ABSTRACT

The effect of free stream turbulence intensity of the
entering fluid on transition in flow from laminar to turbulent
and on the hydrodynamic entry length of a circular tube are
experimentally studied. Further, the hydrodynamic and thermal
entrance lengths,and friction factor and Nuséelt number

distributions are analytically predicted.

. Fof the laminar flow heat transfer, the integral method
has béen used instead of the numerical methods usually
available in literature for simplicity. The method yields
simple closed form expressions for prgdicting the boundary
layer thickness and Nusselt number distribution in a circular
duct. For the turbulent fléw region, modified Reichardt's
expression for the eddy diffusivity of momentum was used.

The results of turbulent flow heat transfer are mosély based
vupon the turbulent Prandtl number of unity.

In the experimental work, damping screens were placed
in the settling chamber to vary the turbulence intensity of
the entering fluid. The screen mesh size and number used
‘varied over a wide range.

Results show that fhe phenomenon of turbulent flow and
heat transfer in a duct is, in general, affected very much
by the free stream turbulence intensity of the entering'fluid.
It also shows that the assumption of turbulent boundary layer
from the beginning of the entrance could sométimes lead to
totally inaccufate-results;specially when the turbulence

intensity and the Reynold's number are low.
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*

Greak Symbols

=molecular thermal diffusivity;k/(?cp)
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=dimensionless hydrodynamic boundary layer thickness
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v  =shear stress

Superscripts

/ =fluctuating component

—  =mean

Subscripts

1 =lower value, at the point of transition from laminar to

turbulent, at station 1

2 =ypper value, at station 2

b =bulk .

c =core

cr =critical

d =fully developed, based on diameter
e =at the entrance

H =heat

m =mean

M =momentum

max =maximum

0 =at the wall, at the entrance

T, tl=thermal
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CHAPTER I

INTRODUCTION

It is well-known that heat transfer in the entrance
.region of a duct is considerably higher than that in the
fully established flow away from the entrance. On the other
hand, friction drag is also comparatively more in the entrance
region; Apart from this, both the friction drag and heat =
"transfer rate are more when the fluid is in turbulent motion
as compared to when it is in laminar motion. It is, therefore,
necessary for an accurate prediction of heat transfer
coefficient and friction factor in a duct to know the entrance
length and the effect of some of the %actors.wﬁich affect

the onset of transition from laminar to turbulent flow in a
straight duct. This information is required in the design of
many heat transfer systems using short and compact heat
exchangers.

A circular tube geometry has been.the subject of many
investigators in fluid flow and heat transfer problems because
of its wide engineering applications. A number of studies,
both experimental and analytical, have been made on a fluid
flowing through a circular tube. But very‘little information
js available in the open literature for the effect of free
stream turbulence on the entrance lengths in a circular tube.

When a fluid flows through a duct or a channel, its
velocity profile undergoes a change from its initial entrance
form to a fully developed form at an axial location downstrean

of the entrance due to the viscosity of the fluid. Similar

.
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effects are also observed for a fluid entering a region having
wall temperature different from that of the fluid in which
case the temperature profile takes on different forms depending
upon the heat flux boundary conditions and past history of

the fluid. In general, the distance required for the velocity
distribution to attain its fully developed form is called

the hydrodynamic entrance length and that required by the
temperature profile to attain its fully developed form,the
thermal entrance length. In this context, a profile is said

to be fully developed when its shape becomes invariant in

the flow direction.

Results on both hydrodynamic and,thermal entrance lengths
of a circular duct have been obtained previously by many
investigators'both experimentally and analytically. There is
a great deal of discrepency among the results ofNSOWe.of the
investigators for the hydrodynamic entrance length of a
circular duct. For example, Schlichting(l)* reports data by
Kirsten showing that this entry length is about 50 to 100
diameters depending on R;yhold's numﬁer, Reg, whereas accor-
ding to Nikuradse, the fully devéloped turbulent velocity
profile exists after an inlet length of 25 to 40 diameters.
The anomaly between the two typical results on fhe entry
length must be closely associated with the entrance conditions

of the fluid.

For an undisturbed flow at the entrance of a straight

-~ a m - e -

# Numbers in parentheses designate the References at the end

of the thesis.
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‘duct, the boundary layer near the inlet length is usually
laminar becoming turbulent further down. The transition in a
flow from laminar to turbulent in the boundary layer on a
solid wall is primarily affected by the nature of the distu-
rbances in the initial free strean, other parameteré such as
the pressure distribution in the flow, the wall roughness, etc.
being equal. Therefore, the numerical values of the critical
.Reynolds number, Rex cT» should depend very strongly on the
conditions which prevail in the entry. It can be shown that
if Rey op is fixed, (%/D)¢p= (Rex,cr)/Red. Therefore, with
large Reg, the length required for flow transition from
laminar to turbulent becomes shorter and this trend has been
observed in the case of flow in a concentric annulus(z).

Since the.boundary layer developes faster in a turbulent
flow than ina laminar flow because of vigorous momentum
transport, it is expected that the shorter the lamiﬁér inlet
length, the less will be the distance required by the boundary

layer to develope fully for a given Regy. In other words, the
entrance length will be shorter for é disturbed flow at the
entrance. Because when the flow is disturbed at the inlet of
a duct, the transition would occur at a shorter distance from
the entrance. In the extreme case, when the flow is made
turbulent right at the beginning of the entrance by some
suitable means such as a trip wire at the entrance, previous
works (2,3) showed both expszrimentally and analytically that
the entrance lengths for circular ducts are much shorter.

| We can aléo expect that behaviour of the thermal boundary

layer in a turbulent flow will be different from its behaviour



e

in a laminar flow.Theréfore,.the heat transfer in a duct
would depend on the relative lengths of the laminar and
turbulent regions;that is, the Nusselt number distribution
and thermal entrance length will be affected‘by transitional
phenomenon which in turn depends on the free stream turbulence
at the entrance.

in the present thesis, turbulent flow in the entrance
region of a circular duct is studied in detail. The effect of
free stream turbulence on the boundary layer transition is
studied experimentally. Further, the hydrodynamic and thermal
entrance lengths, friction factor and Nusselt number distri-
butions are predicted.

The disagreement among the experimental results on the
entry 1eﬁgth for flow in a circular.dﬁct by many investigators

can be partially explainable by the present study.
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CHAPTER II

LITERATURE SURVEY

2.1. EFFECT OF FREE STREAM TURBULENCE ON_TRANSITIONAL FLUID FLOW

The phenomendn of boundary layer transition has attracted
‘widespread interest in the past. A number of investigators
attempted to solve the the theoretical problem of the stability
of laminar flow by determining under what conditions small
disturbances in the form of velocity variations would increase
or reduce with time. According to Tollmien(u) theory, small
disturbances in velocity of any wavelength lying within a
certain region would be amplified, whereas disturbances ofb
shﬁrter or longer wavelength}would be -damped. The amplified
disturbaﬁces were assumed to grow until they caused a break-
down of laminar flow. The theory is now generally discredited
because no evidence of disturbances with these characteristics
has ever been found in boundary layers.

So far as the author is aware of, no work seems to be
available'for the effectwéf'free stream turbulence intensity
of the entering fluid on transitional boundary layer fluid
flow in a duct at high Reynold's number. However, some results
are available in literature for the case of flow over a flat
plate. Hinze(S) suggested that transition can.occur if the
value of Re, excedes a critical value. Schubaur and Skramstad(6)
determined this critical value, Rey .p s for the onset of
turbulence in the laminar boundary layer over a flat plate.
Their results show that the magnitude of Rex,cr is not
affected by the relative intensity of turbulence of the

free stream, if this intensity decreased below roughly 0.1%.
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But for turbulence intensity higher than about 0.2%, the value
of Rex,cr is greatly affected by free stream turbulence..For
example, at a turbulence intensity of 0.5%, the value of

Rex or,1 decreased to about 106 from its value of 3x106 at
free stream turbulence intensity below 0.1%. According to
Dryden(7), tﬁis value decreased further to about 105 when the
relative intensity of'turbulence was increased to 3%. -

Shapiro and smith(g) obtained experimentally the value of
Rex.cr for a circular tube and its magnitude is 5x105. They
also made a qualitative remark based upon theif experimehtal'
results, that inducing turbulence artificially acts either to
move forward the point of transition from laminar to turbulent
or to eliminate the laminar boundary iayer altogether. But a
detailed study for the effect of free stream turbulence on

transitional, phenomenon in a circular tube seems to be lacking.

2.2, ADIABATIC FLOW IN THE ENTRANGE REGION OF A CIRCULAR TUBE

Flow in the entraﬁce region of a circular tube has drawn
the attention of many investigators in the past because of
its many engineering applications. The literature on lamihar.
flow in the entrance region of a circular tube'is.very elaborate.
An excellent compilation of the prominent works in this field
is made by, for example}-Campbell and Slattery(9). They also
applied a macroscopic momentum balance using Schiller's(10)
velocity profile to give pressure distribution in the entrance
region of a circular duct. Their results are the best overall
description of laminar velocity within the tube entrance

currently available.
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An approximate analysis of flow wifhin a turbulent
boundary layer was first made by Latzko(ll) using one sevénth
power velocity law. A similar analysis for closed jet wind
tunnels was iater given by Glauert(lz). The one seventh
power law is valid over a limited Reynold's number range and
away from the.the wall region, so that Latzko's and Glauert's
analyses are not reliable for flows at high Reynolds numbers.
Ross and Whippany(13) also made an approximate analysis of
‘developing turbdlent pipe flow by combining the continuity,
momentum, and energy equations for a pipe. '

One of the most extensive studies of turbulent flow-
in'a circular duct was made by Deissler(3). He used the
nmomentum integral method with the Von kérmén eddy diffusivity
relation in the turbulent core region. The Von Kdrmian eddy
diffusivity model as it is should be used for fully developed
flow only and it may yield inaccurate velocity profiles when
used in the developing region.'Reichardt(lu) proposed an eddy
diffusivity model, based upon experimeﬁtal data for the
turbulent core region in a smooth pipe. His relation is also
applicable in the fully developed region only, but its
modified form has been used b& Lee and Pafk(Z) and'Ler(15) for
the developing and the developed flows through concentric
annulus, respectively. .

