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) ABSTRACT

In this study, the asymmetric thbulent §Luid 5£quj and heat
tnanaéen induced by Aquane-nib noughness elements 4in ﬁana££e£
 plates ane anaﬂgt&caﬁﬂg Atudied in an attempt Zo Lnueét&gata the
' resultant effect of aﬂi&é&c&aﬂ &OughneAA on the heat. transfer and
5&&c£&0n 5onceb '

- In the analysis, the 6£u¢d pnope&tLeA were assumed to be
conbtdnz. The U'Ltegna,ﬂ method together with a furbulence model
based on modified Prandtl's mixing £engtﬁ theory for the rough
Aun{age was wsed to determine the ueﬁocitg distribution and griction.
The Hwo velocity progiles in the p@obgem were matehed using an
_empinical connelation. The temperature diAihibuzioﬁ is then

predicted and heat transfer coefficients are caicuﬂated —

The nuu,w oﬁ the veﬁocuﬁy pro 54,?.@5 and §iiction factorns are
in good agreement with the avaitable experimental results. The' heat
thans fen increases monclihan the fruction éonceé‘ﬁom a certain hange
of Reynofd — numbens,-and Prandtl numbers for a géven noughness
structure. '

Genenaﬁﬂj the nesults show Lhe strong effect of asymmetry on
engineerning parametens. sz,thmone it is the noughness zst/mc,twne'
ummumnw@MMQMWM%nduwQM@MaémdMWMMé

‘density) which influences the natune of asymmetry and heat transfer.
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CHAPTER I

[ ) ~

INTRODUCT ION

Asymmetric turbulent flows, are encountered in many practical situations
where eﬁginegring requirements impose dissimilar boundary conditions such
as in heat exchangers with enhanced heat fransfer surfaces. Surfaces which
are sufficient]y rough will have increased Heat transfer coefficients
because the turbulence set up in the wakes of each roughness element will
penetrate into the laminar sublayer. Therefore, it is generally expected

that the effect would be greater for fluid flow with a higher Prandtl

nqmber.

In these fluid flows the form loss is dominant, and as for the

;complgtely rough region in duct flows with relatively coarse and tightly

spaced roughness e]emgnts, the friction coefficient is shown to be inde-

pendent of the Reynolds number [1]. \

Although the heat transfer coefficients increase with Reynolds number,
the heat transfer per unit pumping power expended may not:be improved by
the roughened heat transfer surfaces. (Certain roughness elements may,
hbwever, be used advantageously from the heat transfer point of view, but
the éna]ytica] predictions in the literature are very 1imifed |2].

There are many possible shapes of heat transfer surfaces to which
roughening may be Epp1ied. Theré';re also many different shapes and sizes
of roughness, so that the experimental investigation of combinations of

heat transfer surface geometry and roughness is apt to become unwieldy.



One approach is to investigate the effect of roughness. on one shape of

system, and then to investigate, separately, the effect of shape, using

smooth surface.

“In this study, a semi-analytical investigation of the effect of a

particular type of artificial roughness element on heat transfer in

asymmetric conditions is presented.

The main research objectives were set as follows:

1.

To correlate the locations of maximum velocity and zero

shear stress, as a function of rouéhness structure and
Rey&o]ds number.

To predict the friction‘forceg and veiocity profiles across
the channel fiow and compare them with the experimental measure-
ments [3].

To predict the local heat transfer charaterfsticé and thermal
entrance length for turbulent fluid flow, fu}1y developed
velocity profile, and uniform heat flux at the rough surface.
The resultant gffect of additional roughness is found from a
comparison of roygh and smooth surfaces with'respect to the
heat transfer increase relative to the increase of drag forces.
This relation is expressed in terms of the ﬁoh—dimensiona]
parameter, F/H

fr/fs

Nur/NuS

where F/H = (
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CHAPTER 11

LITERATURE SURVEY

Until recently, the studies of flow and heat transfer in noncircular
and circular ducts have been’ primarily concerned with three groups of
vaem._

The ffrst gr;up dealt with the development of the velocity profile in
the entrance>éégion of a duct with no heat transfer. As the fluid moves
down the duct, a boundary Tayer begins forming at the entrance and grows
on the wall surface due to the fact that the fluid immediately adjacent
to the wall has a velocity of zgro. -

AThe second gfoup was concefned with flow in which the velocity
profile of the fluid is already fully developed but enters a section of
duct having a ﬁa]] temperature different from the temperature of the
entering fluid. This is the problem of a purely thermal entrance region.

The third group was concerned with the so-cailed fully developed
problems in which the heat transfer and friction parameters do not change
along the length of the duct. This is mainly to study the nature of tur-
bulent flow and heat transfer under the fﬁ11y developed condition.

Some attention has béen given to the effect of the surface roughness
on the transport of momentum and heat. In the literature, it seems that
very few dealt Q;;R the resultant effect of roughness on the heat transfer

and drag forces.
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2.1, FULLY ‘DEVELOPED TURBULENT FLUID FLOMW

As a fluid flows through a constant cross-sectional duct, its velocity
profile undergoes a change from its initial entrance form to that of a
fully developed profile at an axial location far downstream from the
entrance. The fully developed flow cases, both 1amina515hd turbulent,
have been the subject of many analytical and experimental studies mainly
because of their greater simplicity and wider’engineering applications.

One of the mos£ rigorous studies of turbulent flow in a circular pipe
was carried out by Deissler [4]. An investigation by Laufer [5] covers
the structure of turbulent pipe ffgw quite thoroughly. Cremers and Eckert
[6] measured the turbulence correlations with hot-wire anemometer in a
triangular duct, and recently Clark [7] used the hot-wire anemometer to
study the turbulent boundary layers.

The problems of fully developed turbulent flow in concentric anﬁglys
~ have been studied experimentally and analytically by Barrow (8], Lee and
Barrow [9], Brighton and Jones [10], Rothfus [11], Levy [12]; and Quarmby N3l.

A small amount of work has been done on the determination of velocity
profiles in the boﬁndary layer for air, flowing dver rough p]atés. Van
der Heggezijnen [14], studied velocity profiles on a plate having small
quadrilateral pyramids on its surface. The projgctions on the surface were
described as quadrilateral pyramids arranged in vertical and horizontal
rows. Velocity profilies were determined at différgnt distances from leading
edge. Van Der Heggezijnen jnvestigated the possibility that the velocity

in the boundary layer could be represented by the formula,



' u=y" . S | (2.1)

_Hansen [15] also made a‘study of the velocity profiles over rofigh plates

and determined the value of the exponent n. He reported thatjfor plates
having a wavy sﬁrface the value of n  varied from 0.189 to 0/194, in-
creasing s]igh@]y as the velocity of the main stream increased.

Soﬁéfgizg;pts have been made to set up modé]s of turbulent exchange
of flows over rough and'smooth surfaces. Allan [[6] proposed a descrip-
tion of the distribUfioq of the ﬁean-ve]ocity in th-dimensionai or axi-
symmetric turbulent flow which inc]ﬁded the effects of pressure gradients
and of the surface roughness. Allan's expression for the disfribution of
mean velocity is given by

+

u = 2.5 2n y+ + 5.1+ Kf. +cs (2.2)

where: K: pressure gradient

fC: pressure gradient function

. c: value of the surface roughness function for just’ ~—

fully turbulent flow
B: -rouéhness function.

Allan and Sharma [17] used experimental data for two-dimensional, low
speed, tgrbu]ent boundary layer to verify the description of the mean-
ve1;%%ty distributions.proposed by Allan [16]. They concluded that the
effects of pressure gradient and of surface roughness on the mean-velocity
distribution in the turbulent boundary layer can be treated independently.
Allan's velocity distribution (16] , accurately represents the experimental
velocity profiles in flows over both smooth and rough surfaces at constant

pressure and in diffusion up to near separating conditions.



' 2.1.1 Drag forces

| ~ Drag forces on surfaces having very small roughness such as
painted metal p]atés as well as smooth plates covered with single
protuberances, such as rivet heads, welded seams, joints, etc., were

measured by Grunow [18]. Additional comprehensive data on roughness

.
D

‘OCCUTPing in shipbuilding can also be found in several papérs by

’

Kempf [19].

The effect of the artificial roughness on-the frinctional pro-
perties of annuli shape have been studied by Wilkie [20] for various
inner surfaces roughened by Fransverse square and rectangular ribs.
Rib heights varied from O.I%Kto 1.6% 6f the equivalent diameter and
pitch to height ratio from 2.5 to 50. Hg,conc]uded that, increasing
rib width at constant P/e and /D feducéé; f. Also slight cham- )
fering of very sharp ribs reduces, f, by between 6% and 8%. However,

further chamfering or rounding has no effect.

‘2.1.2 Roughness function

A critical review was presented by Lewis [21] of the methods
uéed to evaluate the thermohydraulic performance of rough surfaces.
In this study, the fundamental importance of the roughness function
is verified and optimization is discussed. Also, Halls [2], trans-
formation, which is used to relate measurements in annuli to circular
tube of rad—Sund]e flows, ié re-examined.

Musker and Lewkowicz [22] proposed an integral method for prédict-

ing the development of two-dimensional turbulent Soundary layers,

which can include the effect of surface roughness. The method based



“on the energy integral equation fS‘fouﬁd to give gopd aé}eement
with experimental measurement for both smooth’ and rough surfaces,'
in an arbitrary pressure distribution. Tﬁis method is used to
investigate the effect of surface roughness dﬁ the'separation of

" a two-dimensional turbulent boundary layer developing over a flat
plate with an external pressure distribution. ‘

For_the case of non-circular ducts, no measurement on eddy
diffusivity distribution and turbulence could be found in the pub-

1ished works.

2.2 A§YMMETRIC HEAT TRANSFER IN THERMAL ENTRANCE REGION

It is we11-known fact that‘thermal entrance effects are always present
when a fluid flowing adiabatically into a duct enters a region having a
wai]liemperature different'ffom that of the fluid. On entering the heated
section, a new temperature distribution will be set up within the fluid;
this may take various forms depending upon the heat flux boundary conditions
and past history of the fluid. At the cross-section where heating commences,-
the temperature gradient in the fluid near the wall is theoretically
infinite and decreases in the direction of fluid flow until a constant
value is reached if constan; fluid properties are assumed.

The thermal entrance region has been defined, either as that distance
required for the local heat transfer coefficient to approach that of the
fully developed value or, as the distance from the entrance to the'cross-
section where the non-dimensionalized temperature prgfi]e becomes indepen-
dent of the flow direction. Since the velocity profile of the fluid

entering a heat transfer passage is already fully developed, it is often



-

&
called a "purely thermal entrance Pegioﬁ“ to distinéuish it from a
s*ﬁu]taneous]y developing fluid flow in entrance region.

‘ Some of the theoretieal and experimental studies on turbu]ent-fiuid
flow and heat transfer of, the entrance region of a circular tube can be
found in the works cited in References 23 to 26. - ‘For the purg]y thermal
entrance region prob]em_in the entrance régions of conceﬁtric annuli,
the available pertinent analytical stuqﬁés'are those of Lee [2}],.Kays
and Leung [24], Guarmby and Anand [25], and Chen and Yu [26]. Some
results of experimental works on the thermal entrance region heat transfer
in annuli are';eported by Farman and Beckmann [27]. |

Lee [23] studied the problems of thermal boundary-layer growth and
peat transfer, for hydfodynamfca]]y fully developed furbu]ent fiow in‘ |
concentric annuli, by means of the momentum and heat transfer integral

)

equations, along with a modified univefgal velocity profile. The investi—'

gation was condﬁcted'for a range of radius ratios from 1.01 to 5, Prandt]

‘number from 0.01 to 30 and a'Reynolds number range of from 10,000 to 200,000.

