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Abstract

In this study, the asymmetric turbulent fluid flow and heat transfer induced
by square-rib roughness elements in concentric annuli are analytically studied in an
attempt to investigate the resultant effect of artificial roughness on the heat transfer
and friction forces.

In the analysis, a turbulence model based on a modified Prandtl’s mixing
length theory based on a previous study of the flow in parallel plates with a rough
surface on one side is used to determine the velocity distribution and friction. The
two velocity profiles in the problem are matched using a force balance. The tem-
perature distribution is then predicted and heat transfer coefficicuts are calculated.

The results of the velocity profiles and friction factors are in good agreement
with the experimental results. The effects of various parameters such as the rough-
ness ratio, the pitch to roughness ratio, the radius ratio, ete. on friction facter and
Nusselt number are investigated.

The present study demonstrates that certain artificial roughness clements may
be used to enhance heat transfer rates with advantages from the overall efficiency

point of view.
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Chapter 1
Introduction

The flow in annular ducts has received considerable attention and it appears
often in many areas of the thermal process industries and in fluid fow equipment.

An annular geometry has long been recognized as an important fow channel
employed for the design of heat exchangers and fuel burners.

In nuclear engineering, it has served as a basic geometry in evaluating the heat
transfer performance of various type of reactor elements including, in addition to
single ribbed pins in a smooth cylinder, also more complex geometries such as rod
bundles in circular or non-circular channels.

Annulus flow is an axisymmetric geometry which, in the limiting cases, is rve-
duced to the circular pipe and planc channel. For this reasouw, it has attracted the
attention of researchers in the hope that its analysis would clucidate some of the
evident difference between these two basic flow situations.

In heat cxchangers with enhanced heat transfer surfaces. surfaces which are
sufficiently rough will have increased heat transfer coefficients hecause the turbu-
lence setup in the wake of each roughness clement will penetrate into the laminar
sublayer. Therefore, it is generally expected that the effect would be greater for
fluid flow with a higher Prandtl number.

For the completely rough region in duct flow with relatively coarse and tightly
spaced roughness elements, the friction factor is shown to be independent of the
Reynolds number(l]. Since the roughness of the surface not only increases the heat
transfer rate, but also produces additional pressure losses, the heat transfer per unit
pumping power expended may not be improved.

Thus, certain roughness elements may be used advantageously from the heat




transfer point of view, but the analytical predictions and experimental studies in
the literature are very limited [2]. The pattern and effects of surface roughness on
turbulent flow can not be effectively described by any single parameter, such as tae
average roughness size, ¢, so that the experimental surface geometry and roughness
is apt to become unwieldy.

One approach is to investigate the cffect of roughness on one shape of the sys-
tem, and then to investigate, separately, the effect of shape, using smooth surfaces.
In present study, an investigation of the effect of a particular type of artificial rough-
ness element on heat transfer in asymmetric conditions is preseated.

Bearing the above consideration in mind the main research objectives are set

as follows:

¢ To predict the friction factor and velocity profiles across the channel flow
and compare them with the experimental measurements.

s To predict the local heat transfer characteristics for turbulent fluid flow,
fully developed velocity profiles, and constant flux at the rough core tube,

* To find the resultant effect of roughness from a comparison of rough 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 non-

dimensional parameter:

H/F = (Nu,/Nw,)/(f/ ) (1.1)




Chapter 2
Literature survey

Until recently, the studies of fluid flow and heat transfer in circular and non-
circular ducts have been concerned primarily with three groups of problems.

The first group dealt with the development of the velocity profile in the entrance
region of a duct with no heat transfer. The fluid is assumed to enter the duct at
a uniform velocity. As the fluid moves down the duct, a boundary layer begins
forming at the entrance and grows, having a velocity of zero on the wall. The fully

developed velocity profile exists when the two edges of the boundary layers coincide.

The second group is concerned with the flow in which the velocity profile of the
fluid is already fully developed but enters a section of duct having a wall temperature
different from the temperature of the entering fluid. This is the problem of a purely

thermal entrance region.

The third group is concerned with the so-called fully developed problems in
which the heat transfer and friction parameters do not change along the length
of the duct. The result can be applied to long ducts. Therefore, the third group
is mainly to study the nature of turbulent flow and heat transfer under the fully
developed condition.

Some attention has been given to the effect of the surface roughness on the
transport of momentum and heat. In the literature, it scems that very few deult
with the resultant effect of roughness on the heat transfer and drag forces in a

concentric annulus.




2.1 Fully developed turbulent fluid flow

As a fluid flows through a duct its velocity profile undergoes a chauge from
its initial entrance form to that of a fully developed profile at an axial location
far downstrcam from the entrance. However. the fully developed flow cases, hoth
laminar and turbulent, have been the subject of many analytical and experimental
studies mainly because of their greater simplicity and wider engineering applica-
tions.

Since turbulent flow in circular tubes is the type usually encountered in prac-
tice, it has been studied extensively. One of most rigorous studies of turbulent flow
in a circular pipe was carried out by Diessler(3].

An investigation by Laufer[4] covers the structure of turbulent pipe flow quite
thoroughly. Cremers and Eckert[5] measured turbulence correlations with hot-
wire anemometer in a triangular duct, and recently Clark{6] also used the hot-wire
anciometer to study turbulent boundary layers.

The problems of fully developed turbulent flow in a smooth concentric annulus
have becn studied experimentally and analytically by Barrow(7], Lee and Barrow
[8], Brighton and Jones(9], Rothfus et al.[10], Levy[11], Quarmby[12.13 ], Michiyoshi
and Nakajima(14)], Wilson and Medwell[15), and Randhava[16]. In contrast, a small
amount of work has been done on the description of fully developed turbulent flow
in a rough surface.

In order to describe the patterns and effects of surface roughness on turbulent
How, Schlichting(1] introduced the concept of equivalent sand-grain roughness, k.,
as a means of characterizing different types of surface roughness by referring to the
equivalent net cffect produced by Nikuradse’s experiments, which were carried out
in pipes that were artificially roughened with uniform grains of sand.

Some other attempts have been made to set up models of turbulent exchange
of flows over rough and smooth surfaces. Allan [17] proposed a description of the
distribution of the mean-velocity in two-dimensional or axisymmetric turbulent flow
which included the effects of pressure gradients and of the surface roughness. Al-
lan’s expression for the distribution of mean velocity is given by

T SR




ut =25Inyt + 5.1+ k. f.+CH (2.1)

where

k : pressure gradient

fei pressure gradient function

C: value of the surface roughness function for fully turbulent flow
B : roughness function

Allaz and Sharma 18] used experimental data for a two-dimensional low speed
turbulent boundary layer to verify the description of the mean velocity distributions
proposed by Allan [17]. 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.

Unfortunately, all these models require a prior knowledge of the function to
describe a particular set of shapes and arrangements of surface roughness elements.
For such cases, there seems to e no reliable prediction for momentumn and heat

transfer available in the literature.

Drag forces

Drag forces on surfaces having very small roughness such as painted metal
plates as well as smooth plates covered with single protuberances, such as rivet

heads, welded scams, joints, etc., were measured by Grunow{19].

The effect of artificial roughness on the frictional properties of annuli shape
have been studied by Wilkie[20] for various inner surfaces roughened by transverse
square and rectangular ribs. Rib heights varied from 0.1% :0 1.6% of the equivalent
diameter and pitch to height ratio from 2.5 to 50. He concluded that increasing rib
width at constant P/¢ and /D reduces the friction factor, f. Also slight chamfering
of very sharp ribs reduces the friction factor, f, by between 6% and 8%; however,

he reported that further chamfering or rounding had no effect.

]
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Roughness function

A critical review was presented by Lewis[21] of the methods used to evaluate the
thermohydraulic performance of roughness surfaces. In this study, the fundamental
importance of the roughness function is verified and optimization is discussed. Also,

Halls’ transformation[2], which is used to relate measurements in annuli to circular
tubes of rod-bundle flows, is re-examined.

Musker and Lewkowicz{22] proposed an integral method for predicting the de-
velopment of two-dimensiona! turbulent boundary layers, which can include the
cffect of surface roughness. The method based on the energy integral equation is
found to give agreement with experimental measurement for both smooth and rough
surfaces in an arbitrary pressure distribution.

This method is used to investigate the effect of surface roughness on the separa-
tion of a two-dimensional turbulent flow over a flat plate with an external pressure
distribution. For the case of annular ducts with rough surfaces, no measurement of
eddy diffusivity distribution and turbulence could be found in the published works.

2.2 Asymmetric heat transfer in fully developed

region

The nature of turbulent flow and heat transfer under fully developed conditions
has been studied extensively by many investigators over the last three decades.

Turbulent heat transfer in smooth circular tubes with variable fluid properties
was studied by Deissler[23]. Corcoran et al.[24] measured experimental values of
temperature and velocity gradients for the flow between parallel plates.

Labib(25] analytically investigated the resultant effect of artificial roughness on
the heat transfer and friction force of the turbulent fluid flow induced by square
- rib roughness elements in parallel plates, in which the integral method together
with a turbulence mcdel based on the modified Prandtl’s mixing length theory for
the rough surface was used to determine the velocity distribution and friction.

The results of the velocity profiles and friction factors are in good agreement
with Bhuiyan’s[26) experimental results. His analytical results represent that the
heat transfer increases more than the friction forces for a certain range of Reynolds
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numbers and Prandt! numbers for the given roughness structure.
Haberstroh and Baldwin {27], Lawn[28] aud Gowen and Smith([29] reported the
studies of fully developed turbulent heat transfer in the pipe flow.

Extensive experimental results for air flowing in a smooth annulus with a con-
stant heat flux from the inner core tube under fully developed conditions have been
reported by many workers, such as in References|7,8, and 30}.

Pickering(31] studied heat transfer experimentally with water flowing in an an-
nulus. He also reviewed and compared the results of the theoretical and experi-
mental works on heat transfer to turbulently flowing fluids in annuli. He concluded
that the theoretical prediction of Maloneyt exhibited a particularly good correla-
tion with his experimental results. Some more studies on the heat transfer under
the fully established turbulent flow condition with uniform internal heat flux in a
concentric annulus can be found in such studics as in References {32,33,34,35, and
36).

Turbulent flow and heat transfer in concentric annuli with moving cores was
invstigated by Shigechi, Kawae, and Lee[37]. Reynolds et al.[38] tried to generalize
the problems of heat transfer in concentric annuli and indicated the possibilities
for superposition of their four fundamental solutions. These fundamental solutions
were specified by the heat flux or wall temperature boundary conditions of the
smooth annuli. Only limited cases such as fully developed heat transfer and the

thermal entrance region on problems with arbitrarily prescribed heat flux have been.
solved.

1 ¢+ From Reference 31.
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Chapter 3

Analytical Studies

3.1 Physical Model

Because of the type of roughness on the rough wall and geometrical character-

istic of the annulus, local flow mechanisms in the vicinity of that wall may not fully

satisfy any universal velocity profiles. The large scale of roughness may cause a

flow recirculation in the wake zone of the roughness elements; thus, the governing

cquations are broken into smooth and rough sides. For the analysis, we introduce

the following assumptions:

1.

o

The annulus is concentric. While the outer wall surface js smooth, the

inner core surface is square-ribbed (Fig. 3.1).
Velocity and temperature fields in the annulus are fully developed.

The location of the maximum velocity coincides with the location of the

zero shear stress.

For the smooth wall region, the eddy diffusivity for momentum, €y, by
van Driest for the sublayer and that of Reichardt for the fully turbulent
region are used.

For the rough core wall region, there is a constant heat flux , and a
modified logarithmic velocity profile [25] is used. The surface roughaess
affects the velocity profiles only locally.

The turbulent Prandtl number is taken as unity.

b "




7. For Z,, in the modified Prandt] mixing length theory, those obtained in

parallel plates are used.

3.2 Velocity and Temperature Distributions

The basic equations governing the transport of momentum and heat can be
written as [39]:

75 du;
< =g, (3.1)
3
_4 N 9
o (a+ey) Ee (3.2)

From the equations (3.1) and (3.2), the teraperature gradient can be obtained
as equation(3.3) in nondimensional parameters [the details of the derivation of the
equations (3.3) to (3.5) are given in Appendices A.1 to A.3]:

aI;F = j:auj-( i+ f;\]/V QJ/QIh
¢ ¢ “1/Pr +1/Prep/v” i/ 7o

(3.3)

where 4ve is for j = ¢ and -ve for j = 0. The ratio of eddy diffusivity of heat
and momentum, Pr,, which is often called the turbulent Prandtl number, plays
an important role in most analytical studies to predict heat transfer coefficients in
turbulent convective heat transfer.