4Deissler‘s(3) analysis assumed a turbulent boundary
layer right from the beginning of the entrance which is not
always true. In some of the practical cases, the turbulent

boundary layer in the entrance of a duct is Preceded by a

laminar boundary layer at the beginning of the entrance. For
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the turbulent boundary layer preceded by a laminar boundary
layer, the assumption of Prandtl(lé) may be used in the sense
that in the presence of a laminar boundary layer at the
beginning of the entrance of a duct, the turbulent portion of
the boundary layer behaves as if the boundary layer were
turbulent all way from the entrance. But a complete solution
of the turbulent flow tnrough a circular duct With laminar

entry is not available in the literature.

2.3. EFFECT OF TURBULENGE ON HEAT TRANSFER

The various factors which influence heat transfer in a
duct are numerous; i.e. Reynold's number, Prandtl number,
initial velocity distribution, Wall boundary and heat flux
condition, dunt geometry, variable fluid properties, initial
tripping of -the boundary layer, shape of the inlet section,
free stream turbulence intensity of the entering flnid, etc.,

Deissler(B) studied analytically the effect of Reynold's
number, Prandtl number and variable fluid properties on heat
transfer in a circular duct. He also outlined in brief the
‘effect of initial velocity distribution,_wall boundary
condition and duct geométry.’The effect of hea¥ flux on
boundary layef transition in a circular duct has been
studied experimentally by Siegel and Shapiro(17). It has
been shown that moderate heating does not have any appreciable
effect on boundary layer transition. Tripping of the
boundary layer at the entrance of a tube causes an earlier

transition in flow from laminar to turbulent(s).



-9-

Boelter, Young and iversen(18) experimentally studied
the ﬁeat transfer distribution in a circular tube for
different shapes of the inlet section. Their results
indicatelfﬁaf heat transfer in duct depénds‘very much on the
enteripg fluid conditions. The numerical value of heat
‘transfer coefficient for fully developed flow however,does
not vary with the entering fluid conditiohs. They also made
a qualitative analysis of the effect of various éntering fluid
conditions on heat transfer in a ciréular duct, but a detailed
study of the effect of free stream turbulence on heat transfer

in a circular duct could.not be found in the published works.

2.4. DIABATIC FLOW IN THE ENTRANCE REGION OF A SMOOTH CIRCULAR

TUBE

The problem of laminar flow heat transfer in a circular
duct with simultaneously developing velocity and temperature
profiles has been studied by many invesfigators(19—21). All
of them used various numerical methods to solve the differen-
tial energy equation which are lengthy and require a large
computational time. On the other hand, the. integral method is
very simple to use. The validity of the integral method for
heat transfer problems in ducts has been demonstrated for
furbulent fiows by many investigators; e.g. Deissler(3)
Park(zz), etc, However, within the knowledge of the aufhor, no.
one has used the integral method for solving the lamiﬁar flow
heat transfer problem in a circular duct.

Iversen(23) made a simplified analysis for the turbulent
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flow heat transfer in the simultaneously developing region of
a circular duct and presented closed form ekpressions for
entrance length and Nusselt numbef. But the work of Deissler(B)
is most extensive in this field. He used the momentum and
energy integral equations with appropriate eddy diffusivity
models of heat and momentum. Deissler used an eddy diffusivity
ratio (Eﬁd of unity based upon Reynold's analogy. It is now
well estgglished from the experimental results of many

Workers that this ratio does not seem to be unity, but it is
greater than unity for air and less than unity for liquid
metals.

Mizushina et al(zu)

measured the eddy diffusivity of
heat in a rectangular duct for Reynoid's number range of
10,000 to 24,000. They showed that the eddy diffusivity of
heat is independent of Prandtl number over their experimental
range of Prandtl number between 6-40. Recently, park (22)
presented an empirical relation based upon his experimental
results for flow of air through concentric annulus which, he
reported to be valid for Pr>0.5.

Deissler(B) also assumed that the flow is turbulent right
from ‘the beginning of the entrance. As mentioned earlier in

Sec.(2.2), this assumption is incorrect for some of the

practical problems in engineering. A thorough study of the pr.

oblem of heat transfer in a circular duct is, therefore,

required for better designs of many heat transfer systems.
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CHAPTER III

ANALYTICAL STUDIES

3.1. FLUID FLOW

Strictly speaking, flow in the entrance region of a
pipe is not a problem in boundary layer theory, but it has
:been solved with the aid of the methods used in the theory(l).
| For the present analysis, the turbulent flow in the
1entrance region of é circular duct was divided into two
regions (Fig. 3.1):
(a):developing laminar boundary 1gyér flow upto the critical
length; Xep and
(vb) turbulent boundary layer flow downstream from Xgpe
The relative lengths of the two regions erend mainly
upon Reynold's Number and the conditions existing:at'the inlet
and-other factors such as wall roughness. If a suitable trip
wire is used at the entfance, the flow can be made turbulent
right from-the beginning of the entrance(3) and a solution for
this case has been obtained for a circular tube by Déissler(3).‘
But in actual practice, when there is no trip wire, the flow
ih the entrance region of a duct always progresses from laminar
to turbulent and the length of the laminar inlet rggion could

be very significant,especially at low values of'Red.'

3.1.1. Laminar Boundary Layer

Many investigators have obtained solutions for the laminar

inlet region of a circular tube. The final results are similar
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in each case. Campbell and Slattery(9) solved the problem
utilising the macroscopic momentum balance to Schiller's
velocity profile. Their results are simple to use and give a
besf overall description of velocity within the tube entrance
currently available. Therefére. their results were used for
the present stﬁdy.

3.1.1(a) Velocity Profile and Fpiction Factor

Following Schiller, the velocity distribution is assumed
to be:
A =

u‘ﬁ'\CLX

nd W =1 for %7}8 3 for all x =0 (34)

(¢ mar

— R ~ <

From continuity, momentum and energy relations in the
entrance reglon, the following relations for bulk velocity

and static pressure distribution are obtalned(9)

- 4N+ 6

— —— 3.2
W, = M- < | (3-2)
: . )
where u, is the core velocity and A = _f:o
P = Ll b (2-8) - 4161 \
A A T 3816 ka (2-8) — 416 In(1-4)

- 1700 /E\'\ (Aaw 44 6)
3(521 A-+582)

A‘:-J}Ar]- f_\
324 (108 ~ A)
(AZ 4 A - e)?

n 1979L &—«)]

L 24 (35 - 14 D+ 408
N 5 n?- 444 {.3)'2. 3. :fs)
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Eqns.(3.1) and (3.2) can be combined together to give velocity

distribution in the laminar boundary layer as:

) u S Ro— .>tl
=N X Q- ~~“ 3.4
\ Wy A (A?‘— 4 A+ Q) [ ( 2o /'do ( )

3.1.1(b) Momentum Equation

‘Campbell and Slattery(9) obtained a relation for the
boundary layer thickness, &, at any axial length using macroscopic

‘mechanical energy balance. The final equation is:

1680 = [3’36 A= 28 In(1-0) + 318 In(2-5)
27(52 A+ 3)
—4A+6

2051 poit( 22 X
) ) (3.5)
‘ X

D Reg *
Egn.(3.5) is a transcendental equation in I\ and can be

+1A8in(a AN+E)+

%
where X =

solved by using any one of the jterative schemes available in
the literature(25). Interval halving technique was used in the

present study to solve Eqn.(3.5) for AN,

3 .1.2, Turbulent Boundary layer

3.1.2(a) Velocity Profile and Friction Factor

The basic governing eguation for adiabatic turbulent flow

through a straight duct is:

~ du

T . )
T (y’* € ) dy.




-1l

or nondimensionalising in terms of the nondimensional para-
meters defined in the nomenclature, one obtains:
LI .(;H‘- E‘_‘l"_)iu:t (3.6)
To el yk -
In order to obtain the velocity distribution within the
boundary layer, two things must be known:
(a) shear stress distribution ( ) and
(b) eddy diffusivity of momentum (——)
For this purpose, the boundary layer region is divided
into two parts:
(i) laminar sublayer region near the wall and
(i}) turbulent core region away from the wall.
For the laminar sublayer region, *Deissler's eddy diffu-
sivity model is used; i.e, ' - 4
_%_Zi - 2t ‘3'{* [1 ~ exp(n?yt 3‘1} (3:7)

where‘n® is an experimentally determined constant and.its vélue
is given by n? =0.04i54.

Substituting Eqn.(3.7) in Egn.(3.6) and neglecting the
shear stress variation near the wall, the velocity profile in
the laminar sublaqsr reg 1on is given by: "

L
kf* = 5;23 A (:g_g)
o 1+ n? Wyt [1-— exp (- uityt) )

For the turbulent core region, Relchardt(14) proposed an

eddy diffusivity model which he obtained for fully developed
flow only.

S ._‘ffe“ [L ~~~)J[i+2(z‘;) J

where k =0.4,
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The equation has beén modified by Lee and Park(z) for
developing turbulent flow through a concetric annulus. In the
same way, it was also modified for the entrance region of a
circular duct in the present study. The modified expression for

the eddy diffusivity away from the wall is:

% - KL 0] o

The shear stress distribution away from the wall can be

pbtained by making a force balance in the developing region
(see Fig. 3.1). Neglecting the effect due to change in momentum

flux(26), the shear stress distribution is obtained by:

2
-.:]:- — *i&w 3“ 2’%% hal (’ha+ ? /?o(}) (3:‘0)
To lee Y 2R § — P2

Egn.(3.10) gives the actual shear stress distribution in
the turbulent core regioﬁ of a circular tube. But according to
Deissler's s%udy(B), the variations across the flow boundary
layer of the shear stress,’f, have a negligible effect on the
velocity distributions. So, as long as the choice of the shear
stress diétribution is consistent with one that agrees well
with experimental results for the pipe flow case, a function of
shear stress distribution which would lead to a much simplef
and more convenient velocity profiles than those given by using
Eqn.{(3.10) would seem to be more practical. Therefore, as an
alternative to Eqn.(3.10) the local shear stress distribution
within the boundary layer is assumed to vary linearly with the

distance as:

-\
j—;r = 574 (z.11)
Q 8 :
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Eqn.(3.11) has been used for flow through a concetric
annulus by Lee and Park(z). Substituting Eqn.(3.9) and
_Eqn.(3.11) in Eqn.(3.6), one obtains for the turbulent core

region:

(s=yH) /5*"‘

w o= k §* ST . dy’
T ) e e e ]

Or integrating, one obtains:

+ [ 6P 4- - 4‘kt~] C (z12)
“ —5 An E TRkt AT

k
where — JUR DI .,mm“m
P _ 35F
Si- .