The results indicate that, for the range of parameter stué?ed,'the-heat
transfer coefficient attains the.fu11y developed value in:1ess than thirty
equivalent diameters. Also, the thermal entrance length is modératé]y
dependent upon radius ratio, Reynolds number and Prandtl number.

Quarmby and Anand [25] have studied the problem of thermal entrance

temperature while the other is insulatéd or there js=uniform heat flux at‘

region with two boundar‘ygon'ditions,i.e. , either t?ne wall has a constant
one annular surface. For both of the sublayers, the momentum eddy diffu-
sivity was evaluated from Deissler's expression [4]. However, for the

core region of the outside sublayers, they used the modified edﬂy



diffusivity of Reichardt [28] which waé,used by Kays and Leung [24]. The
eddy diffusivity of heat, Eys Was obtained from, EM through the Jenkin's
expression of the ratio [29] the solution was given for four different

Y

rad1us ratios with Reynolds numbers from 20 000 to 40 ,000 and for

A4

= 0.07 and 1000.

The nature of turbulent flow and heat transfer under fully HeveTopéd
conditions has been studied extensively by many investigators dve}”the last .
three decades. Turbulent heat transfer in smooth circular tubes with

variable fluid properties was studied by Deissler [30] Corcoran et al.

[31] measured experimental values of temperature and velocity grad1ents for
the flow between parallel plates. Lawn (32] and Grown [70] reported the
studies of fully developed turbulent heat transfer in pipe f]ow

The effects of various factors on the turbulent heat transfer and
friction in the entrance regions of smooth passages were investiggted ana-
lytically by Deissler (33]. He used integral heat transfer and momentum
equations for calculating the thickness, of the thermal and Qeibcity boundary
layers. The inf]uencé of Reynolds number, Prandtl number, initial velocity .
distribution, wall-boundary conditions, and of variable fluid propérties
were studied. -His resqlts indicate that approximately fully deveiOped heat
transfer ‘and friction are, 'in general, attained in an entrance length Tess
than 10 diameters. The effect of initial velocity distribution on-heat
%ransfer in the entrance region was that the value of (Nux/Nud) for a uni-
“form initial velocity distribution were higher than those for a fully
developed velocity distribution. This result might be expected because of

higher friction in the case of uniform initial velocity profile,



/
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2.2.1 Effect of Roughness on the Ratio of Pressure Drop and Heat
Transfeér Rate

T\e . le played by a rough surface in fluid mechanics and heat

L

transfer hhs been of interest for a long time. This interest has been
for practikal :;asons because of thé increage in friction and heat

transfer.f te associéted_with rough surface. One variable of interest
‘with roughpess is obviously the ratio of rogghness height, e, to tube
‘diameter. Edwards and Sheriff [34] have notéd that, to be effective,

a roughngss element must penetrate the Taminar sublayer (y+ = 5},

that there is no increase in the heat transfer for greater heights,

but the friction factor continues to increase. Kaul and Von Kiss [35]

suyface roughened. -
Experimental data for rough pipe have.been obtained by Nunner [36].
The rough pipes he used have higher friction factors.and heat transfef

coefficients than the smodth tubes. Nunner correlated these data

with respect to the smooth pipes and he suggested the following

equation
Nu f 0.5
smooth smooth

However, this type of roughness does not appear to be well enough

defined or reproddcib]e to permit application of these data in design.
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Kolar [37] has achieved a correlation:of roughness effects on

" heat transfer using the_shear velocity u* in the Reynolds numb@r.
‘Kolar used 60° triangular r'oug-hness elements and correlated the data

by

. | o
:—“0_4 - 0.102 Rep T4 _ (2.4)
]

where Ret Turbu1ent'Reyno1ds number given by u+D/u
D  Volumetric diameter deffned by D ='J 4 vol./mL

A second method of correlat'io_ﬁ"for artificial roughnessi has been .
sgggested by Dipprey and Sabersky [38}. This correlation is based on

a "heat transfer si‘mi]arity law". The experiments were run with water
in a tube roughened by a granular ma'terial giving three-dimensional

roughness. Dipprey and Sabersky correlate their data in the fully

rough region by

T L0.44

[8.48 + (2.5)

R e
where e Re\/ f/2 eS/D 7
>Q D diameter which is defined as D :J 4 vol./wL
_ eS/D represents equivalent sand grain roughness.

It is apparent from the above review of studies that, the crucial
question of having roughness.kwiﬂ improve the heat transfer per unit

pumping power expended or not, still unknown.



CHAPTER III
ANALYTICAL STUDIES

3.1 BASIC EQUATIONS
quier—Stokeé equations for censervation of mass and momentum of an

incompressible fluid flow with constant viscosity could be expressed in

the following form: [1] . /
[ 4

BU,  8u . du.c duy 9P,
ol st Uax TVt W ) ax T WU Fy (3.1)

J .
BV, LB, v BV 3P, o '
pl T 3 + oy 5y t W ) 2y + vy + Fy R (3.2)
p(-a-"_q.+uﬂv_+v‘a_w+wa_w.)=—g—§'+uvzw+Fz (3-3)

at x ay Y

- '

If properties such as specific he%t, cp, and thermal conductivity, k,
can be assumed to be independent of temperature, the corresponding energy
equation_hés the following form: |

o DD, | - o
PCpE " KV T gr+a + . (3.4)

where ¢ represents thp dissipation function given by

¢:z'{(%>2+<g—;>2+<g—‘;>%+<g—;+§—;
R e R N 1 i
and |
VZ:%Z*%Z'*%Z:
oT "

ot is the substantial derivative of T, and q' is heat generation.

- 12 -



still app11cab]e if instantaneous values:for-the velocity, pressure, and

temperature are used.

U, BV, W _

- 13 -

el

The continuity equation for incompressible steady flow is:

X 3y 3z 0

2

(3.5)

Even though flow is turbu]ent the momentum and energy equations are

Since the f]uctuations are rafidom and chaotic, it

is.evident that the solution of the equations for tugagb t flow is far

beyond our present capabilities.

Reyno]ds‘@ﬁi modified the momentum equation by introducing the mean

A

fluctuating values of the flow quantities in place of the ih%fontaneous

values.

component and f]uctu§t1ng velocity in the same direction,

e

"Since the instantaneous velocity component is the sum of the mean

the transformation

of the above Navier-Stoke equation due to Reynolds B3d can be obtained by

introducing

U, =u+u'y, v. = v+ v, w,

= + i
1 1 1 W W

'\
Now, Reynolds equo§¥onoior incompressible steady flow in a straight

and P; =

p+p'

duct of uniform cross-section neglecting body forces has the following form:

-~

u ., ,8u, L 8uy_ 3P 2

plu ax * Vay TV ) =- ax + WY v

_ g T2 3_ g + 8 -’Jfl
[ 55 (pu™2) + 5 (pu'v') =5 (eu\y')]
v v v 3P )

o(u ax  Vay T YWz ) y TRVEY

L U - 2 (v s & (i)

ax 3y
W aw aw 3P )
Py ZZ w2y =_ 9",

plu 3% Vay t¥az) 3z TR VM

- L5z Guw) + & vy« & (o))

(3.6)

{3.7)

(3.8)
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The corresponding energy equation in turbulent flow is:-

T T AT _ o2 ' )
Sy + ¥ 2y + oW a7 k v= T
R & T Bl o L+. : .
- { X U1t 5y ¥ T + T T') ' (3.9)

In the above'equations, the three normal stresses, -;ETE, —;;Ta, and

- ;;TE and the three shear stresses, -5UTV', —AVWE' and -pu'w' are
called the Reynolds stresses or eddy stresses. The problem under cpnsidera—
tion, is that of developing steady, incompressible, constant cfoss-sectiona]
duct flow. Therefore, all of the derivatives with respect to time, t, and
the body forée are neglected.

¢ In tfe absence of secondary flow Eq.(3.6)-is sufficient to determine
the axial velocity distribution. In most situations, axial thermal con-

duction, and eddy diffusion are either zero or negligibly small, and the

2 —
terms %;; - %; u'T' can be ighored. For further simplification of Eq.

{3.6) the boundary layer approximation introduced by Prandtl [ad is applied
so that terms 22y d QEE?
axZ ax

Noy& for two dimensional axisymmetric flow the appropriate equation of

are also ignored.

momentﬂm is:

Q2
ad
5

-g—y(ﬂ') U (3.10)
T )

and the equation of energy is:

T T 2%
ax Y gy k ay2

_g_y(ﬁ') / , | (3.11)

u
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In Eq. (3.11) the last term represents the turbulent heat convection
and it is analogous to the Reynolds stress. Using the concept of the eddy
diffusivity, e, the turbulencé terms in the momentum equation - v'u' and
in the energy equation - VI are often expressed as eM(au/ay), and
eH(aT/ay) respectively. However, the eddy diffusivity is not a fluid

property because it is a function of position and flow conditions [1].

Now with
T — au
- u'v EM( 5y )
and,
T _al
- v'T EH(B_Y)

equations (3.10} and (3.11) yield

au, 3u, 1 3P _3 au |
Uax " Vay T o ax ay[(“ * ey ay] (3.12)
and
T o T | '
) oT _ " aT
u _87(' + oV 3y 2y [(k + EH) 3y ] . - (3.]3)

Corresponding equations for cylindrical coordinates are:

3u su _ 1 3P 13 au N )
Ukt Var foax T oar U0t ey 5r) (3.74)
and,
| oT , a7 12 oT
Uax " Var T Toar [r{k EH) o {3.15)

2
In the present study, we are concerned with the determination of the

fu11y'deve1oped velocity profile and temperature profile in the developing

region of a partially roughened rectangular duct.
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In the calculation of fluid frictions, entrance 1en§th, and heat
transfer, the velocity distribution must be determined from the momentum
equation and used in the energy equaticn to solve the temperature profiles

for the specified boundary conditions.

3.2 PHYSICAL MODEL

Depending updn the type of rcughness on fhe rough wall, .the local
flow mechanism in the vicinity of that wall may not fully satisfy fhe
boundary layer aﬁproximations Large scale roughness may cause flow re-
circulation in the wake QSne of the roughnéss elements, where some oﬁ//he
neg]ected terms in the momentum equations become important.

| In the present study, asymmetr1c f]ow was introduced in a yectangular
duct of large aspect ratios by roughening cne of the wider s1dé; with square
ribs of different pitches.