Many investigators assumed this ratio of ear/e; =1 as Prandtl did [40]. But,
recent experimental work has shown that those are not equal.

Neverthless, the turbuient Prandt! number, Pr,, is assumed to be 1 in the
present work, for the following reasons: firstly, the lack of an accurate correlation,

and secondly for the reason of simplicity.

From a force balance made on the element (Fig. 3.2), we obtain the shear stress
distributions as:




T =GR+ AL+ G+ A ZE /6T

e 1T DGR T A+ 2L - 7% (3.4)
0<¢<)

To _ (1 - Co)[l - AaCo/(z — AO)] =

o (1= A.G) (3:5)
0<( <)

Since the heating condition is a constant heat flux at the core tube ounly, the
heat flux distributions are obtained from an energy balance made on the element |
the details of the derivation of equations (3.6) and (3.7) are given in Appendix A4]
(Fig. 3.3):

4 _ (1= a1+ MG+ AiZE/6F)

gri  [1—a2(1+ AZLIEF)1 + AiG) (3.6)
(0<¢G<1)
__(I_[; = 0(2 - Ao{o)AaCo(l + Aozrt/&r) (37)

Grs L= a1+ AZ4 /G = Ayl
(06 <1)

We can obtain the velocity gradient from equation (8.1) [see Appendix A.5 for
the derivation of equation(3.8)):

au: _ To/ Tho
7 = Sl ) (38)
(0<¢ <)

Surface roughness can take on many shapes, the name of Nikuradse [41] is
indeliably associated with that rational analysis of rough surfaces as a result of his
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experiments with turbulent flow in the pipes that were artificially roughened with

uniform grain of sand.

Schlichting [42] introduced the concept of equivalent sand-grain roughness as
a means of characterizing other types of roughness element by referring to the
equivalent net effect produced by Nikuradse’s experiments [41]. We develop almost

same method as Schlichting's {42].

If the Prandt]l mixing-length scheme is used, mixing length, I, and eddy dif-
fusivity for momentum, ¢y, can’t go to zero at the wall because of the cffect of
roughness ; the eddy diffusivity and mixing length must obviously be finite at y = 0
for a fully rough surface. This can be readily modeled by a near-wall mixing-length

cquation:

l=ky+ Z,,) (3.9)

where Z,, might be expected to be a function of roughness, and & is constant and
equal to 0.4. To develop a velocity profile for the fully rough region, we simply
replace ! = ky with the equation (3.9), this then leads to [39]:

dut _ 1
d* = Wy* + 2%

Since there is no sublayer in the fully rough region, the lower limit of integration

of this differential equation is at y* = 0:

o dut
du Ll e
0 T yt+ Z}
This equation ezt be obtained as:
1
+ = =
ut = Ll [ 7% + 1]

Where Z?} is much smaller than y*; we can express this as:

(3.10)
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in which Z,, might be obtained from an experimental velocity profile in the annulus;
however, we assume that the effect of Zy, is confined to the region very close to the
wall and not subjected to the effect of boundatry curvature.

Thus, we can usc the modified turbulence model for the flat plate. Z,, for the
flat plate is obtained as follows [26,43]:

Zro = U::zrefl’]?{—%'[hl(g - ymr)uTRo/V + Cko]} (311)
'Ri

Ymr = S x O.QQQRGO'OGG(S/E)O.M(P/S)D.n

From equation (3.10), the velocity gradient for the inner rough side can be
obtained [see Appendix A.5 for derivation of (3.12)):

Quf ., 1
a(; - Urpy k;f,'

Z%

(3.12)

3.3 Eddy Diffusivity for Momentum

Accuracy of description of the eddy diffusivity for momentum along and across
the duct is required for a solution of velocity and temperature profiles,

The most interesting feature of the study on turbulent fluid flow in a concentric
annular duct is the complete failure in application of the conventional universal
velocity profile or the law of the wall [44),

Since the assumption of an eddy diffusivity of zero at the pipe center line is
not realistic, we postulate that Reichardt’s expression [45] for the eddy diffusivity
of momentum can be applicable to the entire turbulent flow regions on the outer
smooth wall region of the concentric annulus with proper modification for the region
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remote from the outer wall. Thus. using the dimensionless parameters, we can
obtain as follows[44]:

(ea1/v)o = (ko3 /O)[1 — (1 = g /63 V11 + 201 — v /67)7) (3.13)
(va, Sud < 6F)
For the region very close to the outer wall, sinlating the sublayer by intro-

ducing a damping function into the mixing-lengih equation, I = ky, we retain van
Driest’s dimensionless expression [46] for the eddy diffusivity given by:

2 au;"
(em/v)o = kiyF (1 — exp(—yf [AT) | E | (3.14)

(02yf <yh)

For the inner rough region, we use the Prandtl mixing length theory to cvaluate
the eddy diffusivity for momentum, ¢y,.

Eddy diffusivity for momentum from Prandtl’s mixing length theory is obtained

(ear/v)i = K2y | 0uf Jyi | (3.15)

(ZY <yt <61
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3.4 Reynolds Number, Friction Factor, and

Nusselt Number

Now that the eddy diffusivities, (£ar/17);. are known for the entire fluid region,
the velocity and temperature profiles can be derived. The Reynolds number, friction
factor, heat transfer coefficient and Nusselt number can be obtained in the usual

way as:

Reynolds Number

Reynolds number is defined as:

2 — .
Re = :ub—u?-;—-@ = 2uf (R} — R}) (3.16)

The average velocity, uy, can be expressed from the definition in dimensionless
parameters as | see Appendix A.G for the derivation of equation(3.17)):

v( 2a
Uy = —
. 1 —a?

1 1
F fon (14 AicHurdGi+ =68 [[(1= AGudde)  (317)
Za a’Jo
Substituting equation(3.17) into equation(3.16), we obtain:

da 1 ) .1 1
Re= ra® Juge O+ Aot 2ot [((1-Atputac)  (318)

(1+a)"" Jozm

Friction Factor

The friction losses occurring in turbulent flow are proportional to the kinetic
energy of the fluid unit volume and the area of the solid surface in contact with the

fluid. The friction factor is generally defined as:




The friction factor for the whole annulus is defined in the following dimensioniess

form {see Appendix A.7 for derivation of equation (3.19)]:

_ 8= a)*[l+ alriu/7io)], oty
f— (1+0‘) (Ra/RC) (319)

Nusselt Number

From the definition, Nusselt number is:

ARF — R )Pr
T,

Nu=2R,~ R)h/K = (3.20)

where the heat transfer cocfficient, h, is defined as:

h = gp; /[(Tri — Tp) (3.21)

The bulk temperature, T)F, can e expressed from the definition in dimensionless

parameters as:

4 1 1 |
;= 2o )ladd G uFTrde + 67 — +
Iy = (1+a-)(Rc)[06' f%(la-a,c.)u. T dGi+ 6, jo(l Al uFTrdC,) (3.22)

The details of derivation of equation (3.22) are given in Appendix (A.8).




3.5 The Ratio of H/F

The roughness made artificially on the wall surface enhances turbulence in the
flow; thus, the effect of turbulence causes an increase in heat transfer as well as
friction factor.

However, the more the increase in the friction loss in terms of roughness be-
comes, the more pumping power must be supplied; therefore, it is desirable that the
ratio of the increase in heat transfer and the increase in friction loss be discussed

in consideration of the heat exchanger design.

Ratio of friction factor, F

The normalized friction factor, F, is defined as ratio of fr/ fsy in which f, is the
friction factor in the annulus having the roughness element on the core tube, and f,
is the friction factor due to the smooth annulus; therefore, the normalized friction
factor, F, means the increase in the friction loss for the roughness.

Ratio of Nusselt number, H

The normalized Nusselt number, H, is defined as the ratio of Nu,/Nu,, in
which Nu, is the Nusselt number in the annulus having the roughness element on
the core tube, and Nu, is the Nusselt number in the smooth annulus; therefore, the
normalized Nusselt number, H, means the increase in the heat transfer due to the
roughness.

The resultant effect of artificial roughness is deterinined from a comparison of
rough and smooth surface with regard to the heat transfer increase relative to the

increase in pressure loss. This is expressed in terms of a non-dimensional parameter,
H/F, which is defined as:

H/F = (Nu,/Nu)/(f./f.) (3.23)

HfF > 1 suggests that the increase in the heat transfer due to roughness
is greater than the increase in pressure loss due to roughness and therefore it is
advantageous to have the particular roughness elements from the overall efficiency

point of view.
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3.6 Matching Conditions

The turbulent fluid flow and heat transfer in the concentric annulus with a
roughness on the core tube have two different velocity and temperature distributions
cross the flow channel; however, the veloeity and temperature profiles should be

matched at the point of maximum velocity.

car Stresses

From the force balance made on an element (Fig. 3.2), we can obtain:

Thi — Ro [an - (Rl -+ ZrO)z]
Tho (Ri + Zro) RE - ern

(3.24)

Relationship between k; and %,

It is well established that the standard universal velocity is not fully adequate
for the inner velocity distribution of a concentric annulus [47], [48); therefore, while
a fixed value of 0.4 for %, is taken in the analysis, the value of &; should be calculated

from the appropriate boundary conditions in the analysis of a concentric annulus
with a smooth wall [49].

However, in the present study with the high roughness density, it may be as-
sumed that the turbulent induced by the surface roughness on the core surface is
such that the effect of the curvature on the value of &; is negligible small; therefore,
it is assumed that:

ki = k, (3.25)

Velocity

The dimensionless velocities, u} and u} are nondimensionalized with u,,,, and
as the velocities at the points of the maximum velocities are continuous, we can
obtain:




Relationship between T, and T

From the equality of temperature at the positions of maximum velocities (r =

R, or {, = =1), we obtain:

T: =T+

arm im

and

0T, _ 9T} &f

— T e —— —,

aCi a(:o 6:

Once the matching conditions are established, the dimensionless temperature

distributions in the inner and outer regions can now be obtained by sub
equations (3.4), (3.5), (3.6), (3.7), (3.8). and (3.12) into equation (3.3).

3.7 Method of Calculations

To solve the equations given above, the following input and fixed parameters are

provided for the calculation, and the calculation is done as the following procedure:

Input parameters

a =02, 0.4, 0.5, and 0.8.

RY =in terms of Re: 10! to 10°.
Pr=10.1, 0.72, 1.0, 10., and 30.
Ple =2, 4, and 8.

Sle = 9.7, 19.4, and 25.
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Fixed parameters

P?', = 1
A} =20 (van Driest damping parameter)

y}, =26 (sublayer thickness)

Procedure of calculation

To obtain results for a given Reynolds number. first of all, a Reynolds num-
ber should be given; however, the Reynolds number is actually obtained from the

velocity profile, and the velocity profile is obtained from the given Reynolds number.

Therefore, a two-dimensional iteration method [50] is used: one is for the ve-
locity profile, and the other is for the Reynolds number.

For the initial guess, a dimensionless sublaver thickness ((,y) is used:

¢ _ Yo _ 2
=6+ T Ri(1—RYL/RY)

i . . + .
in which (,y is the number between 0 and 1, R} and %‘.{.‘ arc the variables of the
Reynolds number.

With the guessed 22 R.,, the velocity profiles in the smooth and rough parts are

obtained, where we use the 5 point Gaussian quadrature integration method.

At the maximum velocity position, we check the equality of velocity. With the
condition that velocitics of both parts are equal, the Reynolds number is calculateu
with the velocity profile obtained, from Simpson's integration method with the
number of nodes equal to 5000.