~ The constant 'c' in Eqn.(3.12) can be determined by joining
the velocity profiles in the laminar and in the turbulent core
region at a suitable point. Both Lee and ?ark(z) and Deissler(B)
suggested from their experiﬁental results that the ﬁpst
suitable'point at which the two velocity profiles can be
joined fogether is at yt =26.

TheAvelocity profiles computed from Eqns. (3.12) and (3.8)
are compared with the velocity profile of Deissler in Fig. 3.2,

The local friction factor ignoring the effect due to
changes in momentum flux® due to a developing velocity profile

is defined here as:

i
pod o o M A 1 R A 1t AP S

X | 2

e e - o S o -

# The effect due 4o change in momentum flux on friction factor

has been utudled by Barbin and Jones(26) and has been shown

to be negligible.
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Converting into nondimensional form, this can be written as:

2 (3.13)

where ub x is deflned as:

&= S w +c\‘3> Q____ S h ‘é+°l%1 (3 4)
5 g ays

3.1.2(b) Momentum Integral Equatlon

Application of the momentum principle to the differential

annulus shown in Fig. 3.1 gives:
2 7 ny dx + [ a2— (;a__s)]c\P |
S
- 27 ngi[fofuadgj - 2T o\[—_fguzza L&] G- 15)

If the flow outside the boundary layer is assumed to be

frictionless, we can write:

AP = — pu, dug (3.1e)

Substituting Eqn.(3.16) in Eqn.(3.15), one gets after

some re-arrangement,

P u c\u8<2./z 5- §%)
Sfcl[gowzoh&]n fol[_S wWedyl G

) qjo /100\‘1. - —‘5
4+ MU

We now assume that the flow is laminar upto some distance

(say x=xq) where the boundary layer thickness is &) and coye
velocity is u&Land that the flow is turbulent everywhere for

x>x,. We also assume that at x32xq, the boundary layer will

behave ag if it were iurbulent all way from the entrance, and
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for the turbulent boundafy layer, 831::x1 = & -

Thus, integrating Egn.(3.17) from X=Xq to any x3»xq, One

obtains: "
s
_ § (225 5)
X=X, = Q U
X s Su —_— ?u clu 5 S sd B

8‘ 2 % 0 . Bl hro’to

8 (3.18)
where A = _gftf‘ (Rey) dy

=
(ru ()Y

A and B, are the values of A and B respectively at x=x,.

B

H

Converting into nondimensional form and after making some
manipulations, Egn. (3 18) becomes:

xX- X 5 : = ctus + g dG AL
° Ty
&

.’r
.-‘..
wglefg.e " E 2_/2.‘- .—.(2‘},‘_) ] % S 2&4’ 2&22 Cllé

G:S (L«\‘“-—u*‘ u*(g_,z. zfgi) g

-+ o)
\{". and G, are respectively the values of the nondimensional
& 1

core velocity.Ly*. and G (as defined above) at x=x, and have

b}
to be calculated from laminar flow theory.

In order to solve Egn.(3.19), rgfmust be known in terms of
+
& and Red. This relation can be obtained from the law of

conservation of mass. From the definition of the mean bulk

velocity, we have:

Ro— & ©
ukafzj‘ ST A e da + 27 A L la
() Ro™ S

Substituting r=rg-y and converting into nondimentional

form, we obtain,
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+
UL+ = - ' S . . i '§+ .
( b)x (/%-:;)x [L()z:'_ak) u‘*dzj. + v%-#o(é:'é’g u+dé/+]x (:30)

4

+_ o+ bt
" Substituting (Red) —2(ub) (ro)x and u =ug for ST y < g

Eqn.(3.20) can be re—arranved to give after a few steps:
+ -
FRud) + 2 (+T 4'5 G~ Re) +(2U §% 41,)= o
. (3.2.5)
\-*Ug'\e"?.e (j u D(y )JC

(f o yreyt)x

Eqn. (3. 21) is a quadratic in (rr )X and can be solved for

(3.219)

+
(r¥). in terms of Rey and ( &)y to give:
0X o} X
' Al [ + 4 Re
()10 )x ng' i % 4

i‘\/&t." Eﬁ%&‘"a . u;'(zlp;l- z\. ) 2T, 8‘]

- ol

(3.22)

The ambiguous sign in Egn.(3.22) is chosen according to

the physical significance of the final results. Thus,
TN R ‘

A -T1, -+ & Uc 4 - €y

(/{o) ug [ 4 . 4-

, 4 Re , gt T
+\/(I" mRi“)a"*'“s(”?—r* : )"?‘I'SJ

(3.23)

3.1.3. Entrance Length

The entrance lengths for turbulent flow preceded with
laminar Fflow were calculated by combining together the analysis
of Sec. 3.1.1 gnd Sec. 3.1.2. The method of computation and the
results are described in Sec. 3.1.4. In the present analytical

studies, the entrance length was defined as the axial distance
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at which the ratio of the core velocity to the bulk velocity
equals unity (ug/ug =1.00).

Entrance lengths were also calculated for the case when
thé boundary layer is assumed to be turbulent from the
beginning of the entrance in which case only the analysis of
‘Sec. 3.1.2 was used and Eqn. (3.19) reduced to:

S-S
™ - So Folig + GQ | (z.24)

3.1.4. Method of Computation and Results

In this section, the method of computation of the problem
of turbulent flow through a pipe using the analyses of
Secs., 3.1.1 and 3.1.2 will be described. The following
relations are useful in converting iﬁto each other the two
different forms of nondimensional parameters used in the

laminar'and turbulent flows.
P2 2 (WMx (3.25)
L{.*‘ (u/u'r} ub i

34— = % Uq«-‘ = ké 72“’
v Y -/
Using these and Eqn.(3.1), the expression for G to be

il

1!

used in Egn.(3.19) was calculated to be:

Gy = 10 N\ AZ—4A+6 )

and the expression for F at x=x4 is:
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4.
Fy =
* . (% N A.A+6 (z.27)
and
.+.
& N 4O+ 6

where A was taken to be the boundary layer thickness at the
critical point x=x. '

The following are the steps for calculation:
(1) The values of initial free stream turbulence (Tu) and
Reynold's number (Reg) are prescribed.
(2) For given Tu and Rey, the values of Kx/D)i’i=1’2 at which
transition from laminar to turbulent flow takes place are taken
from the experimental results (Fig. 4:15, Sec. 4.5). Experiment
gives two values of (x/D) gp— one at which boundary layer

changes from laminar to transition region and the other at
which it changes from transition to turbulent region. In the

present analysis, entrance lengths were computed from both the

values of (x/D)cr and compared with the,experimentai results.

(3) Knowing x1/D=(x/D);, the analysis of Sec. 3.1.1 was applied
upto this value of (x4/D). Also the values of Gq,Fqs u§|, and
S‘ were calculated from Eqns. (3.25) to (3.28) at x/D=x 1/D.

(4) For the turbulent boundary layer, a value of 5 7*8‘15
assumed. At this value of 5?} velocity profiles are obtained
from Egqns.(3.8) and (3.12).

(5) ™e values of the integrals I; and I, in Eqn.(3.235

defined by Ean.(3.21a) are computed. Then rg can be calculated
from Egn.(3.23).

(6) Eqn.(3.19) will then give the values of x/D for the

assumed value of Sﬁ"and the friction factor can be calculated
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from Eqns.(3.13) and(3.14).

(7) Value of Eﬁ.in step (4) is increased by a certain prescr-

ibed amount and steps (4) to (6) are repeated till Eﬂ7r3=1.0q.
j.e. the fully developed conditions are obtained. The value of
(x/D) at this point is then the entrance length for the given

conditions.

The computed velocity profiles in the turbulent boundary
layer are compared with that obtained by Delssler(3) in
‘Fig. 3.2 whereas the veloclty profiles in the developing
are presented in Fig. 3.3 |

The fully developed friction factors obtained from the
present analysis are compared with the experimental results of
Blausius(27) in Fig. 3.4. ’

The results of hydrodynamic entrance lengths are presented
in Figs., 4.16 and 4.17.

The boundary layer developehent for a typical case of
turbulent flow preceded by a laminar flow through a circular
tube is shown in Fig. 3. 5

Predicted friction factors for turbulent flow preceded :
with a laminar boundary layer for various values of Rex,cr.
are presented in Fig. 3.6. Predicted hydrodynamic entrance

lengths are tabulated in Table 1.

3.2. HEAT TRANSFER

In Sec. 3.1, the problem of adiabatic flow through a
circular tube was considered and the effect of free stream

turbulence or that of transitional phenomenon from laminar to
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turbulent on the hydrodynamic entrance length was studied. In
this section, we shall consider the effect of free stream
turbulence intensity on heat transfer in a circular duct. Both
the velocity and the tempergture profiles are assumed to be
uniform at the entrance. As before, the flow will be considered
laminar upto the critical length, X3, i=1,2 2nd turbulent
downstream of x;. For the laminar inlet region,'the usefulness
of the simple integral method will be demonstrated which has
been ignored for laminar flow heat transfer problems in internal
flows. Local Nusselt number and enirance length will be obtained
for the various combinations of Reynold's numbers, Prandtl
numbers and entrance conditions.

In the present study, the analysis was.limited only to the

case of constant heat flux at the boundary wall.

3,2.1. Laminar Flow Heat Transfer

A large number of solutions for the simultaneoué develop-
ement of thermal and hydrodynamic boundary layers in laminar
flow through a circular tube are available in the literature
(19-21). A1l of them solved the differential energy equation
using various numerical methods. In the present study, however,
to keep consistency, it was thought better to make use of the
integral energy equation, which has been used extensively for
turbulent flows, as well as for thé laminar flow. Temperature
profile was obtained by modifying the fully developed temper-
ature profile in laminar flow through circular tube..With this,
closed form expressions were obtained for the thermal boundary

layer thickness and Nusselt number which are very simple to
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use compared to the various complex numerical methods avallable

in the literature.