The momentum integral equation was broken into smooth and rough side
equations and to take care of the above mentioned cbmp]ication, the para-
meter Zor was introduced in the réugh side eduation. This will be further
mentioned in section 3.3.2 whére the velocity fields to be used in the
presené'analysis are discussed. “—

The assumptions selected for the present study are as follows:

(1) The flow is steady, and turbulent at all points along-

the ducts,
v {2) the flow is of an incompressible Newtonian fluid, and the
fluid properties are constant,

(3) the temperature profiles are uniform across the entrance

section, where the thermal boundary layer thickness is zero

at the entrance,
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(4) flow outside the boundary layer is potenial flow,

(5) the rough wall is heated and the smooth one is insulated,
{(6) The usual boundary layer conceptions [1,41]

3y __du a3V v N\

Pl di e B N\

3y 3X 7 ax ooy

P _ dP 3P

ax  dx 73y ~ 0 and

£>>-§I : N

ay IX

~

will be applied and also, it is assumed that the viscous
dissipation and work of compression are negligible compared

with heat conduction.

[t must be pointed out that the point of zero shear stress is not

~—> necessarily coincident with the zego positions of viscous or turbulent

shear stresses, nor with the position of maximum velocity. That was

explained by Lee [9.42, and further discussed in section 3.3.1.

e
3.3 MOMENTUM EQUATION IN THE DEVELOPED REGION

» In general, the problem of finding exact solutions of Navier-Stokes
equations presents insurmountable mathematical difficulties. This is,
primarily, a consequence of its being non-linear.

However; the momentum method for the boundary layer introduced by
Van Karman [43 has been a powerful tool for the prediction of boundary
Tayers so far. ‘Together with an assumed velocity field, it forms the
basis of many existing solutions of the boundary layer. It can, in fact,

be derived through a partial integration of Eq. (3.10) [44].
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The basic integral equations for conservation of mass and momentum
of developing incompressible fluid flow in a duct can be written from the
diagram describing the idealized model shown in Fig. (3.2a).

Mass . :

d _d _ - '
a(uavs)—dx/‘ udy =0. (3.16)

Momentum

middle portion (potential flow);

du
dP __ ™
ﬁ TP um dx (3.]?)
-Rough side:
8
r
_ ge_g_f
. Tur Gr dx dx pu dyr
Zor
6r
+pou g_x f u. dyr (3.18)
Zor l
Smooth side; -
s
s
— e _d 2
Tws 65 dx  dx ,[ P us dys >
0 e
§
d S :
+ —_—
pou dx_/ ug d_yS (3.19)

The details of the derivation are presented in Appendix 1.
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For fully developed flow su?ficient1y far from the entrance, the
flow is essentially one-dimensional with the velocity field invariant in

the streamwvise {x) direction. When the conditions

3 _
X 0, v=20, ,

characterizing fully deve]oped'flow are imposed on Eq. (3.170), one

obtains
2 duv dp _ -
VT TP gy - H; =0 (3.20)

with boundary conditions

= 0. - Tyt " u

at vy 07 u=70, u'v 0, u 3y Ty
“7 5 u=0, T -0, ,-

y Zor’ u=20, u'v 0, wm 3y Ty

|

° d ] 1
at y = Yos T = HE—- puv =g

The momentum equations simplify to {see Appendix 2 for a derivation

from Eq. (3.20))

Rough side;

- @
Twr " Yor dx (3.21)
Smooth side; N
)
- dp ‘
Tws " Yos dx (3.23)
where Yos F Yor T 3-
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3.3.1 Eddy Diffusivity for Momentum
The turbulent mixing motioﬁ is responsible not on1§ for an

exchange of momgntum, but also enhances the transfer of heat and
mass in fields of flow associated with n&h uniform distributions of
temperature or concentration. The methods for the calculation of the
turbulent flow, temperature, and concentration fields developed so far
are based on empirical hypotheses which endeavour to establish a
relationship between the Reynolds stresses produced by the mixing
motion, and the mean values of the velocity components together with
a suitable hypothesis concerning heat and mass transfer.

The concept of eddy diffusivity, first initiated by Bussing{g [45]

can be introduced into the analysis if we rewrite Eq. {3.20) as

~ouvt) - Py (3.23)

d du
( X

ay M dy
where the quantity in the parentheses corresponds to the shear stress

T in the channel

r:uw- o] u'v (324)
If we put
- Tl — au
T, T -puv'g P ey 3y {3.25)
we get
T du
E {v + EM) dy (3.26)

This last equation, together with an eddy diffusivity model,

has been extensively used to predict turbulent transport fof a wide
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variety bf flow geometries [ 30,46]. However, in asymmetric flows,
where the stationary values of the mean and fluctuating velocities

do not coincide, the concept of eddy diffusivity as used above
presents some difficulties. As discussed by Lee and Barrow [9], at
points where the velocity gradient is zero, the shear stress is not
necessarily zero, although Eq. (3.26) predicts it to be zero.

Newton's equation, after which the relation by Boussinesq [45]
is patterned, is justified in connecting the laminar shear with the
local derivative of the velocity because the mean-free-path length
of the molecules is generally very small compared to the boundary layer
thickness. As a consequence, the local shear is influenced by the
velocity variation very close to the p1aée where the shear occurs.

In turbulent flow, on the other hand, one finds that in the turbulent
mixing process, fluid particles are transported over distances which
are of the same order of magnitude as the boundary layer thickness
and one must, therefore, expect the turbulent shear to be influenced
by the flow situation in a regime which cannot be considered as
small.

[t has been found experimentai]y that in certain flow situations
that a finite shear occurs at a location where the transverse velocity
variationéis zero and vice-versa. This has been found, for instance,
ina wall jet and in flow through a parallel-wall channel with a rough
and a smooth wall (the case of this study). A partial explanation
of this non-universality may be taken from Townsend's [47] suggestion
that the fluctuating motion consists of an "active" component which

interacts locally with the mean motion and, also of an “inactive"
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component, governed by far-away conditions, and, therefore, not
directly corre]q}ed with the mean motion. A diScussion of why the
zero shear and zero gradient points are not necessarily coincident
in turbulent flows is given in reference [48] through an analysis

of Navier-Stokes and Von Karman's momentum equations.

3.3.2 Velocity Profile
The simplified equations of motion presented in section (3.3),

are not enough to predict the mean f{ow parameters which are sought
in the present study. A turbulent model is necessary to give the
velocity profiles encountered in the flow situations. In the present
work, a model based on L. Prandtl's mixing length theory [40 is
adopted. A physical interpretation of the mixing length can be given
in the following way: the mixing length is that distance in the
transverse direction which must be covered by an agglomeration of
%1uid particles travelling with its original mean velocity in order
to make the difference between its velocity and the velocity in the
new Iaﬁina equal to the mean transverse fluctuation in turbulent
flow [1]. Using this concept of mixing length, an expression for
turbulent shear stress can be reached:

Tt=pz2|g—;[g—; o (3.27)

Together with the assumptions that the mixing length is propor-
tional to the wall distance through'a constant K, and that shear
stress does not change with wall distance, we get ?ps fo]iowing

expression for the velocity profile in turbulent flow near a wall:

u 5
uA:'El-nn y+ o : (3.28)
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Through dimensional considerations, it can be shown that Eq.
(3.28) can be written for hydrodynamically smooth walls as

) y_ u N
TanZs s, _ © (3.29)

y
- ]E 2n zf (3.30)

where Zor =m ¢, the hydrodynamic or characteristic roughness; Herg,
m s a constant which is supposed to incorporate roughness charac-
teristics. . . |

A number of expressions for the velocity profile near a smooth
wall are available in literature [4, 49 - 53]. The expression for
velocity profile due to Reichardt [23], among many others as shown
in Table 3.1, was chosen to be used in the present study because of
its simple, continuous form valid for y > 0 and {nc1uding the so-

called "Laminar sub-layer".

+

+ + :
u; = % an(1 + Ky') + 78[1 - exp(- xT ) - %T exp { - %‘ ) (3.31)

where K= 0.4 von Karman's constant.

The above profile simplifies to the following expression as
conceived by Prandt] and Taylor [44] for Targe y+(> ~ 100, see Table
3.7)

+ +

u = % ANy +c¢ (3.32)

with K= 0.4 again and the value of c = 5.52, adjusted to have

numerical agreement with Eq. (3.31).

Y

\_—\
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For tHe rough wall profile given by tq. (3.30), a number of and
arying values of m are repbrted in the literaturé for different
shape and density of roughness, ranging from 57%§ [54] to
53(])—0[55].

In view of the widely varying va1ues-of m with no apparent
correlation reported in the literature, it was obvious that.further
work was necessary to establish relations between roughness structures

-on walls and velocity profiles.

In the above equation (3.30), the parameter Zor',may be inter-
preted és a hypothetical distance from the wall where the velocity
15 assumed to be zero. This shift of the refefence point for the

——

rough wall velocity profile has been shown to depend on the roughness
Reynold's number E;I-(which is measure of the roughness structure
through the wall shear stress) by Clauser [56] on the basis of
experimenté conducted with two-dimensional roughness elements.
Hama [57] has subsequently verified Clauser's generalization for three-
dimensional roughness and Perry and Joubert [58] have extended |
pressure gradient. Wu [59] has reported a similar shift for rough
surfaces with uniform spherical particles, arranged in é random and
compact form. 1pS

| The reported data suggest that this point is somewhere between
the root and the tip of the physical ;ﬂﬁghness height. Exactly where

for a particular roughness structure.fg?tgabe found through experi-

ments.
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3.3.3 Friction Factor

‘The %riction losses occurring during turbulent flow are pro-
portional to the kinetic energy of the fluid pen unit volume and the
area of the solid surface in contact with the fluid. This is the.
basis of the definition of the friction factor. Viscosity has been
found to, have but slight effect during turbulent flow. The}friction
factor is generaliy defined as:

F= T
1 .2
2°uw

For rough side of the channel, it can be defined as:

2
wr

fo=__Wr | (3.33)
r P uaV *

Using equation (3.21)

__"or dpP PR
ooz (- &) i (3.34)
av | )
For smooth side; '
2t i
f o= __ WS _ (3.35)
S ua5 :
using equation (3.22)
2y
_ os  _ dP .
fs = p uas ( dx ) - (3.36)
making a fully developed momentum balance on a fluid element_ -
B ﬁ et
Twr ¥ Tws =5 (- g ) . , (3.37)

Hence, the friction factor for the whole channel can be defined as,

T + 7 ) _
£ = :r‘u WS (3_38) -
av' ‘

which becomes
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/dp (3.39)

é

from Eqs. (3. 37) (3. ) and (3.35) we get the average 1oca1 friction

factor.
f + f . . o .
F= _I;ff_ji : . . (3.40)
3.4 FENERGY EQUATION IN THE THERMAL ENTRANCE REGION - %

The solution-of the energy equation in the deve]oping region is essen-
tially a problem of finding\the témperature distribution. However, even
though this equat1on (Eq. (3.11)) can be greatly simplified, it is still
extremely d1ff1cu1t if not 1mp0551b1e to solve because of non- ]1near1t1es
- 1nv01ved in the equation.

