Tunnel

e

' The wind. tunnel portion. of the present facirity
was used previousrlr by Trupp and ezaa(3) in their investi-
giation of rod bundle f1ow. For the present work, the wind,

tunner was modified to operate in the open circuit mod.e. As

shown in Figure 2, atmospheric air was drawn through a con-
traction cone by four counter-rotating axial aerofoil fans.
Each of these fans vras porÀ¡ered by a two speed motor which
could be used for air flow contror. A damper was located
just.upstream of the fans for finer flow adjustments and fan
vibrations rárere .isolated by a èanvas coupling and silencer
at the exit of the fan section

'Following the silenceç air passed through two sets
of tur'ning vanes, a screen section, and a circular contraction
cone before entering a transition section. rn this section,
the flow area was gradually reduced and transformed to match

the cross-section of the triangular test section" air dis-
charged through the open end of the triangular duct
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(

4.2 Test Section

As shown in Figure 2, the triangular test section
consisted of a wooden entrance length and a final acryric
section. The entrance length t.otalled 7.32 m in length and

was fabricated in 3 lengths from 2 cm thick mahogany prln+ood.

A 2.44 m sheet of 2 cm thick clear acrylic plastic was used

for the remaining section. The overall length of the duct
was 9.76 m and the rength of the interior sidewalls v¡as

12.7 0 cm.

Both the wooden e.nd acrylic sections were con-
structed from three interlocking walrs as shown in Figure 3.
The walls r^rere fastened. in place with closery spaced screws

and all joints vvere seared from the outside with a flexible
silicone sealant. This method of construction provided
accurate control of the interior dimensions and ensured a

leak free duct. rt is estimated that variations in the
sidewall lengths r^/ere less than + 0.25'mm and * 1.0 mm for
the acrylic and, wooden sections respectively

Prior to assembryrarr interior wooden surfaces
v¡ere varnished, sanded, and waxed to ensure a hydraulicalry
smooth surface. Irregularities in the acrylic sectÍon r^rere

removed with a polishing compound. During assembry, great
care was taken in matching the joints and aligning the
sections to ensure that frow s)rnnetry existed at the duct
exit.

rn order to provide the longest possible entrance
length and easy access, the test plane for mean velocity and
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turburence measurements \^¡as located 2.5 cm inside the open

end of the duct. This l'ocation corresponded to a distance

of about 133 equivalent hydraulic diameters from the test
section inlet.

Provision for axial pressure gradient measure-

ment,s was made by locating static taps aL :..s.24 cm intervals
along the duct length. Taps in the wooden "section consisted
of 0.8 mm holes driIled. midway across the base. Tn the

plastic section, piezometric rings were formed by joining
0-6 mm square'edge hores located. in the middle of each wall.
connectors for the manometer tubing hrere epoxied in g mm

holes drilled behind the sma1I diameter holes

4.3 Traversing lt{echanism

The traversing mechanism shown in Figure 5 pro-
vid.ed for accurate positioning of either a pitot tube or
hot-wire probe in the test prane. Three directions of motion

vtere possible. vert.ical motion was achieved by means of
a DlsA 55H01 traversing mechanism. This mechanism rnras

mounted on two vernier caripers which alrowed up to 15 cm of
horizontar travel in the test plane. The vernier scales gave

an accurate indicat.ion of the horizontal position. Motion

in the axial direction was provided by two concentric tubes.

Probes vrere located by observing their images as

they were brought,into contact with the shiny acryric walls.
The distance between the active sections of hot wire probes

and the warl was measured with a travelling microscope. rt
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r^ras estimated that probe positions could be determined
'to within + 0.05 mm and + 0.1 mm in the verticar and

horizontal directions respectively.
Most of the mean velocity and turbulence measure-

ments were made at the nodes of a grid covering a frow ceIl
along the duct base. This flow celr was chosen because it
alrowed the most accurate positioning of the probe in the
direction normal to the walI

4.4 Pitot and. Static pressure probes

Two pitot tubes,with outside diameters of r.067.mm
and 1 .27 mm,lvere built from stainress steel tubing with an

inside to outside diameter ratio of 0.6. A chamfer of
approximately 45o was placed on the inside diameters of the ,

upstream ends of these tubes. Both pitot tubes extended 1l- cm

upstream from the probe holder which was located approximately
B. 5 cm outside the d.uct during testing

Mean velocity and wall shear stress measurements

at the highest Reynords number r^rere made with the large pitot
tube used in conjunction with a Betz projection Manomet.er.

This manometer has a range of 0

of + 0.05 mm HZ} . An R. Fuess manometer (DISA 1348) and

the smarrer probe r,iras used at the lower Reynords numbers.

The Fuess manometer had five ranges varying from 0 16 mm

HzO to 0 - 160 mm HzO and an accuracy of + o.5g of furl
scaIe.
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static pressures for the mean velocity measure-

ments were determined from the axiar pressure drop in the
duct. and verified by measurements with a coilrmercial static
Pressure probe and a HERO micromanometer. The static.pressure
probe was also used to investigate the extent of end effects
near the duct exit.

4.5 Hot-Wirê Anemometry Eggipment

Turbul-ence measurements were made by using constant
temperature linearized hot-wire anemometry. The anemometry

systems were manufactured by DrsA and consisted of two sets
of 55D05 anemometers, 55D10 linearizers, and s5D25 auxiriary
units and a single 55D01 anemometer. These systems were

operated in conjunction with DrsA probes having 1.25 mm

sensing lengths of 5 um platinum plated tungsten wire. The

ancillary equipment, c'onsisting of a 55D30 mechanicar DC

voltmeter, a 55D31 digital Dc vortmeter, two 55D35 RMS

voltmeters, two 55406 correlators and a 55D70 correlator,
was aïso manufactured by DïSA

Measurements of axial velocity fluctuations were

made with a 55p01 singre wire probe powered by the 55D01

anemometer. The 55P01 probe has widery spaced prongs and

thick gold plated sections at each end of the sensing length
to minimize prong interference (23). During testing, the

probe was operated at an overheat ratio of 0.9 and was

positioned with the sensing wire normal to the frow and

pararlel to the base. The above system was arso used. in
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conjunction with a KROHN-HITE model 3700 band pass filter
to obtain axial po\^¡er spectra

rfre üñ and üF shear stresses and the three normal

Reynolds stress r^¡ere measured with x-probes and the matched

anemometer systems described. above. simultaneous measure-

ments of the shear stresses were made by the one and two

correlator methoa"!24À *:-rri.ture 55p61 probe(23) was used

for most measurements of uF and w,r since its shaft could. be

placed. in contact with the walr even when the x-wires were

aligned in the X-Z plane. Measurements of uv and v' \^¡ere

made with a gold plated 55P51 probe which is better suited
to measurements in high turbulence fierds. Both probes had.