3.2.1(a) Temperature Profile and Nussélf Number

The fully developed temperature profile obtained by
integrating the energy differential equation for laminar
flow through a circular tube and using a parabolic velocity

profile i (28), : .
Y=t — 2“b OLim ( 2 a2\ (z29)
° 6

Also from an energy balance in the differential element,
we have:
Ay 2% (3.26)
_H - N S’Cb

Combining Eqns.(3.29) and (3.30) and converting the

resulting equation into nondimensional form and re-arranging,

we obtain:

oo P L oGP oo o

Ean. (3.31) is applicable in the fully developed
. region only and implies the assumptions of constant flgid
properties and negligible axial conduction.

In the present énalysis, we further postulate that
Eqn.(3.31) is also applicable for the developing region with

suitable modifications as: ,
+ & y / M ”_\'_ gy (3.32)
e ST (Y e (e 2 () ()]
- 4 S si L

- which satisfies the boundary conditions.
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From Eqn.(3.32), we obtain:
3 -+ (3.33)
Dividing Eqn.(3.32) by Egn.(3.33), we obtain the temper-

ature profile in the laminar inlet region of a circular tube:

-5 = )@ G

or in a dlfferent form:
*3(*34uw*»(3+4*>l@

Knowing the temperature profile, Nusselt number can be

calculated easily from the following relations:

b D )
Nae= TR S e (59
, L
where Vo = 2-5 VT (\-—Y) Y : (3-38)
(o] .

It is to be noted_in using Egn.(3.36) that V=V, for Y=A
and T=TA£for YE:A% For this purpose, the integral in Eqn. (3.36)

is broken into three parts as shown below:

TAVS A ; AN -
) : -~ N -N)d
T, = 2| TG T 00 Y*SZJALQ-@M

for B =0 (:3‘. 3 cr)

aind

[SVT(\— )o\\(-x»_g \/-r(\ \()cw+5v T, (‘—‘O ﬂ

(z377b)

N
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Using Eqns.(3.37),(3.3%4) and (3.4), Tp is obtained as:

2
T = [___..é. _._L.\-___L\Z_FrsJAE
Al AD%6 3 \a ga TR o
+26 A{. 4 577‘ Aé— » At_ ]
| 315 A 2520 O 4 DZ
for A =0 - (238D
and .
4 3 _ 17\ 42 a2 AS A
T =G a6 L2 15 t1o {r los AT V5D
- . S
15 A2  3AL  les & los5 0%
- INEE - ]
30 A \S Oy
for L= b | (z.38b)

. . 2T .
Substituting the values of )Y_C)from Eqn.(3.34) into
Eqn. (3.35), we also obtain:

_ 8 | . (3.39)
Nue = 738,77, ,

Eqn. (3.38) and (3.39) can be used together to calculate
Nusselt number provided that the hydrodynamic and thermal
, boundary layer thicknesses are khown. The hydrodynamic and
thermal boundary.layer. thicknesses are calculated from the
momentum and energy integral equations respectively. The latter

equation will be developed in the following section.

3.2.1(b) Energy Integral Equation

The energy integral equation for flow through a circular

tube can be written from Fig. 3.7. Neglecting axial conduction,
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2T 24 Vo dx = o\[ _Y:{C\)t P a2y (g g) cxa]
. s,
- Sk 5{4[ 50 tg’ W 27 (2-Y) olZ] (3.4 0)

Since'tg is invariant in axial direction, Eqn.(3.%40)

t

can be written as:
Sy
CF ? . '
— O\ - "‘.h /Zom - CLL

For constant heat rate problem, qj is also independent of

%. Therefore, this equation can be integrated, simplified and
re-arranged into the follow1ng form:
xX e
X = U Gy Ay Gad
“.DRedBL
Eqn. (3.41) is valid for A-h"“ < Boor /_\L;;A , provided that

V=V, for Y = > A.
Substituting the expressions for T and V from Eqns (3.34)
and (3.4) respectively, into Eqn.(3.41) and integrating, we

obtain with some algebraic manipulations~

Cox o E BOL (L)

AT N
L 5% AP ]
lo4+ A
C’?.4-Zu)
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' 2
x _ 3D {; ) Stsj)
—— r ?. W»«»—»*“ + (W <
DRe R 8(a*-44+6) L\.t g4 0 Y

4 A (2—A~_+52A+ At<_z:>4
A \a )

zst 20 | 15
MY _ 3D AN
1T (Lay - 2 (LY
-Fow* Ay =4 | (3.42%)

Eqns.(3.42) are the energy integral equations which can
be used to calculate A'b with the known I from the momentum

integral equation, Egn.(3.5).

3.2.2, Turbulent Flow Heat Transfer °

3.2.2(a) Temperature Profile and Nusselt Number

The basic governing equation forthe turbulent flow heat

transfer in dimensionless form is:

=&+ = )jj (z.4%)

In order to obtain the temperature profile, two things

must be known:t
(i) heat flux variation across the boundary layer (a/qg) and
(ii) eddy diffusivity of heat (€y/3). '

Heat flux distribution can be obtained in & simplified
form from an energy balance in the developing region of a

circular tube and assuming 4%t _ _dtb
dx dx and u=ub(29), This

relation is applicable only for the fully developed flow.

However, since the heat fluxes are already small away from
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the wall, the assumption concerning the velocity field on the
heat flux distribution is not critical in the region of
greatest importance. This matter has been critically studied

(29)

by Barrow

The final expression for the heat flux distribution away

from the wall with the assumptions stated above is:

2 2
c\/ . ":o 2 — ;LSt

Vo =

For the laminar sublayer region very close ‘to the wall,

(3.44)

it is assumed that q/qgp =1.0.

The eddy diffusivity of heat has a major effect on the
prediction of temperature profiles and Nusselt numbers in the
entrance region of a duct. Most of thé workers in the past have
used the ratio (€ufew) of unity following the Reynold's analogy.
Strictly speaking, the ratio (€y[€w) is unity oniy for a fluid
of Pr=1 and deviates very much from unity for other Tluids(Bo).
For this reason, a great deal of research has been déne to
establish a relation for the eddy diffﬁsivity of heat for
different fluids.
(24

Mizyshing et al )vproposed the following expressions for
the eddy diffusivity of heat in the turbulent boundary layer
based upon experimental results using Mach-Zehnder interfero-

meter for Pr=6~40:

Eu = 131 x0 (YD) for o-k <y <14
By
.3 + e
O R B
Eu — o036y~ 1L for YT > 42
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Park(zz) used his own empirical relation obtained from
experimental results for flow of air through a concetric
annulus. His correlation

En 0.045 0.0%!
(5 = S (y) = 098 O Gy

is valid for a concetric annulus where ‘%' is the ratio of the
outer to inner radius. For the present study, Eqn.(3.46) was

modifiggmgkéghtly for a circular pipe as:
_ + O.034 |
(Y™ = ¥ | (3.47)
Eqn. (3.46) is valid for Pr>0.5. For Pr<0.5, a correlation
for the ratio proposed Dby Dwyer(Bl) is given by:

' o.é./e., ~ 2.0
uty) — _ e
m<a~>m_ 1.0 (Em/yfﬂ

In the present study, most of the calculations were

(3.4-8)

performed by using the ratio Gn/aﬂfl.o. However, in some cases,
the final results are also compared by using Eqns. (3.45),
(3.47) and (3.48). |

Eqns. (3.43) and (3.44) can now be used along with one of
the above mentioned expressions for eddy diffusivity -of heat
to give the temperature profile as:

! - '
= % dyf (3.49)

(5 =)

Once the temperature profile is known, Nusselt number can

be obtained from:
. -+

2 ke Pr
+
'Lb

(13.50)

Nu, =
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+
where tb is the mean bulk temperature defined in dimensionless

parameters as: ,e:‘
Tt
{1 So WaS-y ) 4T
j“’ NCETOR )
A
2 + o+t + 3.5
ub 4% ey ey G54

0

Agaln it is apparent in using Eaqn. (3. 51) that tF t+5t for .

+ +_+
y+7/ S—L and u =ug for y = S

3,2.2(b) Energy Integral Equation

Eqn.(3.40) which is derived for laminar flow through a
circular duct is also applicable for turbulent flow.In this
case, however, it is re-arranged in a different form for

simplicity as: +

S .
EDE. — zi'””-_g <t‘c’t— t+> ut (s *')da’" (3.52.)

-+ + -
Again Egn.(3.52) is valid ‘for S—k:<° or 5{?5 , provided

-
that u+=u'; for y+; s .

For the case when the turbulent boundary layer is preceded

by a laminar one, Egn. (3 52) becomes:

X- X, . | |
S
LZ/&*‘LJtI (t t+)u(fz d)c{a] (2.53)

..)L‘
where Xq igs the distance at Wthh transition from laminar to

turbulent takes place and S,t\ls the dlme_ns:Lonless boundary
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layer thickness at x=xq calculated from Eqn. (3.42).

3.2.3. Entrance Length

The thermal entrance length for simultaneously deveioping
turbulent flow were calculated by combining the analyseé of
Secs. 3.1.1, 3.1.2, 3.2.1, and 3.2.2. The method of computation
and the results are described in the following section.

The thermal entrance length in'a simultaneously developing
flow is defined as the length of duct needed from the entrance

to a crossection in the flow directioh where both the generélised

velocity and temperature proflles are 1nvar1ant in the flow
direction, when the fluid propertles are assumed to be constant.
This definition can be stated as:

RS to -t

For the case of constant heat flux, as in the present

——

study, the differentiation of Egqn.(3.54) with the definition of
heat transfer coefficient,

C\/x )
hae = (fo—to)x

leads to the following expression:

DX a ¢ d= | -

Therefore, the linear temperature gradient indicates that

(2.55)

the fully developed region has been reached.
Entrance lengths were also calculated for the case when the

boundary layer is assumed to be turbulent from the beginning of

N
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the entrance in which~ca§g only the analyses of Secs. 3.1.2
and 3.2.2 were used along with Eqn.(3.24) instead of Eqn.(3.19)
and Eqn.(3.52) instead of Eqn.(3.53).

3.2.&. Method of Computation and Results

The following steps were performed in order to obtain
t+(y,x/D,Red,Pr.Tu). Nu(x/D,Req,Pr,Tu) and (x/D)d'T(Red,Pr,Tu)
for the simultaneously developing turbulent boundary layer.

(1) The values of Tu, Red, and Pr are prescribed.

(2) The value of ‘X/D)i.i=1,2 for a given value of Re; and Tu
are taken from the empirical results described in Sec. 5.3.