Here;'w; are studxing the problem of a-rectangular duct where the - )
thérmaTiboundary layer is developed in the entrance region. The problem
will be studied from an integral view point. -

TQo bohndarx conditions will be considered for the solution:

1. One wall has a constant heat flux while the other is insulated.

2; The disfrjbution of the shear stress, v, and heat flux, q,

.can be derived from the equation of momentum and energy.
Now the heat baléﬁbe of a fluid element in the developing region, see

(Fig. 3.2 b) gives,

E 3T . - aT
- dy dx Upcp.ax dx - dy dx VpCp 3y dy

= dx{(q *+ —“-dy) - v - (3.41)

h
g
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Rearranging 4
aT oT _ 1 3 g :
Tax T ay T ey ) -
C—\ ]
, /)V/ Equation (3.42) in combination with equation (3.13) yields,
' L al
-rptp (K + ep) 5 - . - (3.43)

The temperature distributign, T, for a given wall heat flux .may be

determined from Eq. (3.43). . | "

'3.4.1 Eddy Diffusivity for Heat.
The ratio of e@dy diffusivity of heat and momentum, EH/EM}—EELEh
is often called the turbulent Prandtl number, plays an important r*o]e“’r
" in most analytical studies to predict heat transfer coefficients in
turbulent convective heat transfer [41]. To simplify the mathematical
manipulation, Prandt) [60] assumed that the mixing 1ehgth for heat

transfer is the same as the mixing Tength for momentum transfer;

gy T ey T 47 3; | - (3.44)

.‘@

that means a part1c1e of fluid travels the same d1stance before 1051ng
its identity and before atta1n1ng a different temperature. Under
these conditions, a true analogy exists between momentum and heat
transfer for turbulent flow. Many 1nvestigaters aesumed this ratio
EM/?H = 1. As Prandtl did, however, fecent experfmental work hef
shown that they are not equal. |

In the literature reviewed there are few models describing the

rela ship, €y and ey i.e. turbulent Prandt]l Number, like

Jenkins model [29], which does not even show a good agreeme ith

the experimental values.



In thE“preseﬁt work, . the fﬁrbu]ent Prandt] number has’ been
“assumed equal to 1, for the following reasons: firstly, a 1éck
of an:accurate correlation, and secondly fog the reason of simpli-
-cit;.
Consequently, it appears that the problem of turbulent
* Prandt]l number is still subjected to further studies, both experi-

' _ ménta]ly and analytically. A general rg]ationship between and

€
H
js needed so that the analogy between heat transfer and momentum

vansfer will become useful. The effects of turbulence Structure,
id properties, and wall characteristics on eddy motign must be

taken into consideraticn.

3.4.2 Temperature §F3¥ilg_\;/

. The temperature profile can be derived from the energy
equation (3.43), if the functions for the heat flux and eddy diffu-
sivity for heat are known. Eq. (3.43) in non-dimensional parameters

can be given as:

++ -
9 (e, v+ & (3.44)
q, H/v  Pr d;: : :
where
" (Tw - T)c T,
e uTr

In Eq. (3.44), q, refers to the heat flux at the rough wall.

To solve-Eq. (3.44) ﬁhe distribution of heat flux across the
flow section, q(y++ ) ﬁust be known. Strict]y speaking, in order to
express the Tocal heat flux, q, in terms\of \hg\;nown wall value,

9, it is not necessary to make assumpt1ons on the velocity distribution,
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\
because the local mass flow rate at any point, y:+, in the cross-
section can be calculated from Egs. {3.30) and (3.31). However,
the expression %or q from this.procedﬁre is formidable with
little improvement in the final ca1cu!ation as has been shown
by Barrow [61] and Lee [23]. ‘
Extending Lee's contention we can assume that the heat flux
changing linearly acrosi the channei
+
q (y,") =q (1 -L ) f' (3.45)
Sth

Now the evaluation of, eM(y:+ ) from Eq. (3.25) requires a
knowledge of, r(j:+) and, u(y:+). The shear stresses are assumed to
be constant .up to (yor)’ along with the assumption fhat Qas made by
Reitchardt [12] to obtain the vé]oéity profile Eq. (3.31). thhfthe

Prandtl [ec] assumption for, ey/ey = 1.

-Therefore,
(ey/v) . = (/(du7dy" )3 - 1 (3.46)
4 +4 ++ .
for Loy < Yo < VYor , "
and
(ey/o)g = (17 u"7dy™ ")y - 1 o (3.47)
++ ++ b
for Yor < ¥, <8

Now combination of Eq. (3.44) with Egs. (3.45), (3.46) and (3.47)

yields —

. S+-§~ ] . -I S -+

+ ++ ¥

Y R Vo v I (R RV

1./P A : d 3.

. (EH/\) ./r‘) " s 74+ (EH/\J+ 17Pr) Yy (3.48)
. or or
- .' . \\—/_/_\\‘

\
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91
L

Thermal Entrance Length
__ The energy integral equation for the therimal boundary Tayer
that builds up on the heated surface (rough sutface) of the channel

while the other surface is insulated, can be written from an idealized

. . < ‘ .
model illustrated in Fig. (3.2 b) as, ,
84 sy b .
f uc pTdy) + q, 6x + {f uc p dy) f uc p dy)l}T
w - 8
Vi 1 Z 2 1 th
or or‘ zor
6th .
=[ uc pTdy) : o (349)
Z 2 ’
or .
o

" where subscripts on the parentheses refer to plane 1. and 2. in

the diagram.

Fi

For small-heat fluxes, the properties, ¢ and, p may be assumed

to be constant, andean integration of Eq. (3.49) then reduces to -

St :
q x=pc_[ u(T - T, Ddy : , (3.50)
W [

- th .
or

On Entroduction of the non-dimensional quantities as defined in

the "No atprel, Ed. {3.50) may be written as
- +4
8
x++‘ : th
T+ e f TG AR Sl P (3.51)°~
S’ S 7 Gth a r
or ) '

\

The details of the derfvation are presented in Appendix 7. Ih

the entry refion, where § h < S, so that provided u’ and T++

t
are known functions of y:+ , the length x for a given thermal
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boundary layer thickness lsth may be determineﬁ. The calculation

procedure is presented in Section 3.5. o

3.4.4 Nusselt Number

L]

The Jocal heat transfer coefficient and Nusselt number are

defined in the usual way, as:

q
- W .
b T - T | (3.52)
W b’ x : -
hx De
Nux =R ] ‘ (3.53)
and Reynold's number as
P Uy De : '
Re = ——— : {3.54)
.
'In dimensionless form, Eqs. (3.53) and {3.54) become:
)
De++
Nu, = ;14 Pr {3.55)
b .
and
Re = 25" u;” (3.56)

Now the bulk temperature, (Tb), is defined as:

Tu dA
Tb(ffA—-— ) (3.57)
u dA
A u X

and in terms of dimensionless parameters, as:

44 g+t ,
mr T T =
L g g Lo T e
t__or CJmr .
T, = — — (3.58)
y S
f my Rl y++ . f gttt gt
S r.or r 3 Yr Y
\Or ymr
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The bulk velocity, (Ub) is defined as:
f uan
! '

u (3.59)
° jdA dA ;

and in terms of dimensionless parameters, as,

++ ++
Yor , S

++ ] ++ ++ i 4 ++

Up = g+ [f U. dy,. + f U, dy, ] (3.60)
Z++ ++
or ymr

3.5 METHOD OF SOLUTION

In order to predict the velocity distribution across the f1ow channel
and the friction factor, f, the location of the maximum velocity point and
zero shear stress point should be known.

Bhuiyan [3], did an intensive experiment studying.the effects of the
geometrical parameters (A, S, ¢, p, Dhyd) and Reynolds number, on the
locations of the zero shear stress and maximum velocity points. He used
a double pitot tube to measure the Tocation of maximum ve105j}y, and a

single channel hot wire probe to measure the location of zerdﬂshear stress.

He assumed that,

¢(.Y$ S, Es Py U, 0 U)=0 .. (361)

which expressed in terms of dimensionless parameter as, /A}

s Y S Py _
¢’( Tagagrs )0 . : (3.62).

and he obtained correlations for, y , which were based on \ U'Z.

mr® Yor
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Harjalic and Launder [62] showed that the minimum values of the axial
turbulence intensity occurs at approximately 0.8(S - yor)'

Therefore, Bhuiyan's correlation for Yor and Yo are correlated

as [63]
!
y " 0.033 0.157 0.158 o
L_gs23Re (2 ()" 0.2 - (3.63)
€ £
and
y 0.066 0.140  0.201
2~ - 0.299 Re () (R) (3.64)
E £ .
Having the values of, Yo @nd Yor Zor' can be calculated as
++ ++ ++ 1 44
Zop = Yor exp(- D{en [(S - ymr }0] + c.K}) . (3.65)
where -
UT _
- 5 _ S
D U T (3.66)
Ty mr

Knowing Zor’ wg can predict the velocity distributions in the fully
developed region using Eqs. (3.30) and (3.31)

The friction factors, f, are calculated using Eqs. (3.63), (3.63)
and (3.64). The computation was carried out numerically on the University
of Ottawa computer, IBM 65/60. A simplified flowchart of the program is
given in Appendix (8).

The system of Eqs. (3.46), (3.47) and (3.48) can be solved to predict
the temperature distribution in the fully developed region, where #e used
Runge-Kutta method for integrating Eq. (3.48).

The thermal entrance length and local Nusselt number are computed

from the appropriate equations.



- 34 -

A1l of the calculations of the numerical integration were carried

out through a CSMP program on the computer. A simplified flowchart of

the program is given in Appendix (9).



CHAPTER IV

RESULTS AND DISCUSSION .

4.1 VELOCITY PROFILE

The predicted velocity profiles for different Réy%o]ds ﬁdmbers are
shown in Figs. 4.1 and 4.2. These analytical results are compared with
the experimental velocity measurements [3]. In general, the logarithmic
velocity profiles chosen for the present study represent the actual
velocity fields eqcountered, except near the rough wall in a region of
-about 1.5¢ from the roughness root. This deviation may be attributed
to the vortex structures, which possibly prevail between the roughness
elements. It is an indication of the failure of the mixing length
hypothesis and the assumptions used in the derivation of the logarithmic
Taw near the rough wall.

Betwéen the sublayers near the walls and the maximum velocity point,
the velocity profiles are in good agreement with the law-of-the-wall
profiles. Thus, as far as the mean flow properties aré concerned,
the fluid particles within these regions are unaware of the nature of
the opposite surface. 7

It is often assumed, without any justification, that the position
of zero shear stress coincides with the maximum velocity point. The

total shear stress for the fully developed flow is found in Eq. (3.24):

T=ug—;-pu'vl W])

Thus, the assumption of zero shear stress where g% =0 is based

utv’ = Q.

on the assumption that This cannot be accepted immediately
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for a general case, a]though it is true for some geometries for reasons
of symmetry.

In this study, the locations of zero shear stress and maximﬁm mean
velocity points do not coincide as mentioned in section (3.3.2). The
variatibn in the positions of these points indicates a strong dependence
on Re, S/e, and P/e. They become proportionately closer to the smooth
wall with increase of Reynolds number and decrease of S/e. The latter
result simply reflects a greater effect of physical roughness because
it occupies a larger portion of the space between the walls. The

~ variation with Reynolds number indicates stronger diffusion of turbulent

eddies, as the momentum exchange near the rough wall becomes more vigorous.