If the velocities are not equal, we guess the value of R} /R}. If the calculated
Reynolds number (Rel, Re2) is equal to the given Reynolds number (Re*)(Fig. 3.4),
the velocity profile will be calculated. If it will not equal, we reguess the variable,

Caub-

Finally, the friction factor, temperature profile, bulk temperature, and Nusselt
number are calculated.
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The computation was carried out nunerically on the University of Ottawa com-
puter, IBM, AMDAHL 5880. A simplified How chart of the program is given in
Appendix B




Chapter 4

Experimental studies

In the previous chapter, the theoretical analysis was presented and the predicted
velocity profiles, local friction factors, temperature profiles, and Nusselt numbers
for the developed regions of concentric annulus with a roughness on the core tube
were evaluated

The experimental programme undertaken in the present study is desigued to
meet some of research objectives described before, i.e., velocity profile and friction
factor. The working fluid is chosen as air in atmospheric conditions due to purposes
of economical construction of test facilities and also availability of information on

physical properties.

The main experimental programme consists of providing detailed measure-
ments of static pressure drop along the developed channel length, velocity profiles,
and velocity gradient profiles. The static pressure measurements are made with a
MKS pressure transducer and the calibration of which is checked against 2 micro-
manometer at frequent intervals.

Velocities are measured with a single pitot tube and velocity gradients are mea-

sured with a double pitot tube. The traverses are made manually.

4.1 Apparatus

The main experimental and the auxiliary apparatus are shown schematically
in Fig. 4.1 and a photograph of the channel assembly is given in Figure 4.2. The
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essential dimensions of the test section are included in Table 4.1, The major part
of the apparatus vas used by Park [44] previously for his study.

Surface roughening of the core tube is done by machining rectangular grooves
on the core tube swiface in the transverse dircction on a milling nachine. The
height of the grooves, shown in Fig. 4.3, is 1.5 mm. The pitch to height ratios
(P/e) for the present study are 2, 4, and 8 ( Fig. 4.3). Air is drawn through a flow
measuring orifice [51] into a settling chamber by a centrifugal fan driven by a 1.5
HP, 1710 RPM A/C motor.

The settling chamber consists of filters, screens, and flow straighteners (Fig.
4.1). The control of flow rate of air is done with the movable gate located on the
side of the diffuser box. The bell-mouthed section is machined from a 305x305%203
mm plexiglas block and the blower fan is rated 8.5 cu. m/min at 510 mm of water.
The total dimension of the main apparatus is about 7980 mm in length (Fig. 4.1).
The annular test section consists of a 97.4 mm 1D. outer tube with a 39.2 mm O.D.
core tube having the roughness height, ¢, of 1.5 mm (Fig. 4.4).

Provisions are made for the measurement of the position of the core tube rel-
ative to the outer tube and pressure drops, and for the detailed exploration of the
velocity field at the measuring station (78.9 equivalent diameters). The core tube
is supported at threc locations by 3-point carriers which provide radial adjustment
of the core tube.

The position of the core tube relative to the outer tube is determined by a depth
micrometer gauge through several openings along the length and around the circum-
ference of the test sections. In this way, the maximum eccentricity of the annulus is
less than 3 %. To minimize axial misalignment, all the flanges are clamped together
and then drilled and reamed simultancously during the manufacturing stage,

The assembled test section is mounted horizontally on several supports. Pro-
vision is made on the feet of these supports to provide a fine adjustment of height
by screws. Thus, the horizontal alignment of the whole assembly could be easily
accomplished by adjusting these screws. The horizontal alignment is checked by a
surveying level.

The maximum misalignment is 3.2 mm per 5.5 m. To minimize the pressure
loss and the vibration effect from the blower, a conical diffuser and a flexible tube

is used to connect the assembly annulus to the blower.




4.2 Instrumentation

Pitot tube and pressure measurement system

The mean velocity profiles across the test section are measured by means of
the pitot tube made of a hypodermic stainless steel tube, 1.1 mm O.D. and 0.5
mm 1.D.. For flow field investigation, it is desirable to make the total probe tube
diameter small with regard to the annulus passage dimensions in order to minimize
flow interference.

However, at low velocities viscosity causes an error in the total pressure reading
[52, 53] which is difficult to correct for. Taking these facts into consideration the

abyove dimensions are chosen.

The static pressure holes were connected to the pressure measuring network
of tubes through 3.2 mm L.D. pressure connectors. These were made by drilling
through the wall from the outside and by carefully removing the burrs on the
inside. A short length ( 9.5 mm) of about 6.4 mm O.D. brass tubing is then
carcfully soldered over the each hole.

Jayflex-180 plastic tubing of 9.5 mm O.D. and 6.4 mm LD. is used for this
purpose. The MKS differential pressure transducer (Baratron type 77)[54] and
differential micro-manometer depending on the heads of the pressures are used for
- pressure measurement. The specific gravity of the manometer fluid in the present
study is 0.8185. All pressure measurements were made relative to the atmosphere,

i.c. one of the transducer inputs is open to the ambient.

Double pitot tube

The position of maximum velocity is found by means of a double pitot tube
consisting of two tip pitot tubes 1.5 mm apart[55, 56]. No appreciable difference
is found between the two pitot tubes when placed in a uniform stream during the
calibration stage.

Data recording system

All the measurements are automatically recorded. For this purpose, a Hewlett-
Packard HP-5050B digital recorder is used in conjunction with a HP 2901A Input




scanner and a HP 2401C Integrating digital voltmeter (Fig. 4.5).

Flowrate meter

The flow rate meter to measure the flow rate in the channel and in turn to
calculate the average velocity is an orifice plate placed before the settling cham-
ber(Fig. 4.2). The orifice plate is designed according to ISO recommendation R541

with vena contracta taps[57, 58].

4.3 Calibration of instruments

Orifice plate

The calibration of the orifice plate is done by a numerical integration of the
velocity profiles, using a single pitot tube, measured at test sections to give the flow
rate for a given pressure drop across the orifice plate[59). A traversing mechanism
located at 78.9 equivalent diameters from the bell-mouthed entrance to the tube
facilitated the measurement of velocity profiles throughout the cross section of the
annular tube.

Pressure drop data are obtained over the entire accessible Reynolds number
range, whose upper limit is restricted by the blower capacity. The results of cali-
bration | flow rate {Q) versus pressure difference at orifice (AP,,;si.)] are shown in
Figs. 4.6, 4.7, and 4.8.

4.4 Experimental procedure

Before any experimental measurement is carried out, the electronic instruments
are turned on for at least two hours to attain steady state conditions and to avoid
drift due to warm up. Then the necessary adjustments on the anemometer system
and the pressure measuring meter are made.

The apparatus is run for at least 30 minutes which is found tc attain steady
state conditions in the flow, and the flow chart of measurement is shown in Fig.
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4.9.
The main experimental variables for the present study are the piteh of the

roughness, P, and the height of roughness,e. For each roughness pitch the following

measurcinents are taken:
1. Static pressure drop versus channel length, z.

2. Static pressure drop at fully developed conditions versus Reynolds num-
ber

3. Velocity profiles versus y using pitot tube at 78.9 equivalent diameters
from the inlet of test tube

4. Double pitot tube reading APy, versus y at fully developed conditions.

The range of Reynolds number covered is from 15,000 to 62,000 approximately.
The pressure and temperature of the ambient are also recorded before each run. The
room temperature is able to be kept nearly constant with £0.5°C' during ecach test.
All the measurements are carried out only at late in the night to avoid disturbances

on the main power supply.

Static pressure and velocity profiles measurements

Due to rapid random fluctuations in the pressure readouts from both the clec-
tronic meter and the inclined micromanometer, an estimate of the average readout
has to be made. The error introduced in this manner is estimated to be less than
+0.5% considering the maximum and minimum values of the instantaneous read-
outs,

The velocity profiles are recorded either manually or through the data acquisi-
tion system. The velocity profiles in accordance with Re and P/e are shown Figs.
4.10 - 4.12, in which the asymmetry of the flow are already seen. The velocity
profiles obtained from the annulus throughout the experiment are numerically in-
tegrated, and used for calculating Reynolds numbers and also for the calibration of
the orifice as discussed in Section 4.3.

To investigate the effect of the roughness geometry on a core tube, the velocity
patterns at different position are measured ( Figs. 4.13 and 4.14). The developed
region can be known from the measurement of static pressure drop versus channel
length, z, (Fig. 4.15), and at the developed region from z/De = 42.27, dp/dz values
are calculated as a function of z by fitting a straight line into the data points taken
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five at a time and taking the slope of this line as the dp/dz in the middle of the
range of the five points (Figs. 4.16, 4.17. and 4.18).

The average friction factors are obtained by using the following relation derived
from the momentum balance for a fully developed flow as shown in Appendix A.7
(Fig. 4.19).

Rofo+ Rifi
=05 4.1
f Ro -+ Ri ( )
where
27 27,
fi=—.and f, = — (4.2)
pug puy

Determination of the probe position relative to the walls

The starting position of the probe relative to the channel walls is determined
by advancing the probe toward the core tube wall until the probe just touches the
wall and this point is taken as the reference point for the y-coordinate.

The touching of the probe is checked through the outer tube by electrical con-
tact. The relative radial displacement of a probe is measured with 0.025 mm. The
repeatability of the position of the probe is given as 0.2 mm for the manual drive.

Maximnum mean velocity points

The maximum mean velocity points are found by making double pitot tube
traverses in the y direction and recording the pressure differences between the pitot
tubes. The reading is a measure of the velocity gradient and the place where the
curve cuts the APypi0=0 line corresponding to the maximum velocity point (Fig.
4.20). '

This procedure is repeated 9 times every Reynolds number, and each maximum
mean velocity point is taken an average at which all the standard deviations are
less than 0.2 % (Fig. 4.21-32).

Physical properties

The values of dynamic viscosity(u) are taken from Reference[60] corresponding
to the ambient temperature. The ideal gas equation of state p = pRT is used to
calculate the density of air(p), corresponding to the ambient conditions.

The accuracy of p and T measurements is estimated to be 0.1 mmHg and
£0.5°C respectively. In view of the higher accuracy in measurements of geometrical
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parameters, it can be concluded that the uncertainty involved in the i, and Re
largely depends on the flow rate measurement.

A list of mean flow paramecters considered. together with a summary of the
expressions relating them, is given in Appendix C. These expressions constitute a
system of 16 equations. To solve these equations, 15 parameters can be considered

in threc groups:

1. Geometrical parameters: A, De, S, ¢. P, R;, R,, o

]

. Physical properties of working fluid: p, pu,

3. Experimental flow variables: dp/dx, r, R,,, Q, y

A closer examination of the 9 inputs mentioned above and a consideration of
dimensional analysis technique will reveal that the effects of all of these parameters

can be incorporated in the effects of the following five main dimensionless groups:
S
Ple, a, — Re, f

The first threce are geometric parameters. fe¢ and f are used to relate the
geometric propertics, fluid properties, and flow variables. The major engincering
interest from the type of experiments undertaken in the present study is to find the
correlations among /e, Re, f.

The rest of the parameters considered are mainly for further understanding of
the physical flow.




Chapter 5

Experimental Results and

Discussions

Results from both the analytical and experimental studies described in the
previous chapters enable us to evaluate the various characteristics of the turbulent
flow and heat transfer in the developed region of a concentric annulus with a rough
core tube.

In the present experimental study, the mean velocity profiles and the locations of
maximum mean velocities are the most important parameters. Thus, it is essential
to investigate in detail the local flow mechanism with particular emnphasis on the
velocity distributions and the locations of maximum mean velocities, because this
will be a check on the nature of the underlying assumptions used in the analysis.

Maximum mean velocity point

As shown in Figs. 4.21 to 4.32, the variation of maximum velocity positions
indicates strong dependence on Re and P/e.

With the increases of Re and Pfe, the maximum mean velocity positions get
proportionately closer to the smooth wall. The variation with Re indicates stronger
diffusion of turbulent eddies from the rough towards the smooth side as the velocity
indicates and the momentum exchange near the rough wall becomes more vigorous,
These points deviate more from the center-line of the channel towards the smooth
wall with increase of P/e ( up to P/e=8) i.e., for a lower roughness density at the
same S/e ratio ( Figs. 4.10 - 4.12).
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This may seem unexpected since a higher roughness density would imply a more
vigorous momentum exchange than a lower roughness density. A closer examina-
tion of vortex patterns between roughness elements of different pitches| 61, 62, 63,
and 64} reveals the possibility that at a higher roughness the flow will tend to skip
over the tips of the elements; however, at a lower density, the flow will find some
time to re-attach, and when it faces a new element it will be thrown into the stream

creating vigorous eddies. Therefore, the points under consideration are even further
displaced from the rough wall.