to be operated at less than optimum overheat ratios because

of the coarse operating resistance adjustments on. the 55D05

anemometers. This feature also prevented. exact matching of
the operating resistances of the two wires in an X-probe

if their cord resistances \^¡ere not, identical. As a resurt,
it was necessary to match the x wire sensitivities by ad-

justing the amplification of the output signals.
Linearization of both the single wire probes and

x-probes was accomplished by varying the tunnel speed whire

holding the probe at the duct centerline. The probe outputs

were then compared with the known centerline velocities.
since the probes tended to drift with extended use, the probe

sensitivity for each test was determined by comparing the

output voltages with the known velocities at serected grid
points. Gain adjustment.s were made with the auxiliary units.
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5.0 RESULTS AND DTSCUSSTONS

Measurements öharacterizing the mean velocity and

turburence fierds at a point 2.5 cm from the exit of the
triangular duct were made at each of the three nominal test
conditions outlined in Table 1. The quantities measured

included mean axial and secondary velocities, five Reynords

stresses, locaI wall shear stresses, and a*iar power spectra.
Because of the symmetry properties referred to previously,
most of the measurements \^¡ere concentrated in one primary
flow ceII. The grid used for mean verocity and Reynotds

stress measurements is shown in Figure 4.

Results of the above measurements and axial pres-
sure drop measurements are presented and discussed in the
following sections. The three nominar Reynolds numbers

listed in Table 1 are used to identify ar1 test resurts
arthough the actuar Reynolds numbers varied srightly from

day to day. Any varues of u* and. u,- which v¡ere used to non-þ
dimensionalize data were corrected for daily variations in
test conditions by the equations in Appendix A.

Relmo1ds
¡üunber

53,000

81,100

07,300

Centerline
!elocityU-m/s

Pressure Drop

dP- +)ox sec cfn

11. 5

17. I
23.2

0.570

0.834

l. 05

2 .03

4.35

7.03

Table 1

L4 .4

22.0

28.4

Nominal Test Conditions
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5.1 Flow Development and End E{fects

The present test section provided an entrance

length of 133 hydrauric diameters for flow deveropment.

This compares favourably with the required entrance length
of less than 49 hydraulic diameters for fl-ow in a circular
pipe with boundary layer tripping(9). Due to differences in
geometry and entrance conditions, howeveç the state of flow
development j-n the triangular test section .could not. be

determined from the above comparison aIone. previous in-
vestigations of noncircul-ar duct f lows r^rere therefore reviewed

to establish whether or not fully developed flow would be

achieved at the test station.
survey of the literature revealed that fully

d.evelopec turbulent flow has purportedly been achíeved in
noncircular ducts very much shorter than 133 hydraulic
diamet.ers. For example, Gessner and Jones (13) reported that ,

,in a square duct with boundary layer tripping and variable l

density screens to thicken the boundary rayer, ful1y developed 
¡, ,_ :

flow was achieved at L/Dn=eg. rn a rectangular duct with 
i;,=

only boundary layer tripping, they achieved furly developed """,,

f low at L/Dn=gg. tti.r"" (19) found that, in a rectangular
duct with one wall roughened, fully d.eveloped flow was achieved

before L/D1=LT7. rn an investigation of fully developed

turbulent flow in pipes with one and two eccentric rods,
x..k"t(18) made measurements aE L/Dn=g'l and L/on=7g respect,-
ively. unfortunatery, Kacker does not state whether or not
boundary layer t,ripping was used.
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Some experimenteis have carried out investigations
'of fu1ly developed flow in relatively shorÇ square ducts

I^/ithout. boundary layer tripping. For example, ving(14) used

a duct with an entrance length of t,/on=6g and Gessner (15)

reporfed essentially fully developed flow at L/Dh=84. In
the case of a high aspect ratio (S to 1) isosceles triangle,
Cremers and Eckett(7) reported that, even with boundary

Iayer trippingr ëtn entrance length of 130 hydraulic diameters

was required.

Although turbulent flow in an equilatera.I triangu-
lar duct may be somewhat more complex than squaïe ouct and

pipef1ows,itisprobablylesscomp1exthanflowinahigh

aspect ratio triangle. fn light of the above review, it was

therefore concluded that fuIly developed flow would. very

likely be achieved in the present test section. This con-

clusion was corroborated to some extent by a series of axial
pressure drop measurements which indicated. that fulry devel-
oped flow was achieved at a point 30 hydraulic diameters up-

stream of the test station.
In order to prevent blockage of the flow at the

test station, it v¡as necessary to make turbulence measure-

ments no farther than 2.5 cm inside the open end of the duct.
In this position, the probe holder was entirely outside the

duct, and upstream disturba4ces due to its presence v/ere

found to be negligible. Pitot tube measurements indicated
that end effects on the mean verocity fierd penetrated only
about I cm.
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5.2 FIow Sr¡mmetry

A number of tests 'h/ere conducted to verify that
flow at the test station was symmetric. At the mean velocity
level, sYmmetry was checked by comparing pitot tube readings

,,,, from slrmmetric points along horizontal lines or corner bi- ,,...,,,.

sectors. These tests indicated that, in the Reynords

number range of concern, asymmetrics in the mean velocity
',, f ield were negligible in .o*prri"on wj-th the uncertainties ,:.: .:'

l^^ n': !^! r--t- - 
tt""'-"':': in the Pitot tube read.ings. For example, the mèan absolute

: . --:.:.1:::',, percentage differences between a large number of symmetric i :.',',;,,'

points r^rere only 0.3å and 0.53 at, the highest and lowest ,:
Reynolds numbers respectively. The good ag:reement between i

j *easurements in opposite halves of the duct is further illus- 
ì

'

trated by the superj_mposed velocity profiles presented in i

Ii 
tisure 6. 

i

I SYmmetry at the turbulence leve1 was investigated 
lJ-:-- 
i

' ¡y making horízontat traverses with a single hot wire and

an X-probe with its wires aligned in the X-y p]ane. Measure-
.:.-... -.: Inents of this type indicated a high degree of symmetry in ,:.:.:.:"'
......:...

: _:--: : -

., he ur and vt fields. For example, the mean absolute per- ,,'.;,,,,'-',

centage difference between the intensities of u' in opposite
ha1vesoftheductwason1y1.3s.VariationsinV|were

',, equally smaIl. lypical distributions of ur and vr are ;.:::::::_. ':.'- .
.. I i.rr.:' .:.: .'..: :plotted in Figures Z and g.