These points deviate more from the center-line of the channel
towards\;he\iwopth wall with increase P/e, i.e., for a 10wef'r0ughness
density at the same S/c ratio. This may seem unexpected since a higher
roughness density would imply a more vigorous momentun exchange than
a lower roughness density, anﬁ hence a smaller yOS/S ratio. A closer
examination of vortex patterns between roughness elements of different
pitches [64.65] reveals the possibility that at a higher roughness the
flow will tend to skip over the tips of the elements; hgwever, at a
lower density, the flow will find soﬁe time to re-attach, and when it
faces a new element it will be thrown into the stream creating vigorous
eddies. Thus the points under consideration are even further displaced
from the rough wall. The non-coincidence of thé two points and the

larger displacement 8F the maximum velocity point than the zero-shear

point simply indicate the stronger effect of dissimilar boundary

-
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conditions on the turbulent flow field rather than the mean motion.
To be able to say anything more about the functional relationship
between roughness density and positionrof maximum velocity and zero
shear in a channel, further studies of sepa¥atﬁoﬁ, re-attachment

and vortex structures on roughened walls should be done.'

4.2 FRICTION EéCTOR

The friction factors, f, are ca]cu]ated‘using £q. (A.7.2) and
are compared in Fig. 4.3 with the experimental values (3]. The
agreement between the analysis and the experiment is good. In the
same'figure comparison was made with the friction factor taken from
the classical Moody diagram corresponding to the same relative
roughness. The differenceé, which might be significant between the

values of the present study and the ones taken from the Moody diagram,

are due to the following reasons:
1. The Moody diagram predicts a constant friction factor in the
. Reynolds number range considered for the rough siae, since the
flow is completely rough in this range [1.866]. The present
study indicates a transition range type flow between the completely
smooth and compiete]y rough regimes. This is due to the asymmetry

of the roughness distribution on the channel walls. The

combination of completely rough flow on one side and smooth flow

on the other produces this type of observed behaviour, namely the

variation of total friction factor with both Re and $/¢ {or /D).

L .

e
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2.  The Moody diagram dbes not recognize the effect of roughness
density on the friction féctor a;:shown in Fig. 4.3. For different
values of rodghness density forra given S/e, the friction factor
is the same for a given Reynolds number.

The effect of P/e on the non-dimensional ratio fr/fs can be
shown in Figs. 4.4, and 4.5. 1In general this ratio increases with
increase of P/e. This is possibly due to increase in momentun
exchange at Tower roughness density [64.65].

3. Also if the test channel had different shapes of roughness
(i.e. rectangular ribs, triangular ribs, etc.) with the same height,
one would still tend to use the same relative roughness value used
above in order to calculate the friction factor from the Moody
diagram. This in turn would predict exactly the-same friction factor
for all of the cases and obviously this cannot be the case. The
problem arises because the Moody diagram was evalued for a particular

p-
(/\\ type of roughness Iﬁt@. sand roughness).

/;\H;}&f:> To be able to use the Moody diagram an equivalent sand roughness

should be defined for every particular roughness structure on a

//// ',,/’—/ﬁﬁ‘——\ﬁé{1. This sand roughness should also be a function of Reynolds

_7 o

number in case of asymmetric roughness distribution. The use of the
paréﬁéféﬁ Zor’ which is connected to be the equivalent sand foughness
through the 1bgarithmic rough wall profile, is introduced in the
present study to provide a step in the theoretical analysis of the

behaviour of the flow near a rough wall.
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4.3 TEMPERATURE PROFILE
The dimensionless temperature profiles, T++, predicted in the fully
developed region, using Eq. (3.48),are plotted in Figs. 4.6 to 4.9.
These calculations have been carried out for different Reynolds
numbers Re, re]ativg height of roughness, S/e, and roughness
density, P/<.

For a given location in the channel, the dimensionless
temperature increases with increase of Reynolds number. A similar
trend was reported by Lee [23y for a case of concentric annuli.

It can be seen in Figs. 4.6 to 4.8 that for given Reynolds and
Prandt]l numbers the effect of the relative height of'roughness is
rather small on the bulk temperature. ./’} ‘

Fig. 4.9 shows the effect of roughness density, P/ec, on the
temperature profile for a given relative height of roughness an
Reynolds number. The dimensionless temperature 1gcreases with
decreasing roughness dehsity, i.e. higher values of P/e, (i.e.

\\\\\jower‘roughness density} ihe flow tends to re-attach, and in the face
of a néw element it will be ejected into the stream producing mork\\\ﬁﬂ__g//
turbulence.

The development of the temperature profile at the thefma1
entrance region has been predicted fdr different values of, 6;;,
and is shown in Fig. 4.10. Further details of the thefmal entrance
length in which the development takes pi%ce will be discussed in

section 4.4.
—
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4.4- THERMAL ENTRANCE LENGTH - . _~/fﬁ\\\ a
For the purely thermal entrance case where the velocity profile is
aIready fully developed at the.entranée, the thermal entrance
length is usually defined [23] as the distance from the entrance to
the cross section where the temperature -profile has no straight
ling portion'perpendicu1arlto the fluid flow axis.
The predicted effect of Prandtl number on the thermal entrance
length, x/8"", as illustrated in Figs. 4.11 andg4.12'shr;ws the
. same trend that Lee [23};%Lserved in his work on the purely thermal .
.entrance problem. It can be seen from Fig. 4.12 that the efféct of .
Prandtl number on the thermal boundary layer thickness is considen&b]é.
The thermal entrance lengths for a smooth case [67] are éompa(ed
with the results of this stﬁdy for d{fferent Prandtl numbers. It
may be seen from the graph that the thermal entraﬁce Tength is
greater than that found for the smooth case up to Re = 30,000.
The difference;decrease and approach thé vé]des of the smooﬁt>§gse,
' after which further decfease.is observed. ;
- This is possibly due to.the unsymmetric goundar coﬁdition,
i.e. heated rough‘wa11 and insulated smooth,wall. )
It has been found th;t the thermal entrance lengthis affected
by the relative heiéht roughness and the roughness deﬁsity.
) 4
AN

Effect of S/e.

. A typical prediction of the effect of relative height of roughness



. "W

for a given roughness density and Prandtl number ig presented in

Fig. 4.13. For a given Reynolds number, the th
length increases with increase in $/e. Sifce the faminar sublayer
decreases with increase of Reynolds number,‘1.e.rgreatér eﬁfect of
‘roughness, one would expect that the thermal entrance length will

decrease.

Effect of P/e._' _ (:/q\\\ -

The effect‘of P/c on the thermal entrance lengths can be seen in

Fig. 4.14. The results are also compared with the smooth one. In

Q.

general, the thermal entrance lengths decrease with decrgasing \:g;h
roughness density. This possibly contributed to the decféasgjof
P/e as brevious]y explained.
¢
4.5 NUSSELT NUMBER
The predicted Nusselt number in the entrance region of a rectangular
duct, as shown in F{gs. 4.15 to 4.17, ciearly indicates that the _
results of the present ané]ygg; are always greater than that of 'ﬂﬁ-.
'the channel with smooth surfaces. This trend was obvious from the '
fact that rough surface develop considerably largef values of heat
transfer coefficient. /j
This increase in the heat tripsfer coefficient can also be (
deduced from other aspects of the turbulent flow in a rectangular

duct. It can be shown for the presiff>geometry by force balance
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that th:\;hear stress on the rough wall, Tyr? is always greater than

the shear stress on the smooth wall, Ts® This greater shear stress

on the rough wall is understandab1e,'because a part.of the

turbulent shearing stresses can be transmitted tétthe wall through

pressure forces exerted40n the roughness elements. The large value

of shear means a larger value of ey At the same time, the larger

value 5f EY indicates vigorous thermal diffusion and hence higher

rate of heat transfer. Therefore, it is not surprising to see

from Figs. 4.15 to 4.17 the increase in heat transfer coefficient.
Fig. 4.16 shows the effect of relative height.of roughness

on the heat transfer coefficient. In general, the heat trangfeﬁ

decreases with the increase of S/e. This is possibly due to the

effect of roughness on the exchange mechanism and is confined to

the -regions located in ﬁhe proximity of the wall [68]. When S/e

approaches infinity the heat transfer coefficient will have the

»

value that associated with the smooth surface. Alsc the effect
of relative hej of roughness on the variation of Nusselt numbers
and entrance 1e32§§5\533/be seen in Fig. 4.18. The values of
(NuX/Nud) for smaller S/ec are higher than those for lager S/e.

The predicted effect of roughness density can be seen from
Fig. 4.17. Nusselt numbers increase with increase of P/e.
This is due to the vigorous eddies produced, as discussed in

section 4.1. Since the Nusselt number should evehtual]y have

the smooth surface value as P/e increases, one may expect that
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it will reach to a maximum value at the optimum value of P/e,

beyond which it continues to decrease. MNo attempt was made here

to find the optimum roughness density at this tihg, and it is 2§hyf
recommended that a further study on this matter be made. Effect

of P/e on the variation of Nusselt numbers and entrancellengths can

be seen in Fig. 4.19. For a given (xf+/S++), the values of (qu/Nud)
for smaller P/e are higher than those for larger P/c.

The curves in Figs. 4.20 to 4.23 show the effect of Reynglds
number on the values of the ratios (Nux/Nud) in the thermal
entrance region of a rectangular duct at a given value pf xH/Sf+
and Prandt] number. It is seen that for a given. Prandt] number,
S/e and P/e, the Reynolds number Seems to‘have a minor influence
on entrance effects. Similar behaviour was observed by Lee (23]
for smooth concentric annuli. .

To illustrate the effect of Prandtl number, a comparison is
made in Fig. 4.24 as a function of (x++/S++) for three values of
Prandtl number of 0.1, T and 10. For a fixed Reynolds number,

S/e and P/e, the entrance effects at a given distance, x++/S++,
decrease with increasing Parndtl number, the same trends as
observed in the pipe flow case [69]. Predicted Nusselt numbers
for fully developed heat transfer, calculated from Eq. (3.55),
are plotted against Reynolds number for varioﬁs values of Prandti
number in Fig. 4.25. MNusselt numbers close to the entrance are,

as expected, very large in comparison with the fully developed

1Y
'
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4.6

values as seen in Fig. 4.26. At x = 0,\the thickness of tqe
thermal boundary layer is zero, and cponSequently, in theory, the

heat transfer coefficient becomes infinite at the cross section.

It has been demonstrated in section (4.5) that the heat transfer

F/H RATIO %

coefficient increases with the introduction of roughness on the

channel wall. On the other hand, as explained in section 4.2,

, rough surfaces develop considerably larger values of friction

coefficient than a channel with smooth walls. To determine
whether the percentage 1n€rease'in the rate of heat transfér'wi]]
be offset by the increase in the pressure losses, the non-dimensional
ratio F/H has been used. If F/H is greater than 1, the increase
in the rate of heat transfer will be offset by an increase in
pressure losses, which requires higher pumping power. Converfsely,
if F/H is less than 1, then the hgat transfer will increase more
rapidly than the drag, resulting in a more effective system.