In the present analysis, the radius of maximum velocity for the fully developed
turbulent flow is predicted from Eq. (3.24). It is often assumed, without any
justification, that the position of zero shear coincides with the radius of maximum
velocity. This can not be accepted immediately for general case although, of course,
it must be true for some duct geometries for reasons of symmetry. It has been
shown(8, 65] that the assumption, viz.: the position of zero shear coincides with the
radius of maximum velocity is not necessary true for turbulent flow in the annulus.

The experimental results of Kjellstrom and Hedberg[65] show that, for partially
roughened annuli, there is a small but significant difference between the radius of
the maximum velocity and the point of zero shear. However, in the present study,
it is assumed that the radius of maximum velocity coincides with the position of

zero shear.

Mean velocity distributions

The predicted velocity profiles [Table §.1(a), (b), and (¢)] are compared with
the experimental measurements in Figs. 4.10 -4.12 [Table 5.2(a), (b), and (c)].
In general the theoretical velocity profiles obtained through [46, 44, and 39)] agree
reasonably well with the experimental data, except near the walls. For calculation,
a value of &, von Karman’s constant, should be assigned, and here & =0.4 is chosen.
The results are shown in Table 5.2(a), (b), and (c¢). Between the sublayers near the
walls and the maximum velocity points, the velocity profiles are in good agreement
with the theoretical results of [44).

Thus, as far as the mean flow properties are concerned, the fluid particles within
these regions are unaware of the nature of the opposite surface. The velocity profiles
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illustrate that the velocity profiles in the outer region vary little with radius ratio
and are similar to the circular tube. Mcanwhile, the velocity field in the jnner
region deviated with changes in roughness density (P/¢) and radius ratio (o). The
deviation of the inner portion from the outer is greater with high roughness density
and larger radius ratio.

This deviation of the velocity profiles for the inner regions from those for the
outer regions could be explained as a result of the increase in the radjus ratio and the
roughness density. The effects of the roughness geometry on the velocity patterns
are shown in Figs. 4.13 and 4.14, in which the flow patterns in the vicinity of a core
tube is a function of relative rib spacing (P/e).

At a higher value of P/e (lower roughness density), the flow tends to reattach,
and in the face of a new element it will be ejected into the stream, producing more
turbulence[63, 64].

Friction factor

The predicted friction factors calculated from Eq. (3.19) are compared with the
experimental friction factors in Fig. 4.19. The agreement between the analyses and
the experiments is rather good. In the same figure, a comparison is made with the
friction factor taken from the classical Moody diagram corresponding to the same
relative roughness. The differences, which might be significant in certain critical
applications, are due to the following reasons:

¢ Though the friction factor depends on velocity, diameter, density, vis-
cosity, roughness, and radius ratio, the Moody diagram predicts a con-
stant friction factor in the Reynolds number range considered for the
rough side, since the flow is completely rough in this range [1, 66). The
present study indicates a transition range type flow between the com-
Pletely smooth and completely 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 in the annulus produces this type of observed
behavior, namely, the variation of total friction with Re, S/e, «, and
Ple.

¢ The Moody diagram does not recognize the effects of roughness density
and radius ratio on the friction factor as shown in Fig. 4.19. For different
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values of roughness density and radius ratio for a given §/¢ and a, the
friction factor is the same for the given Reynolds number,

The effect of P/e and a on the non-dimensional ratio F(f,/f,) can
be shown in Figs. 5.1- 5.7. In general this ratio increases with increasc of
P/e and decrease of a at the Reynolds number range of 10* — 10%, This
is possibly due to increase in momentum exchange at lower roughness
density and radius ratio [61, 62]. However, as shown in Figs. 5.6 - 5.8,
it is interesting to note that as the radius ratio is decreased at a lower

roughness density and high Reynolds number, the normalized friction
factor (F') decreases.

Also, if the test channel had different shapes of roughness (i.e. rectangu-
lar 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. The problem arises because the Moody diagram is evalu-
ated for a particular type of roughness. To be able to use the Moody
diagram, an equivalent sand roughness should be defined for every par-
ticular roughness structure on a wall. This sand roughness should also
be a function of Reynolds number in the case of asymmetric roughness
distribution. The use of the parameter, Z,,, which is connected to be the
equivalent sand roughness, is introdueed in the present study to provide

a step in the theoretical analysis of the hehavior of the flow near a rough
wall.

ber

The predicted Nusselt numbers in the developed region of the annular duct hav-
ing a core with rough surface are shown in Figs. 5.8 - 5.9, and they clearly indicate

that the values of Nussclt numbers are always greater than that of the channel with
smooth surfaces.

This tendency is obvious from the fact that the rough surface develops consider-
ably larger values of heat transfer coefficient for the given flow conditions mentioned

in the previous section. This increase in the heat transfer coefficient can also be
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deduced from other aspeets of the turbulent flow in a concentyric annulus. It can
be shown for the present geometry by a force balance that the shear stress on the
rough core wall, 7., is always greater than the shear stress on the smooth outer
wall, 7.

This greater shear stress on the rough wall is understandable, because a part
of the turbulent shearing stresses can be transmitted to the wall through pressure
forces exerted on the roughness clements. The large value of shear means a larger
value of €j;. At the same time, the larger value of &) indicates vigorous thermal
diffusion and hence a higher rate of heat transfer. Therefore, it is not surprising to

see from Figs. 5.8 -5.9 that there are increases in the heat transfer coefficient.

Fig. 5.9 shows the effect of relative height of roughness on the heat transfer
coefficient. In general, the heat transfer decreases with increasing values of S/e.
This 1s possibly due to the effect of roughness on the exchange mechanism and is
confined to the regions located in proximity of the wall{67]. When S/e approaches
infinity, the heat transfer coefficient will have the value that associated with the
smooth surface.

The effect. of P/e on the normalized Nusselt number, & (Nu,/Nu,), are shown
in Figs. 5.10 and 5.11. The non-dimensional ratio, A, increases with an increase in
P/e, Prandt! number and Reynolds number. However, the ratio, H, decreases witlh

an increase in a and a decrease in Reynolds number as shown in Figs. 5.12 -5.14.

Ratio of H/F

It has been demonstrated that the heat transfer coefficient increases with the
introduction of roughness on the channel wall. On the other hand, rough surfaces
develop considerably larger values of friction cocfficient than a channel with smooth
walls. To determine whether the percentage increase in the rate of the heat transfer
will be offsct by the increase in the pressure losses, the non-dimensional ratic H /F
has been used. If H/F is less than unity, the increase in the rate of heat transfer will
be offset by an increase in pressure losses, which requires higher pumping power.

Conversely, if H/F is greater than unity, then the heat transfer will increasc
more rapidly than the drag, resulting in a more effective system.

In present investigation it has been found that H /F ratio is affected by the
parameters, P/¢, S/e, a, Pr, and Re. The values of H /F are not constant, and the
parametric effects are discussed in the following:
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o Effect of P/e:

Figs. 5.15 - 5.17 show that the ratio H/F plotted against P/e for
Prandtl number = 0.72 and radius ratio(a) = 0.4, and Reynolds number
from 10,000 to 100,000.

As clearly shown from the Figs. 5.15 - 5.17, the ratio of H/F
increases with increase of P/e. This trend is expected, since a part of
the turbulent shearing stresses can be transmitted to the wall through

pressure forces exerted on protuberances. No analogue exists for this
mechanism in heat transfer.

o Effect of S/e:

As shown Figs. 5.15 - 5.17, in general, a small increase in H/F
with a decrease in S/¢ is noticed. This is due to the fact that the effect of
roughness on the exchange mechanism is confined to.the regions located
in the proximity of the wall.

Similar observations have been reported by Owen and Thomson
[67], who made measurements of different values of Prandtl number in a
rough tube.

o Effect of a:

Fig. 5.19 shows the variation of H/F versus « for Prandtl num-
ber=0.72, relative height of roughness, S/e=19.4. As clearly indicated
in Figs. 5.18 and 5.19, the ratio of H/F increases with a decrease in a.
This is because as a increases, the ratio of the normalized friction factor
increment becomes larger than that of the normalized Nusselt number
increment. The physical geometry of radius ratio (a) shows that a=
0 and a= 1 mean the pipe without a core tube and the parallel plate,
respectively.

¢ Effect of Prandtl number(Pr):
It is well known that at very low Prandtl numbers where the pre-
dominant mechanism is molecular diffusion, roughness would be expected
to have less influence on the turbulent heat transfer process. The heat

transfer conductance increases substantially at high Prandtl numbers
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due to any small disturbance of the laminar sublayer which represents a
high thermal resistance. This trend can be shewn in Figs. 5.20 and 5.22

where the ratio H/F increases with an increase in Prandtl number.

¢ Effect of Reynolds number:

As indicated in Figs. 5.10 - 5.14, heat transfer increases with an
increase in Reynolds number. It is also shown in Figs. 5.1 - 5.7 that
normalized friction forces increase with increase in Reynolds number.
However, since the normalized heat transfer increases more rapidly than
the normalized friction factor, one would expect that the ratio, H /F,
will increase with increase of Reynolds number.

Typical variations of H/F with Re are represented in Figs. 5.15
- 8.19. It should be noted that the effect of Reynolds number on H/F
is significant at its high values. At high Reynolds number, a greater

influence of roughness is expected due to the thinner laminar sublayer.

From the above-mentioned discussion. in order to design an efficient system of

heat transfer, it is advantageous to

a) decrease the relative height of roughness (S/¢),

b) decrease the radius ratio(a),

c) increase the pitch between the roughnes elements, i.e., relative rib spacing (P/¢),
d) increase Reynolds number(Re), and

e} increase Prandtl number(Pr)
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Chapter 6

Conclusion

The following conclusions are derived from the analytical and experimental
investigation on the drag force and heat transfer characteristics in the developed
region of fluid flow flowing turbulently in a concentric annulus with a uniformly

heated core tube having square-ribbed surface roughness elements:

&

A good agrecement is obtained between the analytical results for velocity
profiles and friction factors and the experimental results.

The effects of roughness density, relative roughness height, Reynolds and
Prandt] numbers on the ratio H/F are identified.

The normalized friction factor (F') decreases with an increase in S/e and

increases with an increase in P/e.

. The normalized heat transfer coefficient (H) increases with an increase

in P/e, and decreases with an increase in S/e.

. Certain artificial roughness elements can be used to enhance heat trans-

fer rates with advantages from the overall efliciency point of view and
the required pumping power per unit heat transfer rate decreases with
increasing values of P/e, decreasing values of S/e and a, and increasing
Reynolds and Prandt! numbers for the ranges of parameters studied.
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Appendix A

Derivation of Equations

A.1 Derivation of equation(3.3)

We have to consider two cases of momentum and energy equations: for j = ¢
and for j = o:

First forj =1

Dividing equation(3.2) by equation(3.1),

0T qilpe(l+epfv)n

== (A.l
dy; 2( 5 + poerr/v) )
Using the dimensionless parameters,
ay,' 3(,', 5,- v
Using the definition of dimensionless temperature,
On _ 9T qrivty, 1 (A.3)

Ay ¢ btv cx T,




Substituting equation (A.2) and (A.3) into (A.1),

oTY  duf (1 +en/v)ig;/ g

i = a¢i (1/Pr + ,,L]_r:',\l/i")i(Tf/Tho)

Sccoud, for j = o
Using the same method with that of j = o.

aTy il an/v)e  Put

0¢, - T—:;‘;(l/PI' + ,,—l'_"r:_u/ll)o acé,

Adding equation (A.5) to (A.4).