, *easurements to test the symmetry of R,,,, indicateduv
that it has an antisymmetric distribution about the z axis
As 'indicated' by the results in Figure 9, however, the measured
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distributions of Ruv did not exhibit the high degree of
'symmetry characterizing u' and vr. Asymmetries in the form of
a bias towards one sign were consistently observed in re-
peated experiments. The sign and magnitude of the bi_as

appeared to be.strongly dependent on the calibration and

alignment of the probe. since this dependence \rras particu-
larly strong in the midwall ::egion where *rr' i, very small
and the other Reynords stresses are relatively large, it
\^/as concluded that the observed asymmetries were largely
the result of experimental error

In view of the high degree of symmetry in ü, u,,
and v t f ield.s and the uncertainties in measurements of Rorr,
it was decided that f Iow at the test station r^ras, for all
practical purposes, symmetric. This result ì^ras very important
since it allowed. subsequent measurements to be concentrated
in one flow ceIl

5.3 Axial pressure Drop

' The axiar pressure distribution at each of the
three test Reynolds numbers was determined from measurements
at 64 static pressure taps spanning the rength of the test
section. All upstream measurements v¡ere referred to the
pressure at a tap 2.65 cm from the open end and reduced by
a dynamic pressure based on the bulk velocity. The normalized
distributions are plot,ted in Figure r0 with straight lines
faired through the data point,s for comparison.
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No marked entrance region is evident in the
plotted axial- pressure distributions. At the hígher
Reynolds numbers, however, the pressure gradient does not
attain its final value until L/Dn=169. Deviations from the
general trend occured consistently at a few imperfect taps.

Frict.ion factors for each Reynolds number were

calculated from least square fit.s of straight lines to the

last 16 downstream taps. The results are protted. in Figure
1l along with the empirícal Blasius equation for friction
factor in a smooth circular tube. on the basis of the
equivalent hydrauric diamet.er conceptrthe experimental
points should coincide with the Blasius equation. However,

the experimental points are from 5 to 6.se" lower than the

empirical prediction. rn this respecÇ the present resuits
are consistent with reported results for other noncircul_ar
ducts. For example, Leuthe.,r=="t(11) found that friction
factors ín square ducts $rere significantly lower than pre-
dicted by the hyd.raulic diameter rule. carlson and trrri.r"(25)
reported similar results for isosceles triangular ducts.
rn both cases the magnitudes of the deviat,ions were a
function of geometry.

A correction for the above inadequacies in the

equivalent hydrauric diameter concept has been suggested by

Malak et al Q6l . For Rerr04, they report that friction factor
and Reynords number data can be correlated by the forrowing
relationship

f = 0.184 K"1'2 Re-o.2

I

(s. r)
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The variable K- is a function of geometry andT

can be obtained from the geometric dependence of the friction
factor for lamínar flow. They suggest a value of K = 0.936

1
for an equilaterar triangre. As shown in Figure 11, equation
5.1 gives a satisfactory representation of the present

results when the suggested. value of K_ is employed.r

5.4 Local Vtall Shear Stress

. The local wall shear stress distribution for a

primary flow ceI1 was determined by the preston technique.
This t,echnique relates the shear stress at the wa1I to the
dynamic pressure at the open end of a totar head tube in
contact with the wall. The technique is appricable to any

flow in which the velocity distribuÈion for the wall region
can be d.escribed ,by the inner law of the walr. several
ínvestigations (27 t28' have confirmed the validity of the
technique for measuring walI shear in pipe flows and

Leutheusser (11) h.= demonstrated its validity for a square

duct with secondary flows. For the present case, the wall
similarity requirement describéd. above was tested by comparing

velocity profiles in the triangular duct with the inner law

of the wall. As discussed, in subseguent sections, this
comparison showed that the velocity distribution in the wall
region can be descrÍbed by the inner law of the walr when

the values of the empirical constants are suitably modified.
Preston tube measurements corresponding to the

axial component of. waIl shear in the triangular test, section
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:1

v/ere obtained by comparing the stagnation pressures at the

. open end of a pitot tube with the static pressure at an

adjacent wall tap. pitot tubes with outside diameters of
L-27 and 1.067 ntm were used for measurements at the highest
and two lower Reynolds numbers respectively. Actual values ;r'r,,:''

of the axial component of waIl shear \^/ere obtained from the
appropriate form of patel'"(28) correlations between Èhe

measured dynamic pressures and the walI shear in a pipe. The ,,,.,,,,,,

¡,i-:,::-:

directional characteristics of the wall shear stress Ì,vere 
:.,:,ìnot examined although it has been "ho*rr(I3) that transverse :"''r'::.

components do exist in noncircular ducts i

The measured distributions of the axial component

of watr sh'ear at three Reynold.s numbers are shown in Figure 1

L2. Jn order to facilitate comparisons, each distribution ,,:
has been normarized by its integrated average varue. The 

i

average shear stress varues obtained by integrating the
local stress distributions ranged from l.g? to 2.42 lower
than the corresponding values obtained from axial pressure

¡:,,;. .. .

drop measurements. The cause of these small, systematic r""..¡-".'
'_t-..
':.-_:.:

deviations was not apparent ,.'.r'.,.,:'

The shear stress distributions presented in Figure
. L2 do not show the tendency toward greater uniformity with

increasing Reynords number that Leutheus=.r (11) ob="rved in a 
:,t,t.,.,i'--::.-'.

rectangular duct. As shown in Figure 13, however, the dis-
Èributions at all Reynolds numbers investigated are consid-
erably more uniform than the computed distributions of
Deissler and Taylor (20) and Gera tð.(22) . F,or exampre, the , .:::,

: 
',.'.,t'.-.,,
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'.,",4,,,

maximum shear stress at the low Reynolds number is 16g to
18å lower than the predicted maxima. rn addition, the peaks

in the measured distributions are shifted towards the

corners. since neither of the computed distributions
' 

''t ',:',allowed for the existence of secondary f lows, these discrep- ,,,i,i,.

ancies can probably be attributed to the effects of secondary

flows. This conclusion is supported by the work of Kogorev 
:

...t:..;t.

et al QL) . using a method. which did not arlow for secondary i"iI r. .: i.r:

flows, they obtained a waII shear stress d.istribution simil-ar 
i,,,,,-

to the computed distributions discussed above. when they ::'1-:'

allowed for a secondary flow pattern which they had inferred :

from square duct data, the much improved prediction shown in
Figure 13 was obtained. Gerard observed a similar trend in 

i

i

the predicted walI shear distribution for a square duct when i
t,

he included secondary flow data in his finite element pre-
diction

5.5 Mean Axiat Velocity
The mean axial velocity distribution at the test

station was examined by making pitot tube measurements at
each of the grid points shown in Figure 4. The measurements

$/ere repeated for three tunnel speeds and the results con-

verted to point velocities. The resultant velocity dis-
tributions r^rere integrated numerically to obtain the burk

velocities and Reynolds numbers listed in Table I.
AI1 mean velocity calculat,ions were based on actual

properties in the tunnel and incruded density corrections
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for variations in relative humidity. No corrections were

made for velocity gradient or turbulence effects although
the wal1 proximity correction suggested by owe.r and

PankhursL(29) *." applied. Excluding turbulence effects,
it is est'imat.ed that the calculated velocities are accurate
to within +1å while the estimated accuracy of the bulk
velocity is +29.