(3) For (x/D)< (x/D);» A is ecalculated from Egn.(3.5).

Knowing &, lﬁ{can be calculated from Eqns.(3.42). Eqns.(3.42)
are simple polynomials in Amhand'can be solved by any iterative
method. Newton-Raphson method was used in the,present study.
Knowing & and A‘c' the Nusselt number can be calculated by
using Eqns.(3.38) and (3.39). The value of 5t4 at x=x, to be
used later for the solution of turbulent part is also computed
from this step. |

(4) For (x/D)D’(x/D).,'subsections (4,5,6) of Sec. 3.1.4 are
porformed to calculate E?‘and rg at a particular value of (x/D).
Velocity profile is also calculated from subsection (4) of

Sec., 3.1.4.

(5) Knowinrg Sf. 0 and velocity profile from step (4) above, a
value of Sf'P'Etland %. <_rg is -assumed. Then temperature prof1¢e
is computed from Egn.(3.49) and (3.44) with one of the eddy

_diffusivity models described in Sec. 3.2.,2a, Then a new value
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of (x/D) is calculated from the energy equation, i.e..Eqn;(B.SB)
and is compared with the actual value of (x/D) used in
subsection (4) above. The assumed value of St'is then changed

according to a definite iterative scheme® until the value of

(x/D) computed from Eqn.(3.53) coincides with the value of
(x/D) used in subsection (4) above. This value of Sﬁ , then
gives the thermal boundary layer thickneSs at the value of
(x/D) assumed in subsection (%),

(6) Knowing S St} ry, and temperature profile at a particular
value of (x/D) from the previous subsections, Nusselt number 1s
easily calculated from Eqns.(3.50) and (3.51). Simpson's rule
with suitable interval size was used in all the numerical
integrations performed during the course of the computation.

(7) Thé value of (x/D) in subsection (4) is increased and

subsections (5) and (6) are repeated until fully developed

conditions are obtained both for the thermal and for the
hydrodynamic boundary layers.

The final computer program is very lengthy and only a
simple flow diagram 1is presented in Fig. 3.8 to clarify the
sequence of operations. All comﬁutations were performed on
an IBM 360/65 digital computer using Fortran IV.

The results of Nusselt numbers in the laminar inlet region
of present study using the integral method are compared with
the avallable numerical solutions in Fig. 3.9 whereas Nusselt

numbers over .a range of Prandtl number predicted from present

study are shown in Fig. 3.10.

#* Here also the Interval Halving Technlque wag used to give

qulck convergence .
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The analytical results of heat transfer for turbulent
flow preceded by a laminar flow are presented in Figs. 3.11
to 3.18. Fig. 3.11 gives the temperature profile in the
simultaneously developing region. Fig. 3.12 shows a probable
trend of Nusselt number distribution for turbulent flow
preceded by a laminar boundary layer. Figs. 3.13 to 3.16
show respectively the effects of Pr, Rey, Tu, and choice of &
on Nusselt number distribution in the simultaneously developing
region. In these figures, the values of Nusselt numbers for
fully developed conditions are compared with those given by -
Kays (28), pp. 173. Figs. 3.17 and 3.18 give effects of Tu and
Pr respectively on the entrance lengths under simultaneous
aevelopement of boundary laxers. The results.of entrance

lengths are also presented in tabulated forms in Tables 2

(a) and (Db).
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CHAPTER IV

EXPERIMENTAL STUDIES

4,1, APPARATUS

The experimental apparatus used in the present investi-

gation was essentially the same as used by Park(zz)

except for
a few modifications. The test tube was made of copper with ;n
internal diameter of 3.814 inches. Air was drawn through a
flow measuring orifice; 3.15 inches B. S. orifice into a
settling chamber and through a bell mouthed contraction into
the test section by a cehtrifugal blower with a rating of 300
cfm at 20 in. of water located at the downstream end as shown
in Pig. 4.1.

The settling chamber, L2vx30"x30", consists of filters
and settling screens to remove the dust and the initial
disturbance caused by the orifice..respectively. An additional
provision for measuring turbulence intensity just upstream of
the entrance was also made for the presenf investigation. The
turbulence intensity at the inlet was varied by changing the
damping screen placed upstiream of the entrance. Five different
~screens of varying mesh sizeé and wire diameters were used.
The essential dimensions of the screens ére-given in Table 3.

The bell mouthed section was machined from a 12"x12"x8"
plexiglas block. The trip wire used in the previpus work was
removed. Extreme care was taken in making a smooth connection

between the test tube and the bell-mouth to ensure that there

will be no tripping of .the boundary layer at the entrance.
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Along the test section, provitions were made ‘for the
measurement of static pressure disﬁribution énd detailed
exploration of flow field at various crossections in the
developing region.

The traversing mechanism carries the measurihg instrument
such as a hot-wire probe or pitot tube ‘to make fhe measurement -
of local turbulence intensity and flow fields possible. The
radial displacement of a probe is measured within 0.001 inch
by means of a dial gage mounted on the traversing mechanism.
The starting position (y=0) of the probe was known accurately
by means of an electrical contact, i.e. by measuring the
resistance between the probe and the test tube by an AVOmeter.
The resistance waé very high when the'probe did not touch the
bottom of the pipe and it dropped to a very low value as soon

as a slight contact was achieved between the probe and the pipe.

The assembled test section is mounted.horizontally on
.geveral supports. The norizontal alignment of the whole assembly
could be easily accomplished by adjusting the heights of these
-supports with the help of levelling screws provided at the
bottom of each support. The horizontal alignment was checked
by a surveying level._The maximum mis-alignment was about 0.12
inch for 18 feet of length. The axial alignment was taken care
of during the manufacturing stage by drilling and reaming all
the flanges simultaneously after clamping them together.

To minimise pressure loss and to isolate the vibration
frbm the blower, a conical diffuser and a flexible tube were

used (see Fig. 4.1).
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4,2, INSTRUMENTATICN

L,2,1., Hot-wire Anemometry

A DISA 55D00 series constant temperature hot-wire
anemometgr system in conjuction with miniature hot-wiré probes
(DISA 55F31) was used to detect the longitudenal turbulence
level. The probe wire was platinum-plated tungsten, 5 micrans
in diameter and 1.25 mm. long with an electrical resistance
of 3}5 ohms*'

The signal from the probelwas fed to the anemometer,

DISA 55D01, which was in turn connected to the auxiliary unit,
' DISA 55D25, and the output signal was fed to the linearizer,
DISA $5D1C. The linearized signal was then integrated by RMS
ﬁoltmeter, DISA 55D35,and finally, root mean squared values
were either read on the dial of RMS meter, DISA 55D35, or on
DVM, DISA 55D30. The typical combination of the turbulence

measurement system is shown in Fig. L,2,

4,2.,2. Pitot Tube, Pressure Measuring Svstem and Orifice Plate

Velocity distribution was measured by a.pitot tube having
an I. D. of 0.027 inch and én outer diameter of 0.032 inch.
Static pressufé tappings; 1/16 inch in diameter and 3/8 igch
long, were made of brass tubing of about 1/4 inch 0. D. and
these were provided along the tube. Pressure drop was measured

by a micro-mancmeter used in conjuction with DISA 55D41/42

DISA Probe Catalog No. 603.
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hot-wire probe calibration unit. To measure mean velocity in
eachH run, a B. S. =3.15 inches orifice was used. Further

details for these instruments can be found in Ref.(22).

4,3, CALIBRATION OF INSTRUMENTS

All the instruments used in the present investigation
‘were described in the previous section and their functions
were also explained. To chéck all these instruments against
known standards is obviosly important to reduce error
involved in any measurement.

‘ Calibration can'be accomplished by a comparison of the

: pafticuiar instrument with either (a) preliminary standard
(b) secondary standard with a higher accuracy than the
instrument to be calibréted (¢) a known input source.

In this section, the methods of calibration used in the

present study are described.

4,3.1. Calibration of Orifice Plate

The mean flow velocities measured from the pitot tube .
traversing were used to calibrate the orifice. The velocity
‘distribution measurements were taken for five to ten cross-
sectins aiong the entire tube for the whole of the available
range of Reynold's number, The results of calibration are shown
in Fig. 4.3. The acecuracy of the orifice was, therefore,

estimated at abut T31% for the range of Reynold's number studied.
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4.,3.2. Calibration of Hot-wire Probe

It is well-known that the output voltage of a constant
temperature anemometer is a non-linear function of the flow
velocity under measurement. This nonlinearity is not very
importent in measurements of small degrees of turbulence, in
which case a small section of the calibration curve may be
considered sufficiently linear. At a higher degree of turbulence,
on the other hand, the distertion caused by the curvature of
the calibration curve becomes noticeable and measurements at a
wide range of mean flow velocity are difficult because the
subsequent treatment of results obtained in both cases is not
a very satisfactory solution and an electronic circuit is usually
adopted to take care of the linearization problem(BZ).

The relation between flow velocity, U, and output voltage,
V, can be represented by the equation:

v? =p +BU" | _ (4.1)
A,B, and n are constants whose values depend on the probe
connected to the anemometer. Assuming a.pfoper choice_of
constants, the formula will fit the calib%ation curve within a
wide velocity range. |

During the calibration, fhe probe was placed in an air
flow of known vélocity. DISA 55D41/42 calibration unit was used
for this purpose along with a verfical adapfer, DISA 55A67, to
keep the probe in an jdentical position during calibration and
measurement. Details of operation of this equipment are given

in the DISA service manual()j). The output voltage of the

anemometer was linearised by making proper compensation for



41—

the exponent, n, in Eqn.(4.1) and temperature changes. For
this purpose, DISA 55D10 Linearizer was used. Fig. 4.4 shows

a typical calibration curve using a linearizer.

4,4, EXPERIMENTAL PROCEDURE AND DATA REDUCTION

Befofe taking any reading, the apparatus was run for a
certain period of time to achieve steady state conditions in
all experimental runs. The apparatus was considered to have
reached a steady state when the readings on the various
instruments such as the manometér were not changed for a
reasonable period of time. Then the ambient temperature and
atmospheric pressure were recorded. For eéch size of screen,
Reynold's number was varied -approximately from 30,000 to
100,000 in steps of about 10,000. Local flow velocities were
measured at different axial locations and at many radial
locations at a particular axial position for some of the screens
to calibrate the orifice plate.