OT; _ v} (tenlv), (45/0k)

B¢ T 0 (7 + m=ea/v); (13 7he)

(A.G)




A.2  Derivation of equation (3.4)

Using & momentum cquation.

du 1 dp

130
U— 4+ v— — ;-é?[(‘” +ar) 8_] + - a’:r

Or or
Using these concepts: g% '3" = 0 at fully developed flow and u 3» v,

du 1dp
] =22, AT
a [(H+ ‘l)'r ] pd& ( [)
Assuming that the maximum velocity point(R,,) becomes the zero shear stress

point (Ryr), and integrating with respect to », we obtain:

du au ldp Rp.2 = (Ri + 2,,)*
Bme(v + EM) ) |Rene —(Zro + Ri)(v + c‘u |Zm+n dp[ (9 ) ]
pdz 2
(A.8)
Using the boundary condition.
. dp Rmr2 - (R + Zro)2 1
TR:'}'ZTO = -a‘?[ 2 ]Zro + R (‘A'g)
Integrating equation (A.7) using the boundary conditions,
Ti _ 1dp Rt =121 '
- ~—= —_) 10
pp d.r( 2 )r (4.10)
Dividing equation (A.10) by equation (A.9),
i {RL, =R+ Z,,)
mrT A-ll
TRi+2r0 [Rmr (Ri + Z,,)r ( )
Using dimensionless parameters, we can obtain:
+
: (1-GH2+ A1+ M1+ AiZs)
LU z (A.12)

ThirZe (1 4+ A2+ AL + 201 - Z)




Multiplying (A.12) by the equation nowdimensionized from equation (3.24), the

following equation is obtained:

r (=GR AL+ + AR
Tho (14 AG2+ A1+ L)1~ Bh)

[y
L)

(A.13)




A.3  Derivation of equation (3.5)

Integrating cquation (A.7) using the boundary conditions, we obtain:

]

.o C_IE(ROE - Rmrz)i
TR = dr 2 I,
El]_J[(RO_Uﬂ)Q—R?n] 1
d.’l? 2 (Ro_ Uo)

Dividing cquation (A.15) by (A.14).

To

- (Ro_yo) RE—R,?"

TRo

R, [(Ro—yo)® ~ RY]

Using the dimensionless parameters,

Jo (1=()(2-4A, - AG)/(2 - A,)

Tho

(1 - Ao‘::o)

10

(A.16)

(A.17)
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A.4 Derivation of equations (3.6) and (3.7)

Derivation of equation (3.6)

Conditions:

1. The core wall has constant heat Hux.

2. The outer wall is insulated.

From the energy balance made on the control volume (Fig. 3.3).

Inflow of heat - outflow of heat =an increase in internal cnergy

(A.18)
Using an energy balance,
Inflow of heat = 2mrdug, (A.19)
Qutflowof heat = 2x(r + dr)dr{q. + %—qidr) (A.20)
"
. L or
Anincreaseinintarnal energy = 2ardrde x pue,—=— (A.21)

or

Substituting cquations (A.19), (A.20) .and (A.21) into cquation (A.18), and
arranging,

7, ar
- E(q;,r) = rpucy— (A.22)
From the boundary conditions, we also assume:
OT dT dT,
= — = U= Uy

dr  dr da

Because the turbulent flow is fully developed, the heat flux is already very small
in the channel, the assumption concerning the velocity field is not critical to the
evaluation of ¢(r). Thercfore, it is assumed that u = u,,.

Integrating the equation (A.22) and applying the boundary conditions,

atr=R,, ¢, =0

dT, (R — 12
g = pubc,,d—;(o—) (A.23)
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at r= R+ Z,,, ¢, = qun; = constant

dTy R, — (R; + Zro)?
(]R:'(R{ + Zro) = P”bcpd_;{ (Ig ) }

-

Dividing Equation (A.24) by (A.23),

(R + Zra)(R 2 - r )
qm T r[R? — (Ri+ Z.0)7

Using dimensionless parameters,

g (1+AZE) - o?(1+A)?

Qi (1+ AL — a?(1 + A.-%fp"‘)]

Derivation of equation(3.7)

Equation {A.25) becomes:

¢ R(1+ %)l - (£))R?
G (R, ~ RA(1+ &e)

Substituting r = R, — y, and using the dimensionless parameters,

q; a2 - AoCo)AOCo(] + A )

4R [1—a2(1+A )](1 Aoco)
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(A.24)

(A.25)

(A.26)

(A.27)



A.5 Derivation of equations (3.8) and (3.12)

Derivation of cquation (3.8)

Equation (3.1) for j = o becomes:

Ju
% = (1 +ep/v) ayo (A.28)
(]
Dividing this by 7j,, and using v? = ifﬂ,éj' = Uy, 8o/1,(, = % = ¥,
Jut = 6*] Tol The ] (A.29)
9 71+ {e/v)s
Derivation of equation(3.12)
Differentiating equation (3.9) with respect to y;,
Oui _ Y 1 (4.30)
Ayi kv yi o
r +
using dimensionless notation, uff = -, v = u—f“, and (; = ¢ = %‘;
rho ! 1

au.j. u-rh. 1 .
L = L Al
;= u, G (A31)
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A.6  Derivation of equation (3.17)

1 J"m [ 1?0 ]
U, = -—,—(/ u 2w rdr -i-/ t,2mrdr)
‘T(RE - Rl) +7,., ) R ’

o 1

First_term in equation (A.32) becomes,

j,?'_’;_/” w2wrdr

w(Rt — ?)

Changing the range of the integration.

fz”,';"“' 2u;(R; + yi)dy;
Rl - (R:i/R,)?

Using the following notations, ¢ = gll =

=34
TN

+
at ¢ i = Zrm(_.l %&n

at ye = Rm _RieCi = 11

Equation (A.33) becomes,

via

1
T uf (1 + AG)dE
I,(1 —az) gp

Sccond term in equation (A.32) is,

R" ulwrdr 2% Reue ; o d
T'(R:;’ Rf\ aR21 = (R;] R\Q](_/ uru+/wbm r)

4

r=1n, ~y,;dr = —dy,

changing the range of integration,

(A.33)

(4.34)

(A.35)

9 Ro-Rus ] Ro=Rm P i
Rg[l _ (R.'/RO)Q] [-[D Upra’o = Yo )dio + -/l:fo—".ub Us(Ry — y,)c yo]

Using these notations,(, = 32 Coup = E—‘:g"-*““, and = }ﬁ,{: x i
906*‘ Coub . . 1 ,
TRTE. f = Bloddiet [ kil - AL)dG,) =

o0

= Alo,

(A.36)




v o 2ab; 6F o g
R_am[?/u uf(1 - A,(,)d¢G)
Summing equations {A.34) and (A.306)

iy

1 8+ n
_-—  [st CAutde 4+ = — A chyutde AST
w= el ./;m/g?(l-i-A.(,,)u, QG + =2 j0(1 ACoutde)  (A3T)




A.7 Derivation of equation (3.19)

The friction factor for entire range of anuulus is:

_ flRi + foRu _ U.S,;iu;‘:R’. + 0.5‘-;:1" R"

f= Ri+R, Ri+ R E (4-38)
Substituting u, = 2(—15—1'“')
81— a)’[l + almjp;/he 2
f= { ([1+a)( il Th )](Rj/Re)‘ (A.39)
) . __




A.8 Derivation of equation (3.22)

From the definition of bulk temperature in the annulus, we obtain,

2w f‘,’:" urLdr f”"‘,,,‘.f urldr + f"" urldr

T, = = A 40)
27 f,’i urdr ,H"' urdr + f”" urdr (
We can express the denominator as follows.
wyw A1 (Ri ¥l =2 (_/Rm urdr +fR°trd1)
nrlo[l —{=)] =2 “dr rdr
bt R, Zrot R, R
Using uy, = Ta::'at_n]*
R R
e wrldr + [pe urTdr
Tf, = ero'*‘R, f (“\.41)

RevRo(1+a)
q

The first term in the numerator of equation {(A.41) is,

Rm "m—R. !I"I_Rl
/ wrTdr =f (R; + yi)uTdy; = R; / (1+

uT ly; A 42
Zrot Iy Zeo I? i ( )

Using the dimensionless parameters,

!{"l
f urTdr = R; m‘f*'j (1 + AT TdG
Zewtll, - st

I'O

o THq, ur
Substituting T = Tpy — ——£"Ra

The
e 1 I"I+(‘ ;U d 1
/ wrTdr = —]?4:/6?] (1+ A,-(,'.-)u?'—-—ﬂh—i‘f—g--}- (A.43)
Zeot zh e} CTje

1
L YuF e
RewiTr, [, (14 Ag)utdG

ALTAN

The sccond term in the numerator of equation (A.41) is,

£ 1
j; urTdr = Ry6? fo (1 — Aglo)utTdC, (A.4d)

= R} (1 — B )up BmEnte o Rys TR [(1 - AuG)ubd,

s | —




Substituting equations (A.43) and (A.44) into cynation (A41).

Had! fpu (1 DGt LdG + CF 1 - Al,g'u)uj"—"Lf‘f&"—"—’c_Icl_,]
T —Th = — e =

Re(l+a)

The bulk dimensionless temperature becomes.

T+ 4 1 [ 6+ /l
= —lad:
P T (1+a)ReNT AN

1
(14 AGIFTFAG +8F (1= A )urTrdg,)
{4

o
.

an:

CLrE

W EERL I/ S-S A LS ELY PRV T P L S PTIRST T T

-

- e AL et Ay Bl i TR i L A Ak



Appendix B

Flow chart of calculation

Read
I?,'[R‘,,Rc. I\‘,,, €. €

liuiti:\l guess: [} T

t

Liniti:xl guess: /i, /1R, ,
|
~

calculate
um./t-'m,=f(ﬂm/1?.,) from eq.(3.24)

calculate

Uil Rm), uo(Rm) from eq, (3.12). (3.8), and
FAL(Ro/ Ro)=[ui{ Ron) = to{ Rom )} fuir,,

ves

calculate
Rer(li}) from (3.8)

calculate
u, friction factor
from cq. (317}, (3.12)

T

calculute
rh THr) from eq. (3.3)

calculate
uf(r),ut(r) from eq. (3.12), {3.5)
using gaussian quadrant integration method

|

7,

cnleulate
Nu from €q. (3.22), (3.20)




Appendix C

Summary of relations between

mean flow parameters

Urg, = (TRo/ P)**

Uy =

|0

1 R"l I?Q
up = m(-fn.M’m u2nrdr + ij u,27rdr)

ubDe

Re
H

(Definition)

(Definition)

(Definition)

(Definition)

(Definition)

(Definition)




dp Rt — (Ri + Z.,)? 1
. . = mTr t ro E ] Ag
TR.'+.Jro dl[ 9 ]Zro + R;‘ ( q )

7 ldp,Ry,* —1% 1
--—' _— - — -...ll-':._._ —_ E . A.
p pdz( 2 )r (Eq- A.10)

d_f" -Ro2 - Rm72

1
The = 2, 5 )E (Eq. A.13)
dp (R — yo)* — R? 1
, == = Eq. A.
To dI[ 9 ](Ro—yo) ( q A 14)
S =1y, —¥i

T

le:c‘, [11](5 - ymr)uru,,/b’ + Cko]} (Eq. 311)

Zro = ymrexp{_
Ymr = S X 0.209Re%5(§/¢)O1( P/ )02

(ear/v)o = [(kob3 [O][1 = (1 — yF /67 7)1 +2(1 -y} /62 )] (Eq. 3.13)
(y5 Syd < 6F)

08 ==

+
(ert/v)o = K2y (1 — exp(~yt JAY Nl %:—;% (Eq. 3.14)

(0<yf <yk)

(ear/v)i = Ky | 0u} Joyt | (Eq. 3.15)

(25 <yf <&

b7 _—y




Table 4.1

Essential Dimensions

Main Annular Duct Assembly

unit: mm

0.D.