The measured velocity d.istributións at three
tunnel speeds are presented. in Figures LAa, LAb, and r4c in
the form of plots of constant mean velocity (isovels).
Although the data in these manuarly prepared plots has been

normarized by the bulk velocities, slight variations between

the distributions at different Reynolds numbers are evident.
The Reynolds number dependence. is most obvious near the
centre of the duct where the normalized rocar vetocity
decreases with increasing bulk velocity. At higher Reynords

numbers, the isovels also extend farther into the corners
This trend towards greater uniformity at higher Reynolds

numbers is consistent with Leutheusser,s(11) results for a

square duct.

A particularry interesting feature of the plotted
verocity distributions is the distortion of isovels due to
the presence of secondary flows. The direction and magnitude

of these distortions is clearry illustrated by a comparison

of the experimentat results in Figure r4a with Gerard, s(22,
predicted isovel pattern for a triangular duct. without
secondary fIows. This comparison indicates that secondary

t'

, t:'::
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flows in a triangular duct tend to decrease the velocity

. in the midwall region and increase the velocity in the

corners. sinilar distortions have been observed in other
noncircular ducts. .rn the case of a sguare duct, Gerard(22)
has confirmed that the isovels are distorted as a result of
the lateral convection of axial momentum by secondary flows.
Evidently, secondary ftow effects must be considered if
accurate predictions of mean velocity fields, walr shear

stresses, and. local heat transfer coefficients are desired.

, The present results ind.icate that, in spite of the
three dimensionar nature of the mean verocity vector, wall
similarity exists over a considerable portion of the flow in
an equilaterar triangular duct. This is best demonstrated

by plotting verocity profiles .normal Lo the walr in terms of
the dimensionless coordinates u* and n. A semilogarithmic
plot such as the one in Figure 15 shows that, when these

coordinates are based on the local friction velocity, the

data points near the waIl fall on a straight líne. The data

Ín this region can be correlated by a relationship of the

form:

u|o"=o1ogoto"+B (5.2¡

Equation 5.2 is the famitiar inner law of the wall.
This raw is based on the hypothesis that the velocity dis-
tribution near a wa1l is determined sorery by the walr shear

stress and the density and viscosity of the fruid. As shown
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by.previous investigations, (11'30,31) the inner law can be

appried to pipe, boundary layer, and square duct flows with
only slight modifications to the values of the empirical
constants A and B. Reported values of the constants for
several geometries are presented in Table 2 for comparison.

Table 2

Empirical Constants For Inner Law of WaIl

For the present case, values of A and B were d.eter-
mined, from the high Reynolds number data" A total of 44

points from the logarithmic portion of the mean velocity
distribution normal to the warl were consid.ered. A reast
squares fit of this data indicated that, for turbulenË flow
in an equilateral triangurar d.ucÇ the inner raw of the wall
takes the form:

UÏ = 5.69 loq n- + 5.08roc - 'roc (5. 3)

Equation 5.3 is plotted. in Figure 15 for comparison

with the experimentar data and Leutheussert=(11) correlation
for rectangular ducts" rn the mid.wall region,equation 5.3

Ì -:-;

A B

5.5

4.9

5.5

Pípe ! Nikuradse

Bound.âry r.ayei: -
Rectangular Duct

(30)

cl.rrr"r (31)

- Leutheusser (1r¡

5"'15

5"6

5"67
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accurately represents the velocity distribution up to about

n = 1000. Horn¡ever, the extênt of the logarithmic distribu-

tion is red.uced considerably in the corner region where the

flow ís influenced.by the presence of a second wall.

As shown in Figure 15, Lhe present data deviates

sIight.ly from Leutheuss"t'"(11) correlation for flow in a

rectangular duct. However, the empíricar constants in equation

5.3 are wíthin the rangie observed in previóus investigations
of various geometries. The present data therefore lends

further support to the concept of waltr similarity j.n non-

circular ducts

Since the use of equation 5.3 requires prior
knowledge of, the boundary shear distribution, some of the

present data was also correlated in terms of coordinates

calculated from the average friction velocity. A least
squares fit of the inner law to L52 data points from all
Reynolds numbers resulted in the following equation:

U* = 6.31 log n * 5.1 (s.¿)

As- shown in Figure 16, the mean velocity distribu-
tion near the wall and in the region y/l < 0.5 is predicted

satisfactorily by equation 5.4. For values of y/L >0.5 and

n > 500 the measured velocity distribuÈion departs consid-

erably from this relationship.

5.6 Reynolds Stresses

A surnrnary of the experimental data for the three
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normal Reynolds stresses, the ffi and Ñ shear stresses, and

'the turbulent kinetic energy is presented in this section.

In general, only the data for the lowest Reynolds number

has been plotted, although aII quantities were measured at
three Reynolds numbers. The vr, w', üÇrand ñ data has been

correcLed for tangential cooling effects as suggested by

Lawn(32). All results have been normalized by the average

friction velocity, u*, to facilitate comparisons with data

for other d.uct shapes

¡ Due to the complexity of the anemometry system

no detailed estimate of the accuracy of the data was made.

However, the errors in some quantities \dere estimated from the
variations between repeated measurements with different
probes. Errors in ut could be estimaLed best since four
separate measurements were made at each Reynolds number.

At the two l-ower Reynolds numbers, the maximum error (20:1

odds) in the quant,ity u,/u was estimated to be +5.5å.

caribration drift due to probe fouling resulted in srightly
higher errors at the highest Reynolds number. some typical
results have been plotted in Figure L7 to illustrate the

repeatability and trend accuracies of u, measurements.