The mean velocity ét the bell-mouth entrance and the root-
mean- square (RMS) value of the axial component of velocity was
measured by the anemometer unit to calculate the turbulence
intensity at the entrance. At the beginning of each experiment,
-the hot-wire prqbes were calibrated as described in Sec. 4.3.2.
The hot-wire anemometer waé allowed one to two hours warming up
time before measurements were made as prescribed by the
manufacturer.

Static pressure measurements were made at 16 different

locations along the entire length of the pipe with the help of
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a differential micro-manometer (Sec. L,2.2).

The procedure was repeated with five different types of
screens mentioned in Table 1 and with no screen at all.

Data Reduction

(a) Local mean velocity was calculated from the relation:

[ (wateh_ SjCU'L) XB % constamt

CLL/;, /21
X yman omeic.w -recac\m%]

(b) Bulk velocity was calculated by

40

2.. C b
u\; - ) :;-”::‘__ UL /?TL O\/'Z.'L
: 2o =1
(c) Reynold's number was calculated from the -definition
Re = .B_‘B._E
A oY

(d) Friction Factor:

The local apparent friction factor is defined by

.@ P‘—'BL D
T xm%, 2 ¢ M

where py and p, are the static pressures (measured at the wall
of the duct) at the axial locations Xy and Xo respectlvely The
value of 'f' calculated from this relation was taken to be the
value midway between stations 1 and 2, or. in other words, at
the axial location (x1+x2)/2. This type of friction coefficient
includes the effects of changes in momentum flux associated
with changes in velocity profile. When the velocity profile is
fully developed the local apparcnt friction factor is the same

as the true drag coeff1c1ent (27b/3u . But even in the entrance
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region, except very near.the inlet (x/D>=1), Barbin and Jones (26)
have shown that the effect of change in momentum flux on the
static pressure distribution is negligible compared to the
effect due to skin friction.

During all these calculations, the dynamic viscosity (M) of
air corresponding to the measured ambient temperature"was
calculated from the following equation based on the data of

Sigwart(Bu) for the temperature range of 70 %o 4000r.,

7 =1

-4 -
/A = 0+1100B X0 =+ o-jBO"litX\o - 0.5]58 'l;leo

where M is in 1b/sec ft and t is in degrees Fahrenheit,

The density of air was calculated from the Ideal Gas

Law p=XRT corresponding to the ambient conditions.

4,5, EXPERIMENTAL RESULTS

In the present study, experiments were performed to study
the effect of turbulence intensity on the boundary layer
transition in a circular tube. Turbuience intensity was varied
over a wide.rangé by varying the mesh size and number of the
damping screen used in the settling chamber. For each screen
size, Reynold's number was varied from about 30,000 to 100,000
and'for each value of Reynold‘s number, friction factor and
velocity profiles were measured at various axial locations
along the entire length of the pipe.

F}g. 4,5 shows the turbulence intensity, Tu, at the bell
mouth entrance (x=-6") as . a function of Rej for various kinds

of screens used.
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Results on friction measurement are presented in Figs.

L.6 to 4.11 where the local friction factor, £ is plotted
against ratio of the distance from the inlet to the tube
diameter, (x/D). Figs. 4.6 to 4.9 are drawn at fixed Reynold's
number, Reg, and show the effect of turbulence intensity, Tu,

on fy whereas Figs. 4,10and 4.11 are.drawn keeping thé turbulence
intensity constant and show the effect of Reynold's number on fx.

Velocity profiles are plotted in Figs. 4.12 and 4.1 3 where
a comparison with the theoretically predicted velocity profiles
is also made.

Figs. 4.14 (a) and (b) show the effect of Reg on critical
Re&nold's number, Rex,cr' Transition in flow from laminar to
turbulent was perceived by the changes in friction factor along
the flow direction as described in Sec. 5,2, Fig. 4.15 shows the
effect of free stream turbulence on the critical Reynold's
number. f

In Fig. 4.16, the effects of Tu on the entry length,
(X/D)d,M is shown. The experimental entrance lengths in Fig. 4.16

are based upon fully developed friction factor.
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CHAPTER V

DISCUSSION

From the results of both the analytical and experimental
studies described in the previous chapters, we can study the
effect of free stream turbulence on the phenomenon of turbulent
flow and heat transfer in a circular duct. Basically, the
method employed is to study. experimentally the effect of
turbulence intensity (Tu) on the transitional phenomenon in .a
circular duct, i.e. to obtain the values of Rex,cr,l and
Rex,cr,Z as functions of Tu as shown in Fig. 4,15, Then the
effect of Rex opr ON various'aspects of fluid flow and heat
transfer in a circular duct has been predicted. An advantage
of the approach used is that if the effect of some other
parameter on Rex,cr is known, then its effect on fluid flow

and heat transfer in a circular duct can be studied from the

present analytical studies.

5.,1. TURBULENCE INTENSITY

Fig. 4.15 shows the results of turbulence measurements
at the bell-mouth entrance, x=-6". The turbulence intensity
is plotted against Rey for different kinds of screens used:
Since the turbulence at a distance from the screens in the
settling chamber in general can be aosumed_EP become isotropic,

it is decided to use the relation Tu=100x ‘*e /ue as the

turbulence level in .place of the usual more rigorous

definition, Tu=100x ‘stQJ' P VR >//LJ ,
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Fig. 4.5 shows that the turbulence intensity is independenf
of Reynold's number which means that by 1ncrea51ns or
decreasing teeﬂﬁeynold s number, the RMS value of the fluctuating
component (\ﬁP} ) inereases or decreases in the same proportion
as the local mean velocity (ue). Therefore, the ratio Tu(= ucz/ue)

remains iﬁdependent of Reynold's number.

5,2, FRICTION FACTOR AND VELOCITY PROFILE

The experimental resulfs on, frlctlon factor are presented
in Figs. 4.6 to %.11 in the form of curves in which the local
friction factor, f y 1is plotted against the ratio of the
dlstance from the inlet to the tube diameter. The figures
cover a range of turbulence intensity from 1.2 to 6.3 and a
Reynold's number range of about 30,000 to 100,000,

Superimposed on the experimental data are the theoretical
curves of Campbell and Slattery(g) for the laminar flow and -
present analysis for the turbulent boundary layer.

The experimental points show that the friction factor
at first decreases with distance, x, more Or less along the
theoretical curve for laminar region. Then at a certain
distance X=X, 9Lthe experimental results start to deviate
from this theoretlcal curve and instead of decreasing, start
to increase. This is the point at which it is assumed that’

trasition from laminar to turbulent is taken place.

After the friction factor starts increasing from X=X,. 1,
one of the following two phenomena were observed as seen in

Figs. 4.6 to 4.11.
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(i) If the Reynold's number and the turbulence intensity are
relatively high, the friction factor increases above the
theoretical curve for turbulent boundary layer. Then after
reaching a peak value at X=X, o it again starts to
decrease to its fully developed value. Therefore, the point
at wﬁich friction factor starts decreasing from its peak
value is taken to be the point at which turbulent region
begins.

(i1)If the Reynolds number and the turbulence intensity are
relatively low, the frictidﬁ factor seems to increase
gradually to jts fully developed value and become constant
after that. In this case, the point af which it reaches the
fully developed value characterises the beginning of the
turbulent region.

Now, Fig. 3.6 has been drawn purely on a theoretical basis
assuming that the transition fromjlaminar to turbulent takes
place instantaneously at one particular point, i.e. there is no
transition region in bétween laminar and'turbulent regions.

This figure indicates that when transition takes place at a

smaller distance (which is true at high Tu and high Red), the

friction factor does rise to a peak value above its fully

developed value, but when transition takes place at a

comparatively longer distance (whlch is true at low Tu and. low

Red), the friction factor suddenly rises from its minimum

value to the fully developed value and remains constant from
that point on. The curves shown in Fig. 3,6 are based on an
entlrelv hypothetical. case in which there is no transition

region. In actual pracblce, the -transition takes place through
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a finite distance as is obvious from the experimental data

shown in such as Figs. 4.6 to 4.11 and consequently the friction
factor, instead of rising shérply as shown in Fig. 3.6, increases
gradually from its minimum value.

.Having distinguished the two critical points, i.e., one
at which boundary layer changes from laminar to transition and
the other at which it changes from transiticen to turbulent,
the process was repeated for Tu=1.2~ 6.3 and Re,y= 10,000~
100,000. A discussion on the results of these critical
transition lengths is given in the following section. Figs. 4,10
and 4.11 show the effect of Reynold's number on friction factor
distribution for fixed values of Tu equal to 2.0 and 6.3 (which
have been chosen arbitrarily) where the critical transition
points can be clearly observed.

Figs.if.lz and 4.13 show a comparisfklbe?ween the
theoretically predicted and the experimentally determined
velocity profiles. The figures show a falr agreement between
the two velocity profiles for (x/D)'<_(x/D)cr'1 and for
(/D) > (x/D) gy 5+ But for (x/D)gp,q L(¥/D) L(x/Dgr 20 The
predicted velocity profiles do not agree with the experimental

ones, as expected.

5,3, CRITICAL REYNOLD'S NUMBER

A few of the typical results of the two transition '
lengths (lower and upper) are presented in Figs. 4.14 (a) and
(b) which show the effect of Reynold's number, Red, on the

-transition lengths for various different values of Tu. Here,
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Reynold's number based upon axial length is defined as:

_ fu,x X
Rex-—' /U‘j’ . —_ Re_o\<"‘"D"‘)

in a similar way as for external flows.

(5.1)

Fig. 4.14 is then the plot of Rey .. based upon crltlcal
transition length against Rey. It shows that the critical
Reynold's number based qbon critical lenéth is independent
of Red for a given valué 6f Tu. This result is similar to the
one for a flat plate(S). It impliés that if the Reynold's
number based on diameter is high, -transition from laminar to
turbulent occurs closer to the entrance and if it is low,
transition occurs far from the entrance. The figure also shows
that the axial distance at which transition,ﬁccurs is inversely
proportional to Regy. Consequently, Rex,cr as defined by
Eqn.(5.1) is independent of Rej.