LD. material | o (2;/R,) | De
outer tube 101.6 974(2R,) | copper 97.4
core tube | 39.2(2R;) 32.2 steel 0.4 58.2




Table 5.1(a)  Velocity vs. y/(Ry - 1;) : Experimental

a=0d Pc=2, 5/c=19.4

Re 17000 | 32300 | 46300 | 59600 Re 17000 | 32300 | 46300 | 59600
¥/ (& — ;) ufity, y/(Ra — 1) ufity
0.118 0.773 | 0.746 | 0.752 | 0.750 0.515 1.000 | 0.996 | 0.996 | 0.987
0.138 0.802 | 0.772 | 0.774 | 0.781 0.535 0.999 | 0.998 | 0.998 | 0.992
0.159 0.822 | 0.802 | 0.804 | 0.804 555 0.997 | 1.000 | 0.999 { 0.992
0.178 0.844 | 0.823 | 0.821 | 0.820 575 0.995 | 1.000 | 1.000 | 0.999
0.198 0.862 | 0.841 | 0.842 | 0.838 0.595 0.994 | 0.999 | 0.999 | 0.999
0.218 0.878 | 0.859 | 0.861 | 0.855 0.615 0.990 | 0.998 | 0.998 | 1.000
0.238 0.890 | 0.870 | 0.872 | 0.866 0.634 0.985 | 0.996 | 0.996 | 1.000
0.258 0.908 | 0.891 | 0.887 | 0.877 0.654 0.979 | 0.992 | 0.991 | 0.999
0.277 0.918 | 0.903 | 0.901 | 0.892 0.674 0.973 | 0.990 | 0.986 | 0.997
0.297 0.930 | 0.916 | 0.913 | 0.913 0.694 0.961 | 0.987 | 0.982 | 0.995
0.317 0.943 | 0.929 | 0.924 | 0.924 0.714 0.957 | 0.981 | 0.976 | 0.990
0.337 0.950 | 0.939 | 0.934 | 0.920 0.734 0.948 | 0.976 | 0.967 | 0.983
0.357 0.963 | 0.948 | 0.910 | 0.939 0.754 0.940 | 0.970 | 0.959 | 0.973
0.376 0.970 | 0.959 | 0.956 | 0.944 0.773 0.931 | 0.961 | 0.950 | 0.9G4
0.396 0.975 | 0.968 | 0.963 | 0.953 4.793 0.917 | 0.953 | 0.939 | 0.954
0.416 0.980 | 0.975 | 0.969 | 0.964 0.813 0.904 | 0.942 | 0.931 | 0.939
0.436 0.990 | 0.981 | 0.977 | 0.969 0.833 0.895 | 0.931 | 0.921 | 0.924
0.456 0.993 | 0.986 | 0.930 | 0.973 0.853 0.880 | 0.919 { 0.:09 | 0.913
0.476 0.997 | 0.990 | 0.988 | 0.978 0.873 0.872 | 0.008 | 0.894 | 0.903
0.496 0.999 [ 0.993 | 0.993 | 0.93 0.892 0.819 | 0.897 | 0.879 | 0.887




Table 5.1(b)

a =04, Plc=4, §/c=194

Velocity vs. y/(Rg — 12;) : Experimental

Re 17200 | 29500 | 44300 | 52600 Re 17200 | 29500 | 41300 | 52600
y/(IR ~ 1) uf1tm y/(Ro — R;) ufu,

0.118 0.619 | 0.616 | 0.608 | 0.577 0.515 0.966 | 0.950 | 0.940 | 0.931
0.138 0.6GvS | 0.644 | 0.640 | 0.611 0.535 0.971 | 0.959 | 0.951 | 0.935
0.159 0.696 | 0.680 | 0.671 | 0.660 0.555 0.979 | 0.970 | 0.959 | 0.939
0.178 0.v26 | 0.701 | 0.689 | 0.689 0.573 0.98¢ | 0.973 | 0.968 | 0.950
0.198 0.730 | 0.727 | 0.721 | 0.721 0.595 0.989 | 0.983 | 0.976 | 0.958
0.218 0.771 | 0.739 | 0.731 | 0.736 0.615 0.990 | 0.988 | 0.980 | 0.970
0.238 0.790 | 0.738 | 0.758 | 0.7G0 0.634 0.996 | 0.994 | 0.986 | 0.972
0.258 0.808 | 0.791 | 0.776 | 0.771 0.654 0.998 | 0.996 | 0.992 | 0.976
0.277 0.821 | 0.802 | 0.790 | 0.790 0.674 1.000 | 0.999 | 0.996 | 0.987
0.297 0.541 | 0.820 | 0.810 | 0.802 0.694 0.996 | 0.999 | 0.998 | 0.994
0.317 0.849 | 0.831 | 0.824 | 0.810 0.714 0.996 | 1.000 | 0.999 | 0.998
0.337 0.868 | 0.851 | 0.838 | 0.815 0.734 0.990 | 0,998 | 1.000 | 0.999
0.457 (.881 | 0.860 | 0.854 | 0.828 0.754 0.93G | 0.994 | 0.999 | 1.000
0.376 0.597 | 0.880 | 0.869 | 0.841 0.773 0.977 | 0.988 | 0.995 | 0.999
0.396 0.910 | 0.892 | 0.880 | 0.852 0.793 0.970 | 0.980 | 0.989 | 0.994
0.410 919 | 0.902 | 0.891 | 0.870 0.813 0.957 | 0.971 | 0.980 | 0.983
0.436 0.931 { 0.911 | 0.901 [ 0.881 0.833 0.940 | 0.958 | 0.971 | 0.965
0.456G 0.942 | 0.920 | 0.910 | 0.891 0.853 0.931 | 0.946 { 0.959 | 0.954
0.476 0.949 | 0.929 | 0.922 | 0.910 0.873 0.910 | 0.931 | 0.945 | 0.940
0.196 0.960 | 0.942 | 0.933 | 0.920 0.892 0.901 | 0.911 | 0.927 | 0.925

6O




Table 5.1(¢)

a=0., Plc=§, §/c=19.1

Velocity vs. y/(fg = 1t;) : Experimental

Re 16500 | 22200 | 42000 | 419100 Re 16300 | 22200 | 42000 | 49100
y/(Jte = ) Uty y/(R, - ;) wfthy,

0.118 0.588 [ 0.482 | 0.595 | 0.508 0.315 0.913 | 0.898 | 0.897 | 0.503
0.138 0.623 | 0.534 | 0.633 | 0.649 0.535 0.920 | 0.902 | 0.909 | 0.914
0.159 0.667 | 0.579 | 0.647 | 0.677 {.555 0.936 | 091G | 0.918 | 0.924
0.178 0.678 | 0.597 | 0.668 | 0.696 3.575 0.940 | 0.929 | 0.933 | 0.935
0.198 0.701 | 0.616 | 0.703 | 0.714 04.5395 0.953 | 0.933 | 0.942 | 0.942
0.218 0.718 | 0.635 | 0.718 | 0.727 0.615 0.9G0 | 0.940 | 0.950 | 0.950
0.238 0.739 | 0.654 | 0.733 | 0.740 0.634 0.965 | 0.948 | 0.961 | 0.955
0.25% 0.758 | 0.686 | 0.750 | 0.756 0.654 0.971 | 0.954 | 0.964 | 0.966
0.277 0.767 { 0.703 | 0.768 | 0.771 0.674 0.984 | 0.970 | 0.973 | 0.97¢
0.297 0.v85 | 0.717 | 0.783 | 0.77 0.694 0.90 | 0.973 | 0.982 | 0.982
0.317 0.794¢ 1 0.743 | 0.806 | 0.790 0.714 0.991 | 0.979 | 0.989 | 0.984
0.337 0.810 | 0.758 | 0.809 | 0.80G 0.734 0.996 1 0.989 | 0.991 | 0.990
0.357 0.825 | 0.776 | 0.817 | 0.818 0.754 1.600 | 1.000 { 9.998 | 0.994
0.376 0.510 | 0.805 { 0.835 | 0.829 0.773 1.000 | 0.992 | 1.000 | 0.996
0.396 0.850 | 0.809 | 0.840 | 0.845 0.793 0.996 | 0.97S | 1.000 | 1.000
0.416 0.859. 0.840 | 0.853 | 0.856 0.813 0.993 | 0.971 | 0.999 | 0.997
0.436 0.874 | 0.859 { 0.865 | 0.866 0.833 0.987 | 0.958 | 0.994 } 0.990
0.456 0.830 | 0.872 | 0.873 ! 0.878 0.853 0.97¢ | 0.9494 | 0.990 | 0.984
0.476 0.889 | 0.883 | 0.880 | 0.884 0.873 0.967 | 0.930 | 0.976 | 0.977
0.496 0.905 { 0.885 | 0.890 | 0.899 0.892 0.947 | 0.921 | 0.971 | 0.96G5

01




Table 5.2 (a)

a =04, Ple=2, S/c =194

Velocity vs. y/(Ro— R;) : Theoretical

Re 17000 32300 46300 59600
No | y/(Ro~ ) | ufuy, y/(fe = i) | ufuy, Y/(Ro = ) | wfttm y/(Ro— R) | tfum
1 0.002 0.000 0.003 0.000 0.003 0.000 0.003 0.000
2 0.042 0.538 0.046 0.536 0.048 0.5337 0.049 0.539
3 0.082 0.659 0.090 0.638 0.094 0.659 0.095 0.661
q 0.122 0.731 0.134 0.731 0.139 0.732 0.142 0.734
5 0.162 0.783 0.177 C.783 0.185 0.785 0.188 0.786
G 0.202 0.823 0.221 0.824 0.229 0.825 0.234 0.826
7 0.242 0.855 0.264 0.857 0.275 0.858 0.281 0.839
8 0.283 0.883 0.308 0.885 0.321 0.886 0.327 0.887
S 0.323 0.907 0.352 0.909 0.366 0.911 0.373 0.911
10 0.430 0.959 0.465 0.960 0.480 0.961 0.489 0.961
11 0.538 1.000 0.577 1.000 0.594 1.000 0.605 1.000
12 0.607 0.991 0.643 0.991 0.6539 0.992 0.668 0.992
13 0.676 0.964 0.709 0.964 0.723 0.966 0.731 0.967
14 0.745 0.923 0.775 0.922 0.787 0.924 0.794 0.926
15 0.813 0.867 0.841 0.865 0.852 0.8G6 0.858 0.869
16 0.883 0.791 0.907 0.784 0.915 0.784 0.921 0.785
17 0.952 0.666 0.972 0.625 0.980 0.6035 0.984 0.592
18 0.964 0.608 0.979 0.570 0.985 0.552 0.988 0.540
19 0.976 0.512 0.986 0.430 0.990 0.464 0.992 0.454
20 0.988 0.320 0.993 0.299 0.995 0.289 0.996 0.283
21 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000
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Table 5.2 (b)

a=0d, Ple=d4,5fc = 19.1

Velocity vs. y/( Ry - R} : Theoretical

Re 17000 28500 44300 52600
No [ y/(Ro— ) | w/um | y/(R, - R) [ wfum | 9/(Ro = B | W/, | 9/( R, - R | wfu,,
1 0.006 0.000 0.007 0.000 0.008 0.000 0.008 0.000
2 0.053 0.471 0.057 0.4G6 0.061 0.462 0.062 0.461
3 0.099 0.608 0.107 0.604 0.113 0.602 0.11G 0.601
4 0.145 0.691 0.158 0.639 0.165 0.G87 0.169 0.687
5 0.192 0.751 0.208 0.749 0.218 0.7.19 0.223 0.749
6 0.238 0.797 0.259 0.797 0.271 0.797 0.277 0.797
7 0.285 0.836 0.309 0.837 0.323 0.570 0.330 0.837
8 0.332 0.8G8 0.358 0.870 0.376 0.899 0.384 0.871
9 0.378 0.897 0.409 0.899 0.429 0.955 0.437 0.900
10 0.495 0.955 0.529 0.955 0.550 0.961 0.559 0.950
11 0.611 1.000 0.648 1.000 0.672 1.000 0.681 1.000
12 0.725 0.991 0.702 0.991 0.723 0.992 0.731 0.992
13 0.782 0.965 0.756 0.965 0.775 0.965 0.782 3.96G6
14 0.849 0.925 0.809 0.923 0.526 0.924 0.832 0.925
15 0.896 0.871 0.863 0.867 0.877 0.567 0.882 O.SGé
i6 0.954 0.796 0.917 0.788 0.928 0.783 0.933 0.785
17 0.965 0.679 0.971 0.645 0.980 0.622 0.983 0.612
18 0.977 0.620 0.979 0.588 0.985 0.567 0.987 0.558
19 0.988 0.523 0.986 0.195 0.990 0.477 0.991 0.170
20 0.988 0.327 0.993 0.309 0.995 0.2938 0.996 0.293
21 1.000 0.000 1.000 0.000 1.000 0.000 0.000 0.000