The repeatability of the measurements of transverse

velocity fluctuations was not as good as that for axial
velocity fluctuat.ions. For example, variations in the

average values of r',/n* obtained in successive tests with
different probes ranged from 5t to t2t. However, in the same

test,s, trend errors r^¡ere only about + 3g. simirar accuracies

it::::
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are expected

were mad.e.
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*
for vt/u , although no comparative measurements

The largest absolute errors occured in the shear

stress measurements. In the case of Ñ, separate measure-

ments with the miniature and the gold plated X-probes

varied by an average of L4Z and 222 at Reynolds numbers of
53,000 and 81,000 respectively. Howeverrthe trends indicat,ed

by the two sets of measurements vrere much more consistent,
and, for a given test, measurements by the single and double

correJator methods generally differed by less than 10å. As

a result, it was estimated. that trend errors in the measure-

ments of uw vrere within about * 10U.

Measurements of uv \^rere complicated by the fact
thaÇ over much of the flow cell, [ü was extremely small.

As a result, üF measurements were very sensitive to probe

misalignment and wire mismatch. Measurements \Ârere particu-
larty difficult at the higher Reynolds numbers where probe

fouling was encounLered. In fact, satisfactory data could

only be obtained by operating the tunnel at the lowest test
velocity and. making rapid measurements with a new gold

plated probe and the 55D70 correlator. Trends in data ob-

tained in this manner are thought to be reliable, although

the accuracy of the data has not been established quanti-

tatively.

In general, it may be concluded that trend

accuracies in the turbulence measurements are much better
than the absolute accuracies of the measurements. Inaccuracies

..;.: : r-:
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in determining thë wire sensitivities and wire mismatch

were considered to be tlie largest sources of error.

5.6.1 N-ormal ÉLres'ses and Mean turbulence Kinetic Energy

Contour plots of constant ur /o*, u'/o*, w'/rtn,
*,

and q/ (u )' are presented ín Figures 18 2L. The manually

prepared plots cover only one primary flow cel-l- and generally

include only the data obtained at a Reynolds number of
531000. Contour plots of the dai,a for the two higher Reynolds

numbers are similar to those presented. It should. be noted

that, with the present coordinates system, distributions of

vr and wr are not symmetric about the corner bisector. As

a result, portions of the w'/u* contours were omitted because

of uncertainty about their shape near the bísector.

The contour plots of turbulence intensities
clearly indicate the effects of convection of turbulence

kinetic energy by secondary flows. As would be expected,

turbulence levels are highest near the waII. where the tur-
bulence is producedrand lowest near the duct centerline.
Due to the transverse component of mean velocity, hovüever,

the 1ow turbulence region extends far into the corner while

the high turbulence region bulges outwards from the midpoint

of the wall. These distortions are similar to the bulges

observed in the mean velocity field although much more

pronounced. The distort,ions in the turbulence fields are

also similar to those observed in the mean turbulence kinetic
energy field in a square duct(12), and they are consistent
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with the secondary flow pattern observed by Nikur.a""(4).
Distributions of u'/o* , u, /u*, and w,,/u* al-ong

the midwall bisector are compared in Figure 22. In the waII
*region, the largest of the three components, ut/u , reaches

values of lBB of the local- velocity or IO? of the center-
line velocity. Velocity fluctuations paralle1 to the wa11

generally exceed those normal to the wall, glthough the two

components have equal magnitud.es in the central region of
the duct. The fact that u, /u* and w, /o* are equal in the

central region is significant since there are no symmetry

arguments to ind.icate that this should be so. When considered

in combination with the circular shape of the contours of
constant u' /u* and w, /u* near the duct axis, this fact indi-
cates that there is a small core region in which the trans-
verse velocity fluctuat.ions are essentially independent of
orientation. This result is consistent with Laufer'"(9)
find.ings in pipe flow and t.he measurements of Brundrett and

gairr"(12) in a square d.uct

The. distributions of turbulence intensities
along normals to the wall are compared with those iñ a pipe

and a square duct in Figures 23 27. In the central region,

the normalized intensities of ur', V,, wr, and. Ç for all
Reynold.s numbers are generally somewhat higher than the

corresponding quantities in pipe flow and lower than those

for a square duct. Use of the local friction velocity as

a scaling factor would reduce the differences somewhat but

would not change the order in which the quantities are

stacked.



For Z/h < 0.5 in the midwall region, the in-
tensities of vr and. w' deviate further from the correspond.ing

distributions in pipe flow and tend towards the d.istributions
in a square duct. very near the walr, the distributions for
the triangular duct tend towards peaks which are sharper

and closer to the warr than those in pipe flow at similar
Reynolds numbers. (see Figures 2s and 26),. The data of
cremers and Eckett?) indicates that similar peaks occur in
the transverse velocity fluctuations in a narrohr isosceles
triangle. Evidently, the turburence structure in the wall
region of a triangular duct is in some way artered by the
action of secondary flows.

The above comments can gienerally be applied to
the data at all Reynolds numbers since the turbulence
quantities appear to be essentially ind.ependent of Reynolds

number when reduced blz the average friction velocity.
Laufer (9) has demonstrated that this is also the case

in the centrar region of a circular pipe. Near the wa11,

however, he found marked. differences in the distributions
at Reynolds numbers of about 4LtO00 .and 420,000. Since

the present results onry cover a Reynolds number range of
53,000 to ro7,3oo, any simil-ar deviations in the wall region
would be proportionally smalrer. rf such variations \^¡ere

presenÇ they are masked by the scatter in the data.

5.6.2 Beynolds Shear Stresses

theThe distributions of Ñ and ffi shear stress
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conponents v¡ere measured by two techniques, the singre
correlator technique and the double correlator technique.
rn the case of üñ, measurements by the two techniques were
generally in good agreement. However, the single correlator
method proved unsuitable for measurements of ü7, since the
measurements often contained scatter of the same order of
magnitude as the actual value of F. rn view of the above,

only the data which was obtained by the two correlator
technique has been p.resented in this section. rt should.

be noted that, although both ñF and ffi are presenÈed as

positiverthe physical sign,of ffi is actually negative in the
flow cell examined

Figure 2g shows the measured distribution of
the F shear stress component, at Re = 53,000.. Although F
measurements were also made at the higher Reynold.s numbers,

the results were not considered reriabre and have not been
presented. The rejection of this data was rargely based on

the results of measurements arong the z axis where ñ
shoúld. vanish due to its antisymmetric distribut.ion. For
the lowest Reynolds number, the values of ñ/ fu* )2 along the
z axis ranged from -0.01 to +0.02. At the higher Reynold.s

numbers, the measurements generarly did not satisfy the re-
quirement of zero üF shear arong the waIl bisector. rn
addit,ion, the ind,icated values of üil changed significantty
during the course of the tests as a result of calibration
drift" Examination of the affected probes und.er a micro-
scope indicated that this drift vras caused by a buildup of
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dust on the sensing wires