Fig. 4.15 shows the effect of turbulence 1nten31ty on the
transitional phenomenon in a circular tube very clearly. It is
observed that, as a general rule, transition occurs.earlier
when the turbulence intensity is high and vice-versa. This is -
explainable by noticing that a high turbulence intensity of the
entering fluid tends to disturb the stability of the laminar
boundary layer to cause it to.change to turbulent earlier. It
is also seen that in the beginning, at low values, turbulence
intensity has a comﬁaratively larger effect in moving the

point of transition upstream than at high turbulence intensity.
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5,4, HYDRODYNAMIC ENTRANCE LENGTHS

Fig. .16 shows the effect of turbulence intensity on the
entry length in a circular duct. It shows that the turbulence
intensity has a significant effect on the entry length.. At
low turbulence intensity,the entrance length is larger at a
given Red. The opposite is also true. The reason is that at
1ow turbulence intensity, transition occurs far from the
enfrance as seen in Fig. 4.15 thch implies that the boundary
layer is laminar for a longer distance. Since a laminar boundary
layer developes much slower than a turbulent boundary layer, it
is obvious that the total distance required for the boundary
layer to develope fully will be long for low:turbulence
intensity and short for high Tu.

As is obvious from Fig. 4.15, at higher Tu, Rey .n is very
small and if Regis also sufficiently high, then the value
(X/D)cr=Rex,cr/Red will be very small. For such a case, the |
laminar inlet region at the beginning of the'entrance can be
neglected or it may be assumed that the boundary layer is
turbulent from the beginning of the entrahpe. This is the
basic assumption of a ma jority of the analytical works available

so far in literature; e.&g. the work of Deissler(j).

d
closer to those obtained by using the assumption that the

As the valhes of Tu and Re increase, the results are

turbulent boundary layer starts at x=0. But Fig. 4.16 indicates

that the error caused by neglecﬁing the laminar éntry region

increases considérably at lower values of Tu and Red.
There is a great aeal of discrepency ameng the experimental

N
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results on the entry length for the flow in a circular duct

by many investigators; e.g. Schllchtlng(l) reports data Dby
Kirsten showing that the entrance length for a circular tube

is about 50 to 100 tube diameters depending on Red. whereas
according to Nikuradse, the fully formed turbulent velocity
profiles exist after an inlet length of 25 to 40 diameters.

The simplified analyses of Deissler(3> aﬁdothers could not
explain the cause of the disagreement between these two typical
results. Instead, Deissler(a) obtained analytically that the
fully developed friction factoré in a'éircular duct are atteined
within less than 10 tube diameters which is very small than the
experimental results of Klrsten and leuradse. The disagreement,
however, may be explained by means of the present study which
shows that the entrance lengths in a circular tube could vary
as much as from about 10 to 250 tube diameters within the range
of Tu studied (or possibly even hiéher, depending on the ranges
of Tu and Red)

In Fig. 4.16, thebpredicted entrance‘lengths are given for
three different cases. One of them 1s the_idealised hypothetical
case when (x/D)cr=O. But the other two values of entrance lengths
are obtained by using the two values of transition lengths,
- (x/D)cr 1,and (x/D) o' The experimental points super-

y1 cr,

imposed in Fig., 4.16 suggest that.usually (x/D)Cr'2 should be
used for predicting the entrance lengths anélytically. using
the. momentum integral method.

Fig. L4.16 also shows the effect of Reynold's number on the

entrance length. It shows that for low values of Reg, the

_entrance length decreases with increasing Reynold's number
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whereas for high Rey, the entrance.length increases with
increasing Reynold's number. The reason is that Rey affects
the entrance length in two ways. First an increase in Reyq by
virtue of Eqn.(5.1) decreases the laminar inlet length near
the entrance which tries to decrease the total entry length.
Secondaly, an increase in Red causes the turbulent boundary
layer éfter the laminar boundary layer to require a longer
distance to develope fully.which-ih other words means that
it tries to increase the entrance length. At low Reg, the
effect of decrease in entrance length with increasing
Reynolds number is predominating whereas at high Reg,the
effect of increase in entrance length with decreasing Reynold's
number is predominating. Therefore, the entrance length, at
first, decreases with Red upto a certain point and then it
starts increasing with Red.

Fig. 4.17 shows that‘the lower the Reynold's number
the more significant 1s the effect of turbulence intensity
on the en<trmnce length and at high Reynold's numbers the

effect of turbulence intensity becomes negligible.

5.5, HEAT TRANSFER

In the ﬁresent study, heat transfer for trubulent
flow through a circular pipe is analysed by using the
integral method to sfudy %he effects of free stream
turbulence, Prandtl number, Reynold's number, and choice
of eddy diffusivity ratio on heat transfer éoefficients

and thermal entrance lengths -under simultaneous developement



-53-

of the boundary layers. first, solutions for a completely
laminar flow amd for a completely turbulent flow are obtained
and then the two solutions are joined at a suitable poinf
depending upon turbulence intensity to study the heat
transfer in turbulent flow preceded by a laminar flow
boundary layer.

Most of the results of heat transfer could not be
compared with experiment or other works because of non-
availability of information in the published literature.

In Fig. 3.9 the results for laminar flow heat transfer
for the case of air, Pr=0.7 obtained from present study
are compared with the exact solutions'of other investigators.
The figure shows that all the methods give more or less the
same results farther down from the entrance. But very
close to the entrance, the integral method predicts Nusselt
numbers which are lower than those predicted by the exact

methods of Manohar (1) and Ulrechson and Schmitz ©0),
The difference may be due to the difference in either

' the velocity profiles or the methods used. Manohar(19)
and Ulrichson and Schmitz(20) used langhaar's velocity
proflles whereas in the present study, the parabolic

velocity profiles of Campbell and Slattery(9) were used,

Fig. 3.10 shows the effects of Prandtl number on

laminar flow heat transfer in the entrance region. It is
seen that as » the Prandtl number increases, its effect
becomes less in the developing region of the duct. The

reason is that at higher Prandtl number, the hydrodynamic
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boundary layer developes much faster than the thermal boundary
layer. In this case, therefore, the distance required by fhe_
hydrodynamic boundary layer.to develop .fully may be neglected
in comparison to that required by the thermal boundary layer
to do so« '

The predicted temperature prefiles in the developing
region are shown in Fig. 3.11 for_differént Prandtl number
fluids and at various values of S/%b. Fig. 3.12 shows the
effect of the laminar boundary layer preceding the turbulent
boundary layer on Nusselt number distribution. When the flow
is assumed to be turbulent from the beginning of the entrance,
the Nusselt number decreases gradually with distance x.
However, for a turbulent flow preceded by a laminar boundary
layer, the Nusselt number first decreases with distance x till
it reaches tpe first critical transition point. Then there
should be a gradual rise in Nusselt number followed by a
gradual dropping down to the fully developed value as in the
case of friction factor. Fig. 3.12 is drawn at a fixed value
of turbulence intensity. But for a comparison there are two
different curves in this figure for two different values of
i.e. Re and Re

Re obtained from experimental

x,cr’ X,cr,1 X4Cr,2

studies. In actual practice, the Nusselt number 1s expected
to follow the smooth trend shown by broken line in Fig. 3.12.
'Fig. 3.13 to 3,16 show the effect of various parameters
on the Nusselt number distribution.in turbulent flow preceded
by a laminar boundary layer. These figures are based on the
smooth trend in the region bgtwégn (x/D)Cr'l.and (X/D)cr,z'

In Pigs. 3.13 to 3.15, the ratio of eddy diffusivities was
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assumed to be unity. Thefreason was that the choice of o does
not have a major effect on Nusselt number as shown in Fig. 3.16.

The effect of turbulence intensity on the predicted
thermal entrance lengths is shown in Fig. 3.17 which shows
that the thermal entrance length is a strong function of the
turbulence intensity, specially at low Reynold's number as was
the case for nydrodynamic entrance length (Fig. 4.17). For
high Reynold's number flows, the transition length is so
small that the assumption of turbulent boundary layer from the
beginning of the entrance does not lead to an appreciable
error. Fig. 3.18 éhows the effect of Prandtl number. Prandtl
number seems to have little influence on the thermal entry
length within the range of Prandtl number.studied. Moreover,
the effect of Prandtl number becomes less significant as tﬁe
Reynold's number increases.

Reynold's number influences the entry le%gth in a
different way. Like the hydrodynamic entry length, the thermal
entrance length also decreases with Reynold's number upto a
‘certain point, after which it increases with Reynold's number.
The reason is the same as discussed in Sec. 5.4 in connection

with the hydrodynamic entrance length.
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CHAPTER VI

CONCLUSIONS

The following conclusions were drawn from both the

anélytical and experimental studies of the turbulent flow

and heat transfer in a circular duct under simultaneous

developement of boundary layers.

(1)

(2)

(3)

(&)

Turbulence intensity of the entering fluid measured just
upstream of the entrance (x=-6") of the duct and defined
as Tﬁ:JaﬁyuéxIOO is not a function of the flow Reynold's
number.

Free stream turbulence intensity varies with the mesh

size and number of damping.screen. No correlation of -
these effects was fruitful.

Transition Reynold's numbers, Rex,cr,l and Rex,cr.Z are
independent of the Reynold's number, Red, for a given
value of Tu. But they are sfrongly dependent on the free
stream turbulence intensity of the entering fluid.