G3




Table 5.2 (¢)  Velocity vs. U/ (g = 1t;) 2 Theoretieal

=040 Ple=8 8= 104

1GH00 22000 33000 49000 j
gyl =10 | ufu,, y/{R, ~ k)| wfu,, yl(Ro = 1) | ufuy, yl (8, ~ 1) | wfu,,
0.017 0.00 0.019 0.000 0.026 (.000 0.027 0.000
0.071 (.39 0.076G 0.359 0.086 0.377 0.059 0.375
(.125 .54 0132 0.539 0.147 0.530 0.151 0.528
0.178 (.G39 0.188 0.635 0.207 0.629 0.21% 0.628
0.2:32 0.700 0214 0.707 0.2068 0.702 0.274 (.70}
0.285 (.76 0.299 0.763 0.329 0.761 0.:336 0.760
0.3:39 0.810 0.355 0.509 0.1390 0.809 0..393 0.209
0.:392 0.8.14 0111 0.58.19 0.450 0.851 0.-159 0.851
0.6 (1.883 0.4067 0.85: 0.511 0.887 {.521 0.857
0.568 0.9.08 0.591 0.948 0.635 0.949 0.615 0.949
0.691 1.000 0.714 1.000 0.765 1.000 0.769 1.000
(.735 (.99 0.7506 0.991 0.796 .90 0.805 0.991
0.779 0.9G7 (.798 0.966 0.833 0.966 (.811 0.966
(523 0,935 0.810 0.0%7 0.870 0.925 0.876G 0.925
0.50¢ 0.876G 0.882 0.873 0.L07 0.86G9 0.912 0.869
f.911 0.807 0.923 0.799 0.944 0.790 0.948 0.780
0.955 0.702 0.966 0.683 0.951 0.616 0.933 0.638
0.966 0.6.12 0.974 (.624 0.98¢ 0.589 0.987 0.582
0.978 0.542 0.983 0.520 0.990 0.196 0.992 0.489
0.989 0.339 0.991 0.329 0.995 0.310 0.99¢ 0.306
1.000 0.000 1.000 0.000 I 1.000 0.000 1.000 0.000

|~

G -




Table 5.3(a)  H/F vs. Re and P/e: Theoretical

a=td, 5c=07, I'r=0.72

r I nr
Pfe Re fr Se 5l S Nu, Nug, | Nu /Nu,

2 10000 [ 0.0113  0.0094 | 1.20 4118 45.89 1.2 1.03
2 50000 | 0.00% | 0.0058 | 1.62 | 22047 | 107.78 2.13 1.31
2 100000 { 0.008G | 0.0050 [ 1.72 | 445.60 | 181.29 2,42 141
i 10000 } 0.0I40 | 0.0094 | 1.8 (2.29 35.89 1.74 17
| 50000 | 0.0129 | 0.0058 | 2.22 | 362.92 { 107.78 4.37 1.52
4 100000 | 0.0127 | 0.0050 | 2.51 | 76195 | 184.29 1.15 1.63
8 10000 | 0.0193 | 0.0094 | 2.05 | 98.22 ' 3589 2.74 1.34
S 50000 | 0.0217 | 0.0058 | 3.71 | 705.14 | 107.78 G.31 1.75
§ 100000 | 0.0247 | 0.0050 | 4.94 | 1735.11 | 181.29 B.42 1.91
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Table 5.3(h)

H/F vs. Re and P/c

o =04, 5/c =19, 'r=0.72

T'heoretical

r i HIF
Pfe Iie fr fs il | Nu, Nuy, | Nu./Nu,

2 10000 | 0.0108 | 0.0094 | 1.15 40.77 35.89 1.14 0.99
2 50000 | 0.0087 } 0.0058 | 1.50 | 204.75 107.78 1.90 1.27
2 100000 | 0.0079 | 0.005¢ | 1.58 | 389.91 18:4.29 2,12 1.3
| 10000 | 0.0131 | 0.0094 | 1.39 55.73 35.89 1.55 1.12
J 50000 ] 0.0115 | 0.0058 | 1.98 | 310.84 107.78 2.88 1.16
4 100000 | 0.0110 ) 0.0050 | 2.20 636.34 | 184.29 345 1.57
8 10000 | 0.0173 | 0.0094 { 1.84 84.12 35.89 2.34 1.27
3 50000 | 0.0179 ] 0.0058 | 3.09 | 557.4G 107.78 5.17 1.G7
5 100000 | 0.0192 | 0.0050 | 3.84 | 1289.53 | 184.29 6.99 1.82

GO




Table 5.3(c)

H/F vs. Re and Pfe:

Theoretical

a =0, Sfc =25, 'r=0.72
r H nr
Ple Re I+ S IR Nu, Nu, | Nup/Nu,

2 10000 (J.!)]OG 0.0094 | 1.13 39.56 33.89 1.10 0.97
2 50000 | 0.0085 | 0.0058 | 1.47 | 196,84 | 107.78 1.83 1.24
2 100000 | 0.0077 | 0.0050 | 1.54 | 372,53 | 181.29 2.02 1.3
4 10000 | 0.0127 | 0.0094 | 1.35 53.62 35.89 1.49 1.10
4 50000 | 0.0111 | 0.0038 | 1.91 | 294.84 | 107.78 2.7 1.43
q 100000 { 0.0106 | 0.0050 | 2.12 | 598.06 | 184.29 3.25 1.53
8 10000 | 0.0166G | 0.0004 | 1.77 79.81 35.89 2,22 1.25
8 50000 | 0.0169 | 0.0058 | 2.91 | 515.98 | 107.78 4.79 1.65
3 100000 | 0.0178 | 0.0050 | 3.56 | 1172.21 | 184.29 .36 1.79




Table 5.4(a)

H/F vs. Re and « ;

Plo=2, S/c =191, 'r = 0.2

Theoretical

r It inir
o Ite I fs 1l Nu, Nug | Nu fNu,

0.2 [ 10000 | 0.0118 | 0.0093 L27 | 62.71 | J43.79 1.43 113
0.2 | 50000 | 0.0091 0.0058 { 1.57 | 320.14 | 131.01 2.44 1.55
0.2 | 100000 | 0.0083 | 0.0050 1.G6 | 618.69 | 224.04 2.76 1.G66
0.5 | 10000 | 0.0103 | 0.0094 1.69 | 36.11 | 31.13 1.06 0.97
0.5 | 50000 | 0.0081 | 0.0058 145 | 180.76 | 102.54 1.76 1.21
0.5 | 100000 | 0.0077 0.0049 | 1.57 | 342.41 | 175.23 1.95 1.24
0.5 | 10000 | 0.0091 | 0.0093 0.98 | 26.70 | 31.45 0.85 0.87
0.3 | 50000 | 0.0077 | 0.0057 1.35 | 139.83 | 94.43 1.48 1.10
0.8 | 100000 | 0.0069 | 0.0049 | 1.41 261.90 | 161.04 1.63 1.16
0.99 1 10000 | 0.0082 | 0.0003 0.88 | 21.00 | 30.68 0.78 0.89
G99 | 50000 | 0.007C | 0.0057 1.23 | 125.08 | 92.12 1.36 1.11
0.99 | 100000 | 0.0064 | 0.0049 1.36 | 233.58 | 156.90 1.49 1.14




Table 5.4(h)

H/F vs. Re and o

: Theoretical

Ple =1, 8/c= 194, Pr =072

A it 1w
a Ite fr fs el Nu, Nug | Nuy/Nu,

0.2 | 10000 | 0.0139 { 0.0093 | 1.49 87.146 43.79 1.99 1.33
0.2 | 50000 | 0.0117 | 0.0038 | 2.02 | 48841 | 131.01 3.73 1.85
0.2 | 100000 | 0.0110 | 0.0050 | 2.20 | 1005.78 | 221.04 4.9 2.04
0.5 | 10000 { 0.0126 | 0.0094 | 1.34 49,16 3113 1. 1.07
0.5 | 50000 | 0.0113 | 0.0058 | 1.95 | 273.28 | 102.54 2.67 1.37
0.5 | 100000 | 0.0108 { 0.0049 | 2.20 | 558.28 | 175.23 3.19 IJE D]
0.8 | 10000 | 0.0112 { 0.0093 | 1.20 37.90 J1.45 1.21 .01
0.8 | 30000 | 0.0105 | 0.0057 | 1.84 | 210.63 | 94.43 2.23 1.21]
0.8 | 100000 | 0.0101 | 0.0049 | 2.06 | 427.24 | 161.04 2.65 [.29
0.99 | 10000 | 0.0103 | 0.0093 | 1.11 33.62 30.68 1.10 0.99
0.99 | 30000 | 0.0098 | 0.0057 | 1.72 | 192.43 | 92.12 2.09 1.22
0.99 [ 100000 | 0.0095 | 0.0049 | 1.94 | 391.19 | 156.9 214 1.25
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Table 5.4(c)

H/F vs. Re and « :

Ple=8, S/c=194, Pr=0.72

Theoretical

F I n/r
« Re fr Je Iel s Nu, Nu, | Nu,/Nu,

0.2 | 10000 | 0.0176 | 0.0093 | 1.89 | 131.91 | 43.79 3.01 1.59
0.2 | 50000 | 0.0166 | 0.0058 | 2.86 | 854.21 | 131.01 6.52 2,28
0.2 ] 100000 | 0.0170 [ 0.0050 | 3.40 1956.00 | 224.04 8.73 2.57
0.5 | 10000 | 0.01G68 | 0.0094 | 1.79 73.93 34.13 2.17 1.21
0.5 { 50000 | ¢.0179 | 0.0058 | 3.09 | 491.61 | 102.54 4.79 1.55
0.5 | 160000 | 0.0193 | 0.0049 | 3.94 | 1138.92 | 175.23 6.19 1.64
0.8 | 10000 | 0.0153 | 0.0003 | 1.65 56.93 3145 1.81 110
0.5 [ 50000 | 0.0172 | 0.0057 | 3.02 | 381.50 | 94.43 4.04 1.34
0.8 | 100000 | 0.0189 | 0.0049 | 3.86 | 887.19 | 161.04 5.51 143
0.99 | 10000 | 0.0143 | 0.0093 | 1.54 | 51.99 | 30.68 1.69 1.10
0.99 1 50000 | 0.0165 | 0.0057 [ 2.89 | 362.81 | 92.12 3.94 1.36
0.99 [ 100000 | 0.0182 | 0.0049 | 3.71 | 857.99 | 156.90 547 147




Table 5.5(a)

H/F vs. P'rand /¢ :

a =0, 5/c=9.7, Rc = 10000

Theoretical

F i n/r
Ple Pr Ir fs Lol fs Nu, Nu, Nu [N,

2 0.10 [ 0.0113 | 0.0091 | 1.20 11,466 13.54 0.86 0.72
2 0.72 | 0.0113 ] 0.0094 1.20 4148 35.89 1.21 1.03
2 1.0 0.0113 | 0.0094 1.20 97.08 12.63 1.35 1.13
2 10.0 } 0.0113 | 0.0094 1.20 440.69 | 123.03 3.58 2,08
2 30.0 | 0.0113 | 0.0094 1.20 1277.98 | 184.16 (.91 a.7¢
| 0.10 | 0.0140 | 0.0094 1.49 14.12 13.54 1.04 0.70
4 0.72 | 0.0140 | 0.0094 1.49 (G2.29 35.80 1.71 1.b7
4 1.0 0.0140 | 0.0094 1.49 52.93 42.63 1.95 Lt
4 10.0 | 0.0140 | 0.0094 1.49 o701 | 123.08 5.09 .02
4 30.0 ] 0.0146 | 0.0094 | 1.49 | 2187.26 [ 184.16 11.88 7.97
8 0.1¢ | 0.0193 | 0.0094 2.05 19.07 13.51 1141 0.69
8 0.72 1 0.0193 | 0.0094 2.05 98.24 35.89 AR 1.34
8 1.0 | 00193 ; 0.0091 [ 2.05 13347 | 12,63 3.13 1.53
8 10.0 | 0.0193 1 0.0094 | 2.05 | 1263.07 | 123.03 10.27 5.01
8 30.0 4 0.0193 | 0.0094 205 | 377245 | 18116 20.18 9.99




Table 5.5(b)