The results in Figure 28 indicate that uv is
generally smallest in the midwall region and largest in
the corner and along the corner bisector. This is in accord- 

..,,,,,..

ance with the predictable behaviour l:ased on the Û distribu-
tion in Figure 14a if it is assumed that F is associated
with aU/ay gradients. The main exception to this trend

l ":.:--:l-

occured in the region very near the walI , z|0, where av/ay ',,','i',,,
::

\474s very small but relatively large values of uv v¡ere in- i,,,,',.,,,
i:,.:....:

dicated. Measurements in this region were probably influenced¿uv¡¡v9u

by the presence of large velocity and turbulence gradients
and have not been included in Figure 28. t,

One particularly interesting feature of the ñ
I

distribution is the region of negative ñ straddling the
walI bisector. The validity of these negative values may at
first appear questionable since they are only of the order i

of magnitude of the deviations from zero shear on the z axis.
Howeveç a similar change in sign was noted in almost every r.,,,,.,,.-

attempt to measure the üV distribution. rn addition, Brundrett 
;:,'a,,:,,,

and Baine(l2) observed that the corresponding stress in '":":"

sguare duct f l-ow changes sign within a f low cell. rt woul-d

therefore appear that the indicated sign reversal in Figure
,....-a::;,:;.t28 j-s real and is a phenomena'associated with flows in non- ir,:,,,i,

circular ducts.

Contour plots of the ffi distributions at two

Reynolds numbers are compared in Figure 29. The distributions
are very simiÌar. As expected, ffi is a maximum near the wall ,,,,;,"'
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anë .ïrnt*um at the center of the duct. Gradients of uw

along normals to the wal1 are much steeper in the corner

than in the midwall region. This is clearly irr-ustrated
in Figure 30 where distributions of uw along normars to
the wall have been plotted. The resurts in Figure 30 also
indicate thaÇ in the corner region, the maximum varues of
uw represent significantly larger portions of the local walI
shear stress than in the midwall region. Along the z - axis,
the maximum value of ur^/ is onlv about Bo% of the local warl

- shear stress. For a similar Reynolds number in pipe flow,
the corresponding turbulence stress attains a value equalling
90e" of the waIl shear stress

As mentioned. in Section 3.1, the axial momentum

equation for triangular duct frows cannot be.simprified
and integrated to give a theoretical distribution of uw

similar to that for pipe ftow. However, some useful informa-
tion can be obtained by examining the. simplified form of the
momentum equation along the line y/L=O. Away from the wall,
this equation reduces to equation.3.13 which is repeated

here for convenience

waÚ
Ðz

IâP
pâx

(3.13 )

In pipe flow, only the terms corresponding to
the first and rast terms in. equation 3.13 are nonzero, and

the axiar momentum equation can be directly integrated to
give a theoretical distribution for the ñ shear stress.
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For discussion's sake, a hypot.hetical u\^/

. distribution was calculated by assuming that simplifications
similar to those for pipe flow could be made along the

bisectors of the walls of an equilateral triangular d.uct,.

The hypothetical distribution was obtained by direct in-
tegration of the first and last terms in equation 3.13 and

is given by :

uw = !ðp (h-z)
pax

Or u\^r =4 (h-z'l
(o* ) 

z Dr, (s.s)

. The above üñ aistribution is compared with üil
measurements for three tunnel speeds in Figure 31. Tn the
wall regiion, the viscous stress for a Reynold.s numbe r of
53r000 is arso shown. The large differences between the
hypothetical and measured distributions indicate that the
terms omitted in obtaining equation 5.5 make an important
contribution to the axiar momentum barance at all points
along the wall bisector.

In order to illustrate more clearly the relative
importance of the various terms in equation 3.13, a point by

point momentum balance was carried out along the line
y/I=O. AIl terms except W a U/az were calculated from ex-
perimental data. The value of W aU/az was obtained by

treating it as a closure term. In the wal1 region, the

viscous term¡ va26/a72 , was also considered. Its magnitude

was calculated from the inner law of the wall.

:.::
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Calculated distributions of the momentum

balance terms at Re = 531000 are shown in Figure 32. These

results show that, in the centrar region of the duct, the
ilñ shear stress gradient is the predominant term. The 

:: : :i.I gradient of uv also makes a siqnificant contribution in this i:ì:r.',r','

region. Very near the wall, the axial pressure drop contribu-
tion is balanced by viscous forces. Between these two

, regions, the overall momentum balance is dominated by the
convection of axial momentum by a secondary flow normal to
the waIl. Thj-s phenomena evidently accounts for the apparent

discrepancy between the values of the loca1 wa1I shear stress
and the ffi shear stress in the midwall region.

'.:")'.:::.a--,
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5.7 Axial Turbulence Power' ,spectra

Axial turbulence power spectra at the duct center-

line and at points along the wall and corner bisectors were

measured at each Reynolds number. The results for Reynolds

numbers of 53r000 and 1071300 are presented in Figures 33

and 34 respectively. Each of the spectra has been scaled. to

make the area under the curves equal to tho total value of
.r

u'' in the frequency range investigated. When scaled in

this manner, the spectra for the triangular test section

exhibit the same general shape as the corresponding spectra

for flow in pipes and. in the waII region of turbulent boundary

layers. In the spectra for the triangular duct, the largest
contribution to the total energy is made by velocity fluctua-

tions with frequencies of less than 100 lnz. The portion of

the total energy contributed by these relatively low frequency

fluctuations is greatest in the wall region where production

occurs

As illustrated in Figures 33 and 34, the high

frequency portions of the present spectra tend toward the
-7n srope associated with turbulence dissipation. Ñone of

the spectra exhibited the extended region of -5/3 slope which

has been observed in both pipe and boundary layer rlows and

which is frequently referred to as the nonviscous subrange.

The absence of this region can probably be explained by the

fact that the present data was obtained at relatively low

Reynolds numbers
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5.8 Secondary- Veloc,ities

The present vroúk included direct measurements of

V ¡y the X-probe technique outlined in Appendix B. The

problems of wj-re mismatch and drift normally associated with

this method. srere minimized by taking advantage of the anti-
symmetric distribution of V. (See Appendix B). Results for
Re=53r000 are presented in Figure 35 in the'form of velocity
profiles along normals to the walI. The individual data

points for Re=107,300 are.presented for comparison. Both

sets of data have been normalized by u*.

evident that the secondary flow patterns indícate¿ by

Nikurad""'r(4) flow visualization tests are indeed. correct.
As suggested previously, these secondary flow patterns can

be subdivided into the six primary flow cells illustrated. in
Figure 3" In each of these cells, a secondary current is

directed. from the center of the duct to the corner via the

corner bisector. The contínuity requirement for the cell is
met by a return flow along the waII and the wa1I bisector.