Nunner [36] obtained heat transfer data for air with v_,,/"f
Pr = 0.72, which can be approximately correlated with the’;;iction

coefficient as follows:

: 0.5
f

7 (2.3)
smooth ., " smooth

This conclusion implies that F/\{H is constant. In th%s investigation
it has been found that F/H ratio is affected by the parameters P/e,

S/e, Pr and Re. A comparison of Nunner's data and this study is
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1

presented in Figs.‘é.E? and 4.28. It can be seen that the ratio
F/ \fﬁ_is not a constant, but is rather affected by different
parameters. The parametric effect will be discussed in the
following:

Effect of P/e

l Figs. 4.53 and 4.30 show the ratio F/H plotted vs. P/e for

Prandt] number = 0.72 and different values of relative height of
roughness and Reynolds number from 10,000 to 100,000. As clearly
“indicated from the figues, the ragio F/H. increases withjﬁncrease
of P/e. This is éxpected, sinse a part of the turbulent shearing
stresses can be transmﬁtted to the wg}} through pressure forces
exerted on protuberances. No analogu; exists for this mechanism
in heat trnasfer. ’

Effect of S/¢ .
The effect of S/e is shown in Figs. 4.29 and 4.30. In general,
a2 small increas% in F/H with decrease in S/e is noticed. Thfs
is due to the féct that the effect of roughness on the exchange
mechanism is confined to the regions located in £ﬁe proximity of
the wall. Similar observi;ions ve been reported'by Owen and
Thomson [68], who made measurements of Jdifferent values .of
Prandtl humber in a rough tube. .

Effect of Prandt]l number .
It is well known that at very 10w1Prandt1 numbers where the

predominent mechanism is molecular diffusion roﬁéhﬂgss would be

expected to have a lesser influence on the turbulent heat transfer

!
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process. The hea% transfer conductance increases substantially at
high Prandt] nimbers due to any sma)l disturbance of the laminar
sublayer which represents a high thermal resistance. This trend
can be shown in Figs., 4.%1 and 4.32 where the ratio F/H decreases
with increase of Prandtl number from 0.72 to 10. However, for
further increase of Prandt] number (Pr = 30) it was found that the
ratio F/H increases as shown in Figs. 4.23 to 4.35. A complete
pi&ture of the effect of different Prandtl numbers, (up to Pr =100),
on the ratio F/H is shown in Figs. 4.55 and 4.57. It is pos;u]ated
that the ratio F/H has a hinimum value beyond which friction forces
may dominate. This may possibly be due to the assumption of
ey/ey = T, which was discussed in section (3.4.1).
-Effect of Reynolds Number

As indicated in section (4.5), Heat transfer increases with increase -
in Reynolds number. It was also shown in section (4.2) that
frictioﬁ forces increase with increase in Reynolds number. Since
the friction forces increase more rapidly than heat trénsfer, one
would expect that the ratio F/H will increase with increase of

- Reynolds nuhber. A typical variation of F/H with Re is presented
in Figs. 4.38 and 4.39. It should be noted that the effect of

‘ . Reynolds .numbef is significanttat high values (Re > 30,000).
At high Reynolds number, a great influence of roughness is expected

due to the thinner laminar sublayer.
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For the ranges of parameters used in this Study, i.e. (Re = 10,000 to

100000, Pr =0.1 to 100, S/e = 8.61 to 29.45 and P/le =2 to 8) it

carnt be concluded that, for an'efficient system of heat transfer, one

: \/
must Y, :

Decrease the relative height of roughness,

~ Increase the pitch between the roughness elements,

Decrease the Reynolds number.



CHAPTER V

CONCLUSION
i
The following conclusions were derived from the semi-analytical
investigation of the drag; local heat transfer characteristics and entrance
Tength for fluid flow flowing turbulently in a channel with a partially
rougﬁened surfaced, fully developed velocity profile, and a uniform

heat flupxat the rough surface:

1, good agreement was obtained between the analytical resulits for
velocity profiles and friction forces and the expérimenta]
results [3].

2. The fact that the Tocations of maximum velocity and zero shear
stress are non-coincjdent for asymmetric turbulent flow was further
established.

3. The friction forces decrease with an increase of S/e and increase
with an increase o% P/e.

4. The heat transfer coefficient increases with an increase of P/e,
and decreases with an increase of S/e.

5. The effect of increasing P/c was to decrease (Nux/NUd), for a given
x++/5++ and Reynolds number. Increase in P/e also leads to a

decrease in the thermal entrance length, and to an increase in the

Nusselt number.

- 48 -
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For. Tow Prandtl number, an increase\in Reynolds number 1e?ds to an
jncreasé in (x++/5++)d. At very high values of the Prandtl number,
the variation of (x++/5++)d with Reynolds number is more complex.
The effect of Reynolds number has .in general a minor influence

on (k++/5++)d for Prandt] numbers greater than unity.

With increase of P/e, decrease of Reynolds number, and for a

Prandt] number approximately between 6 and 12 there will be a

subsequen@ decrease of F/H ratio.
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APPENDIX 1 -
—N

Derivation of Integral- Equation

f

Middle portion

N

continuity equatidn (from figure 3.1a):

du

(S -‘6'(' - GS) EX_ VGr + V6S
Momentﬁp equation:. »

(s - 5. - as) dp + d (plfi)'(s -6, - 55)

= +
‘oj(u'm Ve dx + U Vg
r S

=

d ,° o,
(s - Gr - ﬁs) ax (p+pu=p

Using continuity equation (Ajﬁ.]) /////

) P el

_ s - gp _=

(s -6, Gs) ax 2 PU ax }
du

=(S-6_-6)pu —

T dp=-0p u_ _dum

Rough side - .
i
contynuity equation k&\__’.
d fa'”
ax 4 P u. dyr =_- 9 vdr
or

r or

Momentum eifi;}on: 5 -

fr
. - _ 2 -
dex% z )? d[ purdyr u5

) or
Using continuity_Fquation (A.1.3) and

r

P

Vs

r

\yz;%A.1.1)

C(A1..2)

U

dx

.1.3)
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3

and also assuming Z
umng £, << Gr

A.1.3 Smooth side:

continuity equation

d [ o :
M P U dys =-p V‘SS (A.1.5)

Momentum\?dﬂation:

s
T dx + & dP=-df p u? dy -
WS $ A S f s s
Using continuity equation A.1.5 and

x f

A.1.4 Adding equations A.1.1, A.1.3 and A.T.S the'continuity equation

(A.1.6)

for whole channel becomes

S
y/’ udy =0

0

QIQ.
>

with the understanding that u is in three portions with
corresponding upper and lower limits of validity in the

channel.

7

-



- 57 -

’ APPENDIX 2

Te

Derivation of fully developed region momentum equation from

equation (3.23)

d . du P
—(u@-pUV')—dx-

Integrating once

du o — o 4P
uay-pUV Yax*te¢©

Usir;g the boundary condition

(\’ at y=20; u'v' =0, u%=rw

B

du
Udy

o TV =y Ee

and using the other boundary condition

aty=y0;r=u%-pu'v‘=0

T = =

W Yo dx

(A.2.1)

(R.2.2)
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APPENDIX 3

Fully developed shear stress distribution -

Substituting equation (3.24) into equation (A.2.1)

rey e (A.3.1)
_ dividing by Ty ‘ : . g
P : - n
WoOW -

Subé%ituting the result from equation {A.2.2) into the right. hand

joAYnR
3

.-tl-a

side and simnlifying (*x
T
L T A (A.3.2) -
Ty Yo .

The relations (A.3.1) and (A.3.2) can be directly written down by a
force balance on an infinitesimal fluid element of thickness dx

and height y and Yor respectively.

™



¢

- 59 -
APPENDIX 4

Summary of relations between mean flow parameters

»

T,
u = - “(Defirition)
r . p "‘_\/
' “ws '
e = - ‘(Deﬁmtwn)
2T .
fo =T =, - (Definition)
- av
2t
S wWr ..
f PETI 0, (Definitfon)
fo+ f
=
B S dp .
Tr =" Yor. HZ {Appendix 2)
- dp :
Tws — "~ Yos dx (Appendix 2)
| dp .
re + Tws= = 5 dx (E{fq. 3.37)
y ¢
T
r r )
— = (1 - —) (Appendix 3)
Twr Yor .
T A
T—S-== (1 -2 (Appendix 3)
WS Yos
Yay Dh d ' ! |
Re =——ur-y-. (Defihition
Zor ~ Yo €XP v
_Q it
u,, = (Definition)
/ t,
S = Yor * Yo (Definition)

s > Uis ymr‘) - KH
v

(Eq. 3.65)
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m = — ' (Definition)

r

2F = 0.523 re0-033 (/010157 (p;y0-158 4 o5

y
Jor— 0.2 2e0-066 (g/)0-180 () 40.201
3
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APPENDIX 5

s )
Reynolds number Re in terms of mean flow parameters

y . 3 Y

ms - mr
fudA f ug dA +f u,, dA
0 Z
or

e . . . . (A.5.1)

yu
. 1 TS -
_-uTS{ 2n(1+k \).)f

-

- 7 ‘ —
yu yu
+7.8 [T - exp (- ]]Ti) s : £

T v

| exp (- y:Ti)}}

-

Substitution of theﬁéive quantities into Eq. (A.6.1) and integration

gives:

av

+
1 ks 1+k‘+“}
{H_Ezﬁtn( Yog) = 1

74

+

+ Yims
+ 7.8[ymS - 11 {1 - exp (- airl

- u Z u
+ - Tr or r @
- [zn Yns *cki- g ] My } (A.5.2)
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:2(1frkymS

) T+
Re = K7 [ﬂn (1 + kyms ) -1

/ )

+

y
+ 15.6 {yms“" - 11 (1 - exp (_'}%))

+ +
9 y y
SIRRE SR SR
++
mr ™
+2T [ﬂnyms +Ck—_—]
5
+
+ E‘Zor' (1
k uTS ﬁ

(A.5.3)



- 63 -

APPENDIX 6

Friction factor f in terms of mean flow parameters

N -

wr _Yor _Yor  _ 1
Tws Y ‘S_yor L-]

0s
or

u 2
- 5
2 (—u ’

av

u .
Let =ET_S » then using Eq. A.6.2, 2 becomes

av
+

S
0 o where

(A.6.1)
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<+
T+ky ° +
E=—pm— [Rn (1+kyms)—1]+7.8

+ +

y y
{ym;—ﬂ (1-exp(——r-rr‘%))+%(1+—g‘—s—)

+

Yy
exp (- 715 ) - 9 |

.
Z

1 + 1 or

"X [‘ymr‘ (20 ype * k- ) "D
D

+ _S+ + )
Yms T2 7 Ve
and y
Fea2 (1% ) = (A.6.2)

M —
O
} =

av
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APPENDIX 7

Energy integral equation

ﬁ“
Applying the energy equation for the idealised model (from figure 3.1.b)

Zu/“Sth ) th . th )
ucpTdy) +q & x+ [ ucop dy) - uc p dy }‘T
or ' (1) W th *th

ar (2) ar (1)
Sth
=i/‘ y c p T dy) g
20r a (2) /

for small heat fluxes, the p?Bperties, c and p may be assumed to be

constant.

or th

integrating once

. fth ) ¢
q, X=opc ) u (T - Tﬁth) dy
or

introducing the nondimensional quantities-yields
1

++
: th u =
q x=pc/—ﬁ TR 4 _3r ottt
W r ¢ T §
7 r  th
or :

L
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++ oy
dyr u
-Tr

‘6++
the o 44 4 ++
B x:..-*af’ u (T6 -7 ).d.Yr. E_'
or.
Dividing by s o
e A
if_:]__ th u++ (T;+ _ T++) dy:+
++ ++ th
S S 7
or

\
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APPENDIX 8

Flowchart of theoretical calculations of
friction factor and velocity profile.

start

|

\\LINPUT Re, U / -
Ts /

.