The overall phenomena of turbulent flow and heat transfer
in a duct are, in general, affected very much by the free
stream turbulence intensity. From this, it can also be
concluded that the simple analyses of Deissler(B)'ahd
other invesfigators which used the assumption of turbulent
boundary layer from the beginning of the entrance could
sometimes lead to altogether inaccurate”resulté, especially
when the turbulence intensity and the Reynold's number are

low where these effects are more pronounced
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(5) The usefulness of the integral method for fluid flow
and heat transfer in a circular duct is demonstrated.
(6) Finally, from this study, some anomaly in the published

results in the entrance region of a pipe can be partially

explained.
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Table 1 Predicted Hydrodynamic Entrance Lengths for Flow
Through a Straight Circular Duct

Rey, or, 2| 2+ 5x108] 1.4x106| 8.4x10° 4.2x105{3.1x10% 2,7x10°] ©
] g 0.5 1.2 | 2.0 3.0 4.8 6.3
e
10% 250 | 143 sb.0 | 51.9 1 30.7 | 26.5 |10.0
2x10% 125 | 76.5 | s2.0 | 20.9 | 15.3 | 1.4 [10.8
3x10" 83.3 | up.7 | 28.0 | 14.9 | 143 | 1ko0 [11.2
bio® L 63.0 | 35.7 | 21.0 | 14.6 | 140 1 13.9 |11.6
5x10% 50.0 | 28.6 | 16.8 | 1.4 | b0 | 13.8 [11.8
6x10™ g 2,0 | 23.8 15.4 14.3 13.9 13.7 {12.1
ox1o® | 36.0 | 20.4 | 15.3 | 14.3 | 1.0 | 13.8 }12.3
8x10" L 31.3 | 17.9 15.3 | 143 14.0 13.8 |12.5
ox1o® | 28.0 | 15.9 | 15.3 | 1.3 | 1.0 | 13.8 [12.6
105 1 25.0 | 15.6 | 15.2 | 14.3 14,1 | 13.9 {12.7
2x107 16.2 | 15.6 | 15.1 | 4.6 | b4 | 1k3 1137
3%10° 16.1 | 15.6 | 15.3 | 4.9 | 148 | 147 1143
| ux10” 16.2 | 15.6 | 15.5 | 15.2 | 15.1 | 1.9 [ 147
5%107 16.3 | 15.79 | 15.7 | 15.5 | 15.4 | 15.1 }15.0
6x10° 16.3 | 16.0 15.8 15.7 | 15.5 15.3 1 15.3
§x105' ' 16.4 | 16.2 16.0 1 15.8 | 15.7 15.5 { 15.5
8x10° 6.5 | 16,3 | 16.2 | 16,0 | 15.8 | 15.7 | 15.7
9x105 16.6 | 16.5 16.4 16.2 % 16.0 15.9 1§ 15.9
10° 6.7 | 16.6 | 16.5 | 16.3 @ 16,2 | 16.1 16.1
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Table 2(a) Entrance Lengths Under Simultaneous

Developement in a Circular Duct

Pr =0.,7

Rey op,2 | ¥43x10° 4.19x103 2.65%107 0
> 1.2 3,0 | 6.3
Rey .
10,000 143 9.1 34,9 12.2
30,000 59.3 27.3 22,5 14.9
50,000 42,8 ’ '23.6 20.8 16.3
80,000 34.0 © 22,0 20.2 17.6
100,000 31.2 21.6 20.2° 18.2
200,000 26.5 21. 4 20.7 19.7
300,000 25.3 21.7 " 21.0 20,4
500,000 24,2 22.8 22,0 21.6
1,000,000 25.3 24,9 24,7 23.8
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Table 2(b) Entrance Lengths Under Simultaneous

Developement in a Circular Duct

Tu =3.0

Pr 0.1 0.7 5.0
Red

10,000 41.9 49,1 52.1
30,000 22.3 27.3 27.8
50,000 20.3 23,6 23.6
80,000 20.0 22,0 | 21.6
100,000 20.1 21.6 21.1
200,000 20.7 21.4 | 20.6
300,000 21.2 | 21.7 20.8
500,000 22.3 22.8 21.3
1,000,000 | 24.8 24,9 | 24.0
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Table 3 Dimensions of Screens

Mesh/in. M (inch)| & (inch) /s
0.0100 along| 0.005 along. 2.00 along
100x90 ‘
100 mesh, 100 mesh, 100 mesh,
0.0111 along| 0.006 along | 1.85 along
90 mesh 90 mesh 90 mesh
16x16 0.0625 0.023 2.72
Lxl 0.2500 0.063 3.97
2x2 0.5000 0.120 L,17
8x8 0.1250 0.025 5.00

M

=distance between wire centres

=wire diameter
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0.01 -
//r~~" Turbulent Flow (Rei,cr=0)
Turbulent Flow Preceded with
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 Fig. 3.6 Predicted Friction Factor for Turbulent Flow

. Preceded by Laminar Boundary lLayer
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Fig. 3.7. Idealised Model, Thermal Boundary lLayer
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(gead Rex}cr.Red.Pr

&) cpmiex,er

Reg CALL SUBROUTINE
Calculate Temperature
Profile :
CALL SUBROUTINE ¢ _
Calculate Nux.fx
€18y Tor Calculate
Laminar Flow (x/D)
X T

CALIL. SUBROUTINE
Calculate Velocity
Profile

Calculate
\ ) I\‘ux

Calculate (X/D)X,M’ £,

|

Assume St e

5 \,

L—f\’n’rite X/D‘, Nux. fx: S+v 6:)

\

Fig. 3.8 Siﬁplifigd Flow Diagram of Computational Procedure
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Nu

] 1 ?~ s o
‘; . ’ — o =1 v
. ; —e—-_— Park's modified
5l | ; | (Eqn. 3.47) |
_____ Mizushina et al
(Egqn. 3.45) |
2
102
X
5
Tu =3.0
Pr =Ot7
2 |} | - Reg=80,000
10 - e -
0.5 1 _ 2 5 10 20 Lo

x/D
Fig. 3:16 Nusselt Number in the Entrance Region of a Duct

(Effect of Ratio of Eddy Diffusivities)
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T T
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o~ 1.2 -

60}. )
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L0
O Deissler(?)

30

X
g,

20

10

10%

Fig. 3.1 7 Entrance Lengths Under Simultaneous Developement

(Effect of Tu)
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Fig. 3.18 Entrance Lengths Under Simultancous Developement

(Effect of Pr)
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Fig. 4.2 Hot-wire Anemometiry System
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APFENDIX

TRANSITICON FROM L! mLRAR TO0 TURBULENT

Transition .in developed flow from laminar to turbulent
is of fundamental importance for the whole science of fiuid
dynamlcs. For this reason, many experiments hzve been
performed in the past to establish}a-definite criterion for
dec ng whether the developed flow ig laminar or turbulent
for a given set of conditions.

0. h@yuold°(35) wzs the first to investig éte in detail

the ecircumstances of the transition from lamin:z

Q
’J
ot
...:}-
o
Y

He discovered with the help of his classical dy® superiment

the law of similarity which now bears his name and vhich

[_J

states that transition from laminar To turbulent alweys
occurs at nearly the same Reynolds Number, Reg. The numerical

value at which transition occurs was established as beilng

o

approximately Re; =2300, i.e. flows for which Reg<Reg o
DY , .

are supposed to be laminar and those for which Rect?Rcd,cr te
be turbulent.

The numerical value cf the critical Reynolds number
depends very strongly on the conditions which prevail in the
entering fluid and in the initial pive length. Reyholds
théught that Regy,cr increases as the dJsturbaﬂces in the

flow hefore the pipe are decreased. This fact was confirmed

: o amy
exnerimentally by Barnes anc Coner 36) and later by Schill 1er (37)

who obtained the numerical Vv value ol Reg oy upto 20G000.
. N . A . .:‘ 1 ,- -y, [T 1, R - PN ot
Ekman(ﬁﬁi suecocOed In mElnTaIYANg laminary flow Upto REs o o1
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40,000 by providing an inlét which was. made exceptionally
free from disturbancés. Tne maximum value of Reg, ey which
can occur in practice by taking extreme care to free the
inlet from disturbances is not known at present. There exists,
hqwevep,‘as demonstrgted by numerous experiments, a lower
bound for Red,cr which is approximately 2000, Below this
value, even the turbulent flow will become laminar; a
phenomenon which is known as 'Taminarisation'.

More recent investigations of the process of trahsition,

say for example Rotta(Bg), reveal that in a certain range of

Reynolds number around Reg ors the flow zlternates in time
between being laminar or turbulent. Tﬁis region can be termed
aé the transition region in which the flow is neither laminar
nox tufbulent.

A quantitative analysis of the above mentioned discre-
pencies in the numerical value of Reg,cr obtained Dy different
investigafors is not available in the published literature.
However, with the help of the present experimental study, the
effect of turbulence intensity of the entering fivid on Red,cr
can be obtained by applyirg a simple reasoning as described
below.

When the boundary layer is developing in & duct where

gt

the conditions are such that the flow changesz 1o turbulent av

an axial location downstream of the entrance where ﬁeszei(x/D

\

~——

exceeds a certain value Rex,crf then if the boyndary lazyer
becomes fully developed before this value of Re. is reachad,

w,Cr

: ; 3 mmame turTiient and LT 3 10
the flow in a duct will never become turculsnt and v will
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remain laminar everywhere. This fact lezads to the calculation
of Red ey below which the flow Wlll remain laminar throughout
for a fixed value of Reyx cr:

Tn the available literature on' entrance length for
laminar flow through a circular tube, the results of different
investigators vary from about 0.03Reqy to about 0.07Rey tube
diametersguo). Therefore, for the present purpose, an average
of O.OSRed diametere can be used as the entrance length for

laminar flow through a circular tube. Therefore,

= — : (A-1)
. K > \d - 0.0 5 Red
Also from the definition o£ Rex,cr’ we have:
(3., = Rex,er (A-2)
oy - R‘?.d ‘

For the flow to be laminar everywhere. (x/D)d should be

less than or equal to (x/D)Cr; or in the limiting case:

(%'d - (%\cr_

Therefore, Eans. (A-1) and (A-2) give:

) R - Rex,er
0O-05 CC\’(.(- - —é-g;-‘;:

where Reg op Nas been used for Rey, because only the limiting
- ?

case is being considered. From this one easily obtains:

Rt’d cY = \j i-x..u(‘ (R':—)

Egﬂ. (A-3) is the’ governing equation which can be used

to transform Rex’cr4into Req, er and since Rey oy depends on
T (Fig. 4.15), it is ebvious that Reg oy will also depend
on Tu. |

Now in Eqn. {(A-3), if Rey, er,1 is used for Rey .y
Reg. cr,1 is obtained such that for flows with Re d<:Re(1 er, 1o
the flow will always be laminar, whereas 1f Rey op 2 is used:

A

Sl is obtained s that the dsveloped
for Rey coyps then Reg oy, 2 is obtained such that the o velope
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flow will a}wayé be turbulent for Reg™ Rey oy 2+ For flows
. with Reg cr,1<Rey<Reyg oy 2» however,.fhe flow is in the
| transition region and can be considered neither laminar nor
turbulent. This.is probably the range in which Rotta (39)
suggested that.the flow alternates in time between being
laminar or turbulent.

The results are all summarised in Fig. (A-1) and it can
be seen that the values of Rey .. ; and Reg op,2 are strongly

affected by the order of Tu,
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