The horizontal component of this flow, V-, reaches - *a*i*u*

value of 1.5å of UO near the wa1I in the corner region.

In accordance with the findings of launder and

' Ying(14), the secondary velocities over most of the cross-

section are practically independent of Reynolds number when

reduced by u*. For the present results, an aoparent exception
to this rule occured in the corner where the V profiles
aPpeared to vary with changes in the Reynolds number. These
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variations were probably due to experimental error since

they did not exhibit a systematic trend with respect to

Reynolds number

Due to the complexity of the X-probe technique for
measuring secondary velocitiesr a detailed assessment of the

errors in the present data was not possible. Ho\¡rever, a

crude estimate of the accuracy was obtained, by applying the

requirements of mass conservation to individual velocity
profiles within flow cell bound.aries. rntegration of the

velocity profiles in the midwa].l region indicated that flows

into and away from,the corner differed by less than 152.

,This compares favourably with the 208 discrepancy which

Gessner and. Jones (13) observed in d.ata obtained with a single
rotatabre wire" unfortunatelyr the accuracy of velocity pro-

files near the corner of the triangurar duct could not be

checked because of a lack of d.ata near the wal'l .

The applicability of the X-probe technique for
measuring secondary velocities is limited, in practice, to
compônents of secondary velocity which have an antisymmetric

distributión" fn the present test section, only 7 qualifies
in this respect,. However, it was possible to obtain estimates

of the ñ aistribution along the z axis by two índirect methods.

The first indirect method involved a simple calcu-
lation of ñ from the measured d.istribution of ú and the

calculated distribution of w AU/az. The latter quantity

was the closure term in the momentum balance calculation
discussed in section 5.6.

':.:,:r:

r'. :,:
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The second method for estimating W is based on the

mean flow continuity equation f,öf fully developed frow which

is given in equation 3.1. By rearranging this equation and

integrating along the z axis, the following expression for
W can be obtained:

(s.6)

For the present case, the required distribution of
av/ay was obtained from the d.irect measurements of V. The

gradient was obtained by assumíng that, the d.istribution of
V between y/J-=O and, y/l=0.12 was linear" Although this wàs

a rather crude approximat,ion, the quantity and. accuracy of V

data did. not wamant a more sophisticated treatment.

The distributions of Vg- calculated by'the above

methods are presented in Figure 36. Results from the two

methods are in good agreement. Both ind.icate that secondary

currenüs. in the midwall region are directed. toward the

center of the duct. As the flow leaves the wa1l region its
strength íncreases rapid.ly to a maximum value of about

V/vU = 0.6Z at z/h = 0.35. It then decreases to a value of

î/UU = 0 by z/h = 0.75" As shown in Figure 36,this pattern

is very similar to the observed d.istribution for the corres-
ponding component of secondary velocity in a square d,uct(12¡.

In a square duct, however, the maxi:num value of the secondary

velocity along the midwall biseqtor Ís about twice that in

a triangular duct

F = _ ,"rSr"_11

¡...-.
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In the central region of the triangular duct, a

secondary flow towards the wal1 is indicated by the resurts
in Figure 36. This implies that two directions of circulat.ion
exist within each primary flow celI. Since all other evidence

points to a single direction of rotation, it is very probabre

thaL the negative varues of w are the result. of the rarge
errors inherent in the indirect.methods for calcul-ating ñ.
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6.0 CONCLUDTNG REMARKS

The following conclusions are based on the above

results and are applÍcable to ful1y developed turbulent
flows in equilateral triangular ducts for Reynolds numbers

in the range of 5 x I04 to 1.1 x I05.

a) The frictíon factor is SZ to 6.59 lower than that
pred.icted by the Blasius equation. The ,,Universal

Criterion Relationship" proposed by Malak et al (26)

provides a satisfactory correlation of the present

friction factor data.

b) The waIl shear stress dístribution is sensibly in-
dependent of Reynords number when normarized by the
average surface shear stress. Due to momentum trans-
port by secondary flows, the wall shear stress over the
central half of each warl is constant to within a few

percent.

c) The mean velocity distribution in the wa1l region can :::i::.::
j ::::::ì:

be described by the inner law of t.he warr if u+ and n ',','1".'.,
, t,ì,',t,t, 

at,tt'are based on local valves of the wall shear stress. ,,,',.',¡, rl.,i;';

:

d) The mean velocity and turbulence fierds .r..clearry
influenced by the presence of secondary flows. Dif fer- 

;..::.:,:::.:r
ences between the measured mean velocity distribution ¡,'.'.,,¡,,','¡-'..

andGera¡¿,"(22)predictedisove1patternaremain1y

due to the negrect of secondary frow effects in Gerardrs
anarysis. secondary frows influence the turbulence 

:

kinetic energy distribution more than the mean velocity 
1..: ,:,,.' , :

i-_ :::'::.:'
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distribut,ion

e) The normal Reynolds stress distributions are essen-

tia1ly independent of Reynords number when normarized

by the average friction velocity.

f) The secondary flow pattern observed by Nikuradse was

confirmed by direct measurements of V." The actual
pattern consists of síx counterotating flow celrs in
which the flow is directed. from the centre of the duct

to the co.rner via the corner bisector. The return flow
is along the waII and. the wa1l bisector. The V com-

ponent of the secondary verocity has a maximum strength
of about 1.5? of u- in the return flow along the warl.þ

The present work indicates that second.ary flows
have an important influence on the distributions of both
mean flow and turbulence quantities in triangular duct
flows. The secondary flow effects arise from the lateral
convection of momentum and energy by the herical fl-ow.