- compute other .

Y

parameters using
re]atiops
in App.‘4

compute Re

using Egn A.5.3

Yes

y

Comp. ubd f

using £q. 3.30
3.31 8 A6.2
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" APPENDIX 9

. Flowchart for calculation of temperature profile
and Nusselt number. '

‘ _ : Qg‘hh 'startv .. .

.| set all parameter
and program

constant,c,k,w,e,

S,P ... . etc.

QpT——Th
set e //"\NL
Time = Zon . .
INITIAL: Evaluate
dimensionless para-
meters, . )
+4 +4 : [
Yor and ¥n.
- |
DYNAMIC: Integrate Egs.
3.48 & 3.51 using ’
Runge-Kutta method. A
1 '7
. ° .
1 \/
N Time = S Yes
. ° -.
Increment inish
Time by “continuation™~_ 4 Ygs S : )
DELT atisfied e gy ‘ 7
- C . ‘ ——— sl o
. . | TERMINAL: call
gt ’ Rerun. to calcu-
‘ 11ate Té, Nu and [~
, X tyst
I'I B - .
\ [
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TABLE 3.1 '

Law of the Wall '[3]

. Range Equation . .
Prandtl1 & | 0<y <1158 [u" =y (—\/
Taylor
(49] A
Von f(arman 0<y <5 y = y+
[49] + +
‘ 5<y <30 u =5y - 3.05
\ <y u' =25 eny" +5.5 o
Rei[ghjirdt 0 < y+ U =2.5 en(1 + 0.4 y+) \
, 8 : .
AR + 7.8[1-exp(-y+/11)—(y+/11)exp(—0.33y+)]
— : - :
Deissler 0<y <26 Y. +
[ = o —
;. o 1+(0.124)2 u'y [1-exp(0.124)%u y |
) £ 260< y+ W =2.78 sy’ + 3.8 )
: 2 G T b
L¥an Driest ) y +
(50] 0<y ut =f 2y TR p)
5 1+{1+0.64 y"2[1-exp(-y"26)]°}
— -
R‘Eg'ﬁe 0 <y <27.5 |u"=14.58 tanh (0.0688 y*)
27.5 <y s U =25y +5.5 S
: <
Spalding ' ‘ '
[52] 0<y’ y"=u" +0.1108[exp(0.4 u*) <1 - 0.4 0"
- (0.4 u")2/2 ! - (0.4 uT)3/3 ¢ -(0.4 u)¥/4]
Wasan et al. | 0 <y < 30 u =y+ - 1.04x10° 4 (y+')" + 3.03x1076 (f)S
I
(53] ARe<y’ u" = 2.5 en y" + 5.5
£
D A |
' . f i - -




15
25
35
54
81
A 100
121
144
195
255
324
361
400
484
576
676
900
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TABLE 3.2

Variation of C with y+

1.01
0.55
2.35
4.00
4.94
5.38
5.58
5.58
5.57
5.55
5.55
5.54
5.53
5.53
5.52
5.52
. 5.52
5,52
5.52
5.52

~
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TABLE 4.1 a

L

Led Nusselt Numger and Thermal Entrance Length based

1.00

s/e = B.B1 Ple = 2.0 Re = 10.000

r 0.1 * 1.0 : 10.0
4 ++ ++ o+t - ++ _++
Gth Nux X /s Nux X /S NuX — X /S

~ -
0.1 |158.83 |- 0.307 118.25 | 0.799 | 250.67 | 1.25]
0.3 | 27.92 | 2.059 82.44 | 3.401 222.07 | 4.019
0.5 | 21.08 | 4.509 | ,72.15 | 6.456, | 212.42 | 7.157
0.7 17.87 | 7.530 66.64 | 9.997 | 206.78 | 10.755
1.0 14.96 | 17.379 60.91 | 25.594 | 200.42 | 30.158
/¢ = 8.6 P/e = 2.0 Re = 50,000

r 0.1 1.0 10.0
Sen Nu s Ny X7 N xystt

. X X X
0.1 | 100.02 | 0.637 | 340.49 | 0.922 |1035.12 | 1.006
0.3 60.11 3.172 | 263.94 | 3.763 | 943.54 | 3.878
0.5 | 49.72 | g.281 238.85 | 7.056 | 907.89 7.178
0.7 | 44.26 | 9.839 224.76 | 10.759 | 886.21 | 10.87%
1.0 39.33 [ 21.696 | 210.00 | 24.423 | 861.85 | 25.195
» ‘e

P
k’\Jsl' [<]
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- TABLE 4.1 a (_continued) 1” ?
S/e = 8.5 P/e = 2.0 Re = 100.000
P 0.1 1.0 10.0
++ 4t o, FRFR——
Sy | M, Xt s N, X/sT Nu X /fs
0.1 141.26 | 0.765 | 580.85 | 0.958 | 2115.68 | '0.994
0.3 92.2] 3:505 | 462.91 3.872 | 1927.57 3.915
0.5 78.53 | 5.769 | 422.84 7.238 | 1852.97 7.265
0.7 71.38 | 10.430 | 400.02 | 10.975 | 1807.07 | 10.966
1.0 64.38 | 22.623 | 376.23 | 24.012 | 1756.24 | 24.360
. .
S/ = 8.5 P/e =2.0 Pr=0.72 ~
Re { 10,000 50000 100,000

6:; Nux X++/S++ Nu ++/5++ Nux x++/s++
. 3
0.1 104.65 | 0.733 | 281.68 | 0.899 | 468.92 | 0.945
0.3 69.56 3.275 | 212.21 3.725 |  365.56 3.851
0.5 59.86 | 6.295 190.11 7.009 331.30 7.212
0.7 54.75 | 9.808 |.177.86 | 10.705 | 311.99 % 10.946
1.0 49.53 | 24.697 165.?7 24.198 | 291.90 | 24.046

]

B
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TAB

Fully Developed Nusselt Number
of Roughness Intensity (P/e)

4.1 b -

/

and*Thermal Entrance Length Effect

N

r
S/e = B.51 - Re = 50,000 Pr =0.72 ’7
Ple =2 P/le = 4 P/le =8
Stn | Nu ST N X5 "yt
0.1 281.68 | 0.899 480.97 0.455 |1630.97 | 0.108
0.3 | 212.21 3.725 337.51 |* 2.277 |_856.58 | 0.945
0.5 190.11 7.009 29582 4.548 | 593.96 2.192
0.7 177.86 | 10.705 273.44 7.079 | §15.59 3.68
1.0 165.17 | 24.198 | 251.9 15.488 | 548.25 7.922
o (
.:/ B
\ \’—4" ~ .(:
el
.
- - (" -
[y
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-~ TABLE 4.2
F/H‘RaEio Asymmetric Flow -
S/t = 8.6 , Pr =0.72

“Re P/e Nu Nu_ ¢ H f f F F/H
[67] (Nur/NuS) ' ‘ (f./f)

10,000 | 2 48.1@ | 30.7 | 1.569 0.009304 | 0.0079 . (1.178 [0.751
50,000 | 2 158.34 | 102 1.552 0.007026 | 0.0052804 |1.330 |0.857

100,000 | 2 [276.82 | 175 1.582 0.006428 | 0.0042175511.524 0-964

10,000 | 4 56.62 | 30.7 1.844

o

.012825 | 0.0079 1.623 |0.880
50,000 | 4 |198.15 | 102 1.943

o

.010267 | 0.0052804 |(1.944 |1.001 _
0,000 | 4 |{352.65 | 175 2.015 0.009708 | 0.00421755(2.302 |1.142

10,000 | 8 73.18 | 30.7 2.384 0.02104 0.0079 2.663 |[1.117
50,000 275.05 | 102 | 2.697 0.019299 &.0052804 3.655 | 1.355

100,000 | 8 |511.30 | 175 2.922 0.01993 0.0042175514.726 |1.617

4
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TABLE 4.2 (continued)
S/e = 13.82 Pr=10.72
.
. Re |P/e | Nu_ Nu| K £ £ F F/H
[67] | (Nu./Nu) (f./f.)
10,000 ( 2 46,65 30.7 1.519 .009122 0.0079 1.155 | 0.76
50,000 2 |163.02 | 102 1.598 .006892 0.0058804 | 1.304 | 0.816
100,000 | 2 |273.20 (175 1.2?1/ .0063020| 0.00421759 1.494 | 0.957
10,000 | 4 55.67 30.7 1.814 .0125 0«9079 1.582 | 0.872
50,000 4 194.91 102 1.911 .0099870 0.§P52804 1.89 0.989
100,000 | 4 346.64 | 175 1.981 .009426 0.6042]755 2.235 { 1.128
10,000 8; 71.65 30.7 2.333 .020241 0.0079 2.562 | 1.098
50,000_:)8 268.3¢2 ]02‘ 2.631 .018395 _ 0.0052804 | 3.48% | 1.324
1 8 1494.96 | 175 2.840 .018831 0.00421755 4.465 | 1.572|"
o :
- /: \\.




TABLE 4.2 (continued)
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Pr=10.72

S/e = 24.24
¥
f
]
Re P/E NUr. NUS H fr ‘ fS . F F/_H.,_\
[67] |(Nu/Nu) (f /)
10,000 | 2| 45.13 | 30.7 | 1.470 .008868 | 0.0079 1.123 | 0.764
H : .
50,000 | 2 153.1@:‘102 1.501 .00671 .0052804 | 1.270 | 0.846
100,000 | 2| 267.88175 1.531 |0.006135 | 0.0042175{ 1.455 | 0.950
10,000 | 4| 54.28 | 30.7 | 1.768 .012065 | 0.0079 1.527 | 0.864
'50,000 | 4| 190.35 |102 1.866 009636 | 0.0052804 | 1.825 | 0.978
100,000 | 4 | 338.55 [175 1.934  |0.009081 | 0.0042175| 2.153 | 1.110 Y
10,000 | 8 | 6%.54 | 30.7 | 2.265 |0.019267 | 0.0079 2.439 | 1.070
50,000 | 8| 259.93:{102 2.548 .017389 | 0.0052804 | 3.293 | 1.290
100,000 | 8| 479+B6 {175 | 2.743 |0.017676 | 0.0042175 | 4.191 | 1.528
\
T! \lé
« /
~ e
b 1]
@
N

FE AR S

P Y oot — Foagt o e 3 SN S
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TABLE 4.2 (continued)
S/e = 29.45 Pr = 0.72
Re P/e Nur Nus ’ H fr fS F F/H
_ ‘@7] Nu /Nu) ) (f/f.)
10,000 | 2 | 44.67 | 30.7 { 1.455 |0.008763 | 0.0079 | 1.309 | 0.762
- 50,000 | 2 | 151.80 | 102 1.489 | 0.006638 | 0.0052804 \'1.256 | 0.844
100,000 | 2 | 265.63 | 175 1.518 [ 0.00607 | 0.00421755| 1.439 | 0.948
110,000 | 4 | 53.68 '30.7 | 1.749° |0.011895 | 0.0079 1.506 | 0.86
50,000 | 4 |188.45 | 102 1.847 | 0.009505 | 0.0052804 | 1.800 | 0.974
100,000 | 4 | 335.19 | 175 1.915. |0.008956 | 0.00421755( 2.123 | 1.11
10,000 | 8 | 68.62 | 30.7 2.235 |0.018922 | 0.0079 2.395 | 1.07
50,000 | 8 | 256.67 | 102 2.516 |[0.017044 | 0.0052804 | 3.228 1.28
109}990 8 |473.67 | 175 2.707 {0.017293 | 0.00421755| 4.100 | 1.514
7 - N
|
i} -
a A
\,....\/7—
q -
ﬁ -
)
>
o \ |
. N /
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AN TAP.E 4.3
. - ‘\\‘_\
F/H ratio Asymmetric Flow. 4 ‘
S/e = 8.6 Pr =10
’-.

Re- | P/e| Nu_ Nug o | f, ol em
. (67] | (Nu: /Mu) (F/ M -
10,000 | 2 | 179.79 | "89.4 | 2.010 [0.009302 | 0.0079 - 1.178 0.5}5
50,000 | 2 | 703.55 | 360.0 | 1.954 [0.007026 | 0.0052804| 1.330 3681
100,000 | 2 11320.63 | 668.0 | 1.977 [0.006428 | 0.0042175| 1,524 | 0.769
10,000 | 4 | 217.56 89.4 "| 2:434 (0.012825°| 0.0079 | "1.623 0.665
50,000 | 4 | 905.43 | 360.0 | 2.515 [0.010267 | 0.0052804| 1.944 | 0.771
100,000 | 4 %.7 668.0 | 2.585  10.009708 | 0.0042175| 2.302 | 0.890
10,000 8 | 296/27) 89.4 .| 3.314 |0.02104 .0079 2.663 | 0.804
50,000 ] 8 | 130 360.0 | 3.635 [0.019299 | 0.0052804| 3.655 | 1.004
100,000 |87 2603.4™668.0 | 3.897 [0.01993 -| 0.0042175| 4.726 | 1.213

o
/ .
t »
7.
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TABLE 4.3 (continued)

- 80 -

S/e = 13.82 - Pr=10
o
Re  [P/c| Nu_ Nug H £ f ol e
[67] |(Nu /Nu ) (f./f)
1 '

10,000 | 2 | 172.44 | 89.4 | 1.928 |0.009122 | 0.0079 i.15 |0.59

50,000 | 2 |,705.21 | 360.0 | 1.950  |0.006892 | 0.0052804 | 1.30° |0.664
100,000 | 2 |1305.58 | 668,0 | 1.954° |0.006302 | 0.0042175 | 1.49 |0.763
10,000 [~4-| 214.39 | 89.4 | 2.398 |0.0125 .0079 1.58 |0.659
50,000 | 4-| 891.93 | 360.0 | 2.478 . |0.009987 | 0.0052804 | 1.89 |0.763
100,000 | 4°|1699.4 | 668.0 | 2.544 |0.009426 | 0.0042175 | 2.23 |0.876
10,000 | 8°| 290.4 | 89.4 | 3.248 :3.020241 0079 - | 2.56 |0.788
50,000 | 8 |1276.7 | 360.0 | 3.546 [ 10.018395 [ 0.0052804 | 3.48 |0.98
100,000 | 8 |2529.9 | 668.0 | 3.787) " |0.018831 | 0.0042175 | 4.46 |1.177
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Sy
TABLE 4.3 (continued)
S/e = 24,24 Pr =10 . )
-
Re  [Pre| Nug | H - £ f Froll FA
t67] | (Nu /Nu,) . [f /)
‘ P
10,000 | 2| 169.02 | 89.40| 1.891 |0.008868 | 0.0079 1.1§f_ 0.592°
50,000 | 2| 684.85 | 360.0 |, 1.902 |0.00671 |0.0852804 | -1.27~0.668
100,000 | 2 (12855 | 668.0 | 1.924 - |0.006)35 | 0.0042175 | 1.45 .| 0.754
. R
10,000 | 47| 211.23 | 89.4 | 2.363 [0.012065|0.0079 . | 1.53 |0.647 |
50,000 | 4 | 874.4 360.%;— 2.429 10.009636 :0.0052804 | 1.82 .|0.749
100,000 | 4 |1665.14 668.0\] 2.493 |0.009081 |0.0042175 | 2.15"|0.862
' - ‘ LI
10,000 | 8| 273.94 | 89.4 L. 3.064 |0.019267|0.0079 2.44 | 0.796
50,000 | 8 |1239.85 | 360.0 \gg#¥443 - | 0.017389 | 0.0052804 | 3.29 |0.955
| 100,000 | 8 |2448.02 | 668.0 | 3.665 |0.017676|0.0042175 | 4.19 |1.144
. .ﬂ | .
v . / '
i . oy o .
. I ‘ A ——— - ‘
o S ’
N
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TABLE 4.3 (continued)
N .

4

» "S/e = 29.45 Pr=10
-
Re [P/c| tu_ Nug H £ £ Foj F/H
_ ) [67] (Nur/Nus) (fr/fs)
~ 10,000 | 2 |167.85 89.4.(.1.877 |0.008763| 0.0079 | 1.11 ¢.591

50,000 | 2 (680.53 |[360.0 | 1.89° 0.00g638 0.0052804 | 1.26 |0.666 ‘

100,000 | 2 [1277.22 !668.0 | 1.912 |0.00607 | 0.0042175 | 1.44 |0.753

Lo ‘ -

© 10,000 | 4 |209.52 | 89.4 | 2.384 |0.011895| 0.0079 - | 1.51 |0.644
50,000 | 4 | 867.45 [360.0 | 2.4 0.009505 0.0052804 |- 1.80 |0.747

100,000 4 11651.62 |668.0 | 2.472 -}0.008956 | 0.0042175 2.12 |0.857

10,000 [ 8 | 279.78 89.4 | 3.13 '. 0.018922; 0.0079 2.40 |0.767

50,000 | 8 [1226.18 |360.0- | 3.406 0.017044| 0.0052804 { 3.23 |0.948

100,000 |. 8 [2419.02 |668.0 | 3.621 . [ 0.017293| 0.0042175 | 4.1 1.132

)
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TABLE" 4.4
F/H ratio asymmetric flow -
S/c = 8.61 ‘ Pr = 30
Re P/e ) = Nu, Nug H fn fs. : F F/H
7]  |(Nu /M) (F /f,)

10,000 | 2 |233.43 {127.0 | 1.838 |0.009304 | 0.0079 1.18 | 0.642
50,000 |» 2 | 931.54 | 532.0 | 1.757 |0.007026 | 0.0052804| 1.33 | 0.759
100,000 | 2 |1783.92 [1000.0 | 1.788 |0.006428 | 0.0042175| 1.52 | 0.852
10,000 | 4 |284.31 | 127.0 | 2.239 [0.012825 | 0.8079 1.62 | 0.724
50,000 { 4 [1207.97 | 532.0 | 2.271 |0.010267 | 0.0052804| 1.94 | 0.854
100,000 | 4 [2350.08 |1000.0 { 2.350 |0.009708 | 0.0042175| 2.30 | 0.978

) . J\ .
10,000 | 8 | 393.78 | 127.0 | 3.101 {0.02104 0079 | 2.66 | 0.858 -
50,000 8 |1765.88 | 532.0 | 3.319 |0.019299 | 0.0052804 3.65] 1.09
100,000 | 8 [3585.32 |1000.0 | 3.585 |0.01993 .0042175 1.319"




TABLE 4.4 (continued)

S/e = 13.82

‘ Pr=30

Re  |P/e| Nu Nu, H f. f, F | F/H
[67] |(Nu /Nu.) . (F/f
N [N
10,000 | 2| 223.36| 127.0 | 1.759 |0.09122 | 0. 1.16 | 0.654
40 0.0079 S _
50,000 | 2 | 927.0 | 532.0 | 1.743 }0.006892 | 0.0052804 1.30 | 0.746
100,000 |. 2 [1764.55| 1000.0 | 1.765 |0.006302 | 0.0042175) ~1.49 | 0.844
10,000°| 4 | 280.271 127.0°| 2.207 |0.0125. 0.0079 ] 1.58! 0.716
B . [P
50,000 | 4 |1190.41| 532.0 | 2.238 |0.009987 | 0.0052804| 1.89 | 0.844
100,000 |- 4 |2313.59 | 1000.0 | 2.314 0.009426 | 0.0042175| 2.23 | 0.964
10,000 | 8| 386.02| 127.0 | 3.04 |Q.020241| 0.0079 2.56 | 0.842
50,000 | 8 [1723.72} 532.0 | 3.239 |0.018395| 0.0052804| 3.48 | 1.074
100,000 | 8 |3483.86 | 1000.0 | 3.484 [0.018831| 0.0042175| 4.48 | 1.285




TABLE 4.4 {continued)

N .
S/e = 24:24 Pr = 30
( >
Re P/e Nur : Nus H fk ' fs F F/H
[67]  |(Nu /Nu ) (f /T
10,000| 2 219.60 127.0 1.729 0.008868 ‘0:0079 1.15 | 0.665

! 50,000 | 2 908.37| 532.0°y 1.707 0.00671 0.0052804 | 1.30 | 0.762
100,000 | 2 | 1739.23| 1000.0 1.739 | 0.006135 ! 0.0042175 | 1.49 | 0.859

10,000 | 4| 279.12] 127.0 | 2.198 | 0.012065 | 0.0079 1.58 | 0.719
50/000| 4 | 1168.24| 532.0 | 2.19 | 0.009636 | 0.0052804 | 1.89 | 0.860
4

100,000° 2269.14 1 1000.0 2.269 0.009081 | 0.0042175 | 2.23 | 0.983

- 10,000 8 352.031 127.0 2.772 0.019267 | 0.0079 2.56 | 0.923
50,000| 8 | 1674.58| 532.0 3.148 0.Q17389 0.0052@04 3.48 | 1.10%
100,000{ 8 | 3373.09| 1000.0 | 3.373 | 0.017676 0.0042175 | 4.48 | 1.330

' | /___/’
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TABLE 4.4 (continued) A
S/e = 29.45 Pr = 30
Re |P/e|  Nu_ Nug H f, ‘_cs - B R/

: 67] | (Nur/NuS) _ (/)

10,000 2 218.24 127.0 1.718 . 0.008763 .0079 1.7 0.646 |
50,000 2 903.24 532.0 1.698 ‘0.006638 .Q952804 1.26 0.742
]00,000, 2 1729.03 [1000.0 1.729 0.00607 \\.0042]75\ 1.44 0.833
10,000 4 .277.03 127.0 2.181 . 10.011895 .0079 ‘ 1.51 0.692
50,000 4 1159.64 532.0 2.18- 0.009505 .00%2804 1.80 0.825
100,000 4 2251.93 |1000.0 2.252 |0.008956 ’.0042]75 ., 2.12 0.941
10,000 é 372.5 | 127.0 2.933 10.018922 .0079 '2.40 0.818
50,000 8 | 1656.92 532.0 3.115 0.017044 .0052804 3.2]' 0.995
100,000 8 - 3334.43 |1000.0 _3.334 0.017293 0042175 4.10 1.229
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Fig. 4.35 F/H Ratio Asymmetric Flow, Effect of Pr.
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