This mechanism must be considered. if the flow is to be

effect.ively modelled. Tt is therefore suggested thatr âs

the next phase of the work, both components of secondary

velocity be measured. The proposed measurements could. be

made by using a single rotatable slanted wire iir conjunction
with the equations derived in Appendix B.
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Future v¡ork should also be directed at the
application of a technique such as the Gosman 

(33) finite
difference method to the prediction of secondary flows from

turbulence data. This is an important step in the develop- ....,,:

men,t of techniques for the prediction of flow and heat
transfer characteristics in noncircular ducts from
measured or modelled turbulence data. The successful
development of such techniques would undoubtedly be of
great benefit in the anarysis of'heat transfer in non-
circular geometries such as nucrear fuel bundres and should
be considered the ultimate goal of future research
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APPENDTX A

Fríction Velocity and Reynolds Number Corrections

I Tunnel operating conditions for successive tests
ì at the same Reynolds number were matched on the basis of the

axial pressure drop in the duct. For each "test at a given

i Reynolds number, the fan speed and damper settings vrere

I adjusted to obtain the same press.ure drop over the last 62

hydraulic diameters of the test section. Slight variations
in the settings were required due to daily variations in

i atmospheric conditions.
I Tunnel conditions in tests with equal pressure

, arops were relat.ed. by first assuming a Reynolds number

I dependence of the friction factor of the form:

¡ = ç/(Re) r/4 (1A)

Since flow in the last 6O hydraulic diameters

of the test section was essentially fully developed .it

follows that:

dÞ'-f;p.u*2.:: C e:3/q I/4" 7/4 2a)=_:i Hi "b ,i - ----------(-rî | U¡ 'b,iAT 4 'zLDh)"/*

where the subscript i denotes conditions for the ith test.
Since the Reynolds numbers of the mean velocity-pressure
drop tests were known, the tunnel conditions for these tests
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r^tere selected as reference conditions. Denoting the

reference conditions by the subscript o and equating

pressure drops, equation 2A gives the followíng rerationship:

,o=/n uot/nuo,o'/n = ort/nrrt/nuo,r'/n (3a¡

Rearranging 34, the following expression for the 
i,,,,:

Reynords number of the ith test is obtained: ii:t''

i'',',.'

Re= = Re ¡o ir4/7 ÌùB/7 (4A)---i \__=,
Po ui

Equation 3A can also be rearranged to relate bulk
velocities as follows:

Average friction velocities for Lwo matched tests 
r,.,,tj,

can also be related. By definition, '', '

u* = ,/-T'r, o ¿GFZA"I o ,træ
; ;- 

D (64)

Substituting equation 1A for the friction factor,
equation 6A can be rewritten:

u* o uo'/ ,Ë, 
t"

(7A)
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':: ''

. For two mat.ched tests it follows that:

u* .: = u* ,e o,r/B ,þ, 
trt 

ïb,í)7 
/B (Ba¡i *o t\' uo 'il-Þro

Reference values of the frictj-on velocit,y were

calculated from least squares fits of data from the axial
pressure drop tests.
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APPENDIX B

Equations for_Direct Measurement of Secondary
Velocities with an X-Probe

The mean effective cooling velocity on a slanted

wire parallel to the duct base will contain a component

of the secondary velocity in the y direction. For an

X-probe with wires slanted at plus and. minus 45" to the

duct axis, the secondary flow component will increase the

cooling effect on one wj-re and lower the heat transfer rate

from the other. The equations for the mean effective
cooling velocities of the two wires in an X-probe can there-

fore be written:

67

(Ú^rr)t = (Ú cos 45 + V sin 4Ð2 + h2erll I

(u,sin 45 - V cos 45)2 = I (u2 + ZÚV + Vz) +
2

I¡] t¡'- 2u V + V2)
2 (14¡

(ueff ) 2 = (Ú cos 45 - 7 sin 45¡2+ krz
IÏ

(Ú sin 45 + V cos 4Ð2 = I (u2 2u v + Vz¡ +
2

krt (ú2+2UV+V2)
2 (28)

l,l'
l:"



where k = 0.23 for PISA probes
I

For a constant temperature linearized system

the mean effective cooling velocities are related to the

ouLput voltage by thg following relationships:

68

Er = sr (u"tr) r

Erï = srr (Ú"rt) ,,

( 38)

( 48)

where Sf = St, if the wires are matched. Applying these

relationships to the difference between equations 1B and

2B and neglectíng terms containing Í2, the following ex-

pression can be obtained:
tr 2 - urrn : rr, t(u2 + zw + Vil +"r 

z 
L \-

k ' W' 2 uv + V2) l
I

trr' t (út 2lÑ + 12) * krt (uz+ 2 w + V2) l
-2-

= 2 Sr2 (r or',) u V (58)

If the probe is calibrated at the centr'e of the

duct where V = 0, equations 18 and 28 can be combined with

equat,ions 38 and 48 and reduced to the form:

E - (s/{Z) (r + ki')'/, Ú ( 68)
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This equation can also be applied at points where

V is finite if the ayerage voltage from the two wires,
(Er * E,.r)/2, is used. An expression for the horizontal
component of the secondary velocity can therefore be ob-

tained by solving 68 for S, substitut.ing for S in 58, and

rearranging to give:

1+k2 E-2- F: 2"r "rr
V=U

r - k.z (nr + tr)2I r -LJ

where U :-s the 1ocal value of the axial velocity.

( 7e¡

Equation 7B indicates that the secondary flow

velocity, V, is proportional to the difference of the

squares of the mean voltage outputs from an X-probe when the

wires are parallel to the base. Similar expressions can be

obtained for any probe orientation and., in theoryr êDy

velocity component can be obtained. by a single point measure-

ment with an X-probe.

. In practice, the applicability of the point

measurement technique is timited by its sensitivity to

transverse vel-ocity gradients and wire mismatch. However,

a slightly modified technique can be applied to give reliable
measurements of velocity components with antisymmetric

distributions. This t.echnique requires that separate point

measurements be made at symmetric points on opposite sides
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of the flow celI boundary which is normal to the velocity

component desired. In the case of V, for examPle, the mean

voltage outputs of the two wires would be recorded' at

symmetric points on opposite sides of the z axis. If V is

perfectly symmetric, the two output voltages for each wire

will be related to the secondary velocity by equati.on 78.

As a result, separate estimates of V can be mad'e for each

wire, thereby eliminating the problems of wire mismatch

and transverse velocity gradients. Furthermore' it can be

shown that the effects of small positioning errors and.

asymmetries in the axial velocity distribution can be mini-

mized by combining the point measurements in an equation

of the form:

4U
1+k2

1

("r,. * Et, ,b)' - ("rr,. * ur,b)'
lv l=

1-k2
t

("tr. * Etrb * urrr. * Ert ,b)'

The subscrips a and b identify measurements made

on different sid.es of the symmetry line. The physical sign

of the secondary velocity component can be determined from

the relative magnitudes of the mean voltage outputs by

inspection.
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Fig. 5. Traversing Mechanism with X-probe.
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Fiq.36. Colculoted Distribution of W/u*Along Midwoll Biseclor in

Equiloterol Triongulor Duct. Re =53,OOO
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