H/F vs.Pr and P/¢: Theoretical

a = 0.4, §/e = 9.7, Re = 50000

F i HIF
Ple| Pr f- JA 511 Nu, Nuy, | Nu./Nu,

2 0.10 | 0.0094 | 0.0058 { 1.62 40.90 20.26 1.40 0.36
2 0.72 | 0.0094 | 0.0058 1.62 229.50 | 107.78 2.13 1.31
2 1.0 0.0094 | 0.0058 1.62 313.19 | 132.08 2.37 1.46
2 10.0 | 0.0094 { 0.0058 1.62 2990.07 | 435.20 6.87 4.24
2 30.0 | 0.0094 | 0.0058 1.62 8936.26 { 670.11 13.33 8.23
4 0.10 | 0.0129 | 0.0058 | 2.22 58.02 29.26 1.98 0.89
4 0.72 | 0.0129 | 0.0058 | 2.22 362.99 | 107.78 3.37 1,52
4 1.0 0.0129 | 0.0058 | 2.22 500.33 | 132.08 3.79 1.71
4 10.0 | 0.01.9 | 0.0058 | 2.22 4912.75 | 435.20 11.29 2.09
4 30.0 | 0.0129 | 0.0058 | 2.22 14717.82 | 670.11 21.96 9.89
3 0.10 | 0.0217 | 0.0058 | 3.74 106.69 29.26 3.65 0.93
8 0.72 | 0.0217 | 0.0058 | 3.74 705.35 | 107.78 6.5 175
8 1.0 0.0217 | 0.0058 | 3.74 975.08 | 132.08 7.38 1.97
3 10.0 | 0.0217 | 0.0058 | 3.74 9642.19 | 435.20 22.16 3.93
3 30.0 | 0.0217 | 0.0058 | 3.74 | 28901.91 | 670.11 43.13 11.53
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Table 5.5(c)

H/F vs. Pr and P/e: Theoretical

a=04, §/¢=97, Re = 100000

F H H/F

Ple| Pr fr fs el fs Nu, Nu, Nu./Nu,
2 0.10 | 0.0086 | 0.0050 | 1.72 72.64 45.89 1.58 0.92
2 0.72 { 0.0086 | 0.0050 | 1.72 445.67 184.20 242 1.41
2 1.0 | 6.008G [ 0.0050 | 1.72 612.90 | 227.91 2.69 1.56
2 10.0 | 0.0086 | 0.0050 | 1.72 3981.00 { 78.L78 7.62 4.43
2 30.0 | 0.0086 | 0.0050 | 1.72 17908.73 | 1221.29 14.66 8.52
4 0.10 | 0.0127 | 0.0050 | 2.54 114.54 45.89 2.50 0.98
4 0.2 | 0.0127 | 0.0050 | 2.54 765.12 184.29 4.15 1.63
4 1.0 | 0.0127 | 0.0050 | 2.54 1058.70 | 227.91 4.65 1.83
4 10.0 | 0.0127 | 0.0050 | 2.54 10494.14 | 784.78 13.37 5.20
4 30.0 | 0.0127 | 0.0050 | 2.54 | 31461.61 | 1221.29 25.76 10.14
8 0.10 | 0.0247 | 0.0050 [ 4.94 253.80 45.89 553 1.12
8 0.72 | 0.0247 | 0.0050 ; 4.94 173596 | 18429 9.42 1.91
8 1.0} 0.0247 j 0.0050 | 4.94 2404.23 | 227.91 10.55 2.14
8 10.0 | 0.6247 | 0.0050 | 4.94 | 23887.40 | 78478 30,44 6.16
8 30.0 | 0.0247 | 0.0050 | 4.94 | 71627.00 | 1221.29 58.65 11.87




Table 5.6(a)

a =01, S/c= 10, Re = 10000

H/F vs. Prand P/c: Theoretical

r i 1/ r
Ple | Pr I Is Sl S Nu, Nug | NupfNu,

2 10.10]0.0108 { 0.0004 | 1.15 11.13 13.54 0.82 0.71
2 |1 0.72{0.0108 | 0.0094 | 1.15 40.78 35.89 1.14 0.99
2 1.0 [ 0.0108 ] 0.0094 | 1.15 52,29 42.63 1.23 1.07
2 10.0 | 0.0108 { 0.0091 } 1.15 | 371.37 { 123.03 J.04 1.15
2 1300 0.0108 | 0.0091 | 1.15 | 1069.93 154.16 5.81 5.05
4 0.10 | 0.0131 | 0.0094 | 1.39 13.23 13.54 0.98 0.71
8 0.¥2{ 0.0131 | 0.0094 | 1.39 53,74 35.89 1.55 1.12
4 1.0 [ 0.0131 | 0.0094 | 1.39 73.68 42.G3 1.73 1.24
1 10.0 | 0.0131 | 0.0094 | 1.39 | 632.19 123.03 2.14 3.70
4 130.00.0131 | 0.0094 | 1.39 | 1868.29 | 184.16 10.14 7.20
8§ [0.10]0.0173 | 0.0094 | 1.8 17.11 13.54 1.26 0.68
8 10.52]0.0173{ 0.0094 | 1.84 84,14 35.89 2,34 1.27
) 1.0 [ 0.0173 | 0.0094 | 1.8 113.81 | 42.63 2.67 1435
3 10.0 | 0.0173 0.0094 | 1.81 | 1062.81 | 123.03 8.64 4.70
S 130.0[0.0173 | 0.0004 | 1.81 | 3170.81 184.16 17.22 9.36
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Table 5.6(1)

H/F vs.Prand P/c:

a =000, 5 = 19,10, Ke = 50000

Theoretieal

2 " s
Fle} Pr fr fs 51T Nu, Nug | NuofNu,
2 | 010 | 0.0087 | 0.0058 | 150 | 3789 | 2926 | 129 | 0.6
2 | 0.72}0.0087 | 0.0058 | 1.50 | 20477 | 107.78 | 190 | 197
2 | 1.0 [0.0087 | 0.0058 | 1.50 | 277.97 | 13208 | 200 | 1.0
2 | 10.0 | 0.0087 | 0.0058 | 1.50 | 261047 | 43520 | 599 | 3.99
2 | 30.0 | 0.0087 | 0.0058 | 150 | T789.09 | 67001 | 1162 | 1.7
4 1010100115} 0.0058 | 1.95 [ 5.4 | 2926 | 175 | 0.8
4 |0.72 00115 {00058 | 1.98 | 31080 |107.78 | 228 | 1.5
1.0 {00115 | 0.0058 | 198 | 427.61 |132.08 | 321 | 1.64
4 1100 | 0.0115 | 0.0058 | 1.95 | 4176.17 | 43520 | 960 | 4.85
4 1300 | 0.0115 [ 0.0058 | 1.98 | 12505.74 | 67011 | 18.66 | 9.12
s [0.10]0.0170 | 0.0058 | 3.00 | ss21 | 2026 0 201 | 04
$ | 0.72|0.0179 | 0.0058 | 3.00 | 85760 | 1077 | 57 | 1e7
$ | 1.0 | 0.0179 | 0.0058 | 3.0 | 77054 | 13208| 583 | 1.80
$ |10.0 | 0.0179 | 0.0038 | 3.00 | 761338 | 43520 | 1749 | 5.6
8 |30.0 | 6.0179 | 0.0058 | 3.00 | 22819.36 | 670.11 | 3405 | 11.02

-1
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Table 5

.6(c)

H/F vs. PPrand P/c: Theoretical

n =04, §/c =194, Re = 100000

i I H/r
Pley Pry b | S {5l Ko | Nuy | Nuo/ia,

2 0.16 { 0.0079 | 0.0050 [ 1.58 65.91 45.89 1.44 0.92
2 (.72 | 0.0079 | 0.0050 1.58 389.97 18.1.29 2.12 1.34
2 1.0 { 0.0079 | 0.0050 | 1.58 534.30 22791 2.34 1.48
2 10.0 | 0.0079 | 0.0050 | 1.58 5159.39 3:1.78 G.57 4.16
2 30,0 | 0.0079 | 0.0050 1.38 | 15434.54 | 1221.29 12.64 8.00
Jd 0.10 | 00110 | 0.0050 | 2.20 97.12 45.89 2.12 0.96
4 0.72 1 0.0110 [ 0.0050 { 2.20 G36.47 184.29 3.45 1.57
4 1.0 { 0.0110 | 0.0050 | 2.20 $79.69 227.91 3.86 1.75
B 10.0 { 0.0110 | 0.0059 | 2.90 5696,22 181,78 11.08 5.04
4 30.0 | 0.0110 | 0.0050 | 2.20 260066.06 | 1221.29 21.34 9.70
3 (.10 | 0.0192 | 0.0050 | 3.84 188.87 45.89 4,12 1.07
8 0.72 ] 0.0192 | 0.0050 | 3.84 1289.93 134.29 7.00 1.82
S 1O | 0.0192 } 0.0050 | 3.84 1786.77 | 227.091 7.84 2.04
s 10.0 { 0.0192 | 0.0050 | 3.84 17755.05 | 784.78 22.62 5.89
b 30.0 | 0.0192 | 0.0050 | 3.84 53239.82 [ 1221.29 43.59 11.35




Table 5.7(a)

o = 0.4, S5/c = 25.0, e = 10000

H/F vs. Prand /e Theoretical

P oo nr

Plc| Pr Je fs flfs | Nug Nug | NupfNu,
2 0.10 | 0.010G | 0.009.4 | 1.13 10.95 13,54 0.52 .71
2 1072 0.0106 j 0.0094 | 1.13 39.95 35.80 1.14 .99
2 1.0 | 0.010G | 0.0094 | 1.13 50.5-1 42.63 1.23 107
2 10.0 § 0.010G § 0.0094 | 113 | 352,21 | 123.03 3.04 1.15
2 30.0 | 0.0106 | 0.0094 | 1.13 | 999.79 | 184.16 5.81 5.05
4 1010 0.0127 | 0.0094 | 1.35 12,93 13.541 0.95 .70
4 10,721 0.0127 | 0.00914 | 1.35 53.62 33,80 119 1.10
4 1.0 § 0.0127 ; 0.0091 | 1.35 70.66 42.63 1.GG 1.23
4 10.0 | 0.0127 | 0.0004 | L35 | DO7T.42 | 123.04 4.580 3.60
o 30.0 | 0.0127 | 0.009:1 | §.35 | 17G2.05 | 184.16 .57 7.00
§ | 0.10 | 0.0166 | 0.0094 | 1.77 16.51 13.54 1.22 (.69
3 |0.72 | 00166 | 0.009:1 | 1.77 7181 35.89 2.22 1.25
3 1.0 | 0.0166 | 0.0094 | 1.77 107.73 | 42,63 2.53 1.4
] 10.0 | 0.016G | 0.0094 | 1.77 | 1000.27 | 123.03 5.13 4.59
S8 |30.0 100166 | 0.0094 | L77 | 208247 | 18416 16.19 115




Table 5.7(b)

H/F vs.Pr and P/c: Theoretical

a =04, 5/c= 250, e = 50000

F I HIF

Plcl Pr fr fs INJE Nu, Nug | Nup/Nu,
2 10.10 | 0.0085 | 0.0058 | 1.47 36.94 20.26 1.26 0.56
2 0.72 | 0.0085 | 0.0058 AT 196.81 107.78 1.83 1.24
2 1.0 | 0.C385 | 0.0058 | 147 206.63 | 132,08 2.02 1.37
2 10.0:{ 0.0085 | 0.0038 | 1.47 | 2485.19 | 435.20 571 3.88
2 30.0 | 0.0085 | 0.00568 | 1.47 | 7409.61 { 670.11 11.06 7.52
4 0.10 | 0.0111 | 0.0055 | 1.91 49.07 29.20 1.68 0.88
4 1072100111 [ 0.0058 ] 1.091 204.81 | 107.78 2.74 1.43
4 1.0 | 0.0111 { 0.0058 | 1.01 405.13 132.08 3.07 1.61
4 10.0 | 0.0111 | 0.0058 | 1.91 3916.59 | 135.20 9.07 4.75
4 30.0 1 0.0111 { 0.0058 | 1.91 [ 11815.74 | 670.11 17.63 9.23
§ (010 ] 0.068 | 0.0058 | 2.90 9,26 7126 2.71 0.93
§ | 0.72 | 0.0168 | 0.0058 | 2.90 515,98 | 51598 1.79 1.65
3 1.0 | 0.01GS | 0.0058 | 2.90 T13.26 | 713.20 540 1.86
3 10.0 | 0.0168 | 0.0058 | 2.90 | 7043.66 | 135.20 1G.18 5.58
S 130.01]0.0168 | 0.0058 | 2.90 | 21110.8G | G70.11 31.50 10.86




Table 5.7(c)

H/¥ vs. Pr and P/c: Theoretical

a =04, §/c =250, Re = 100000

r Ir H/F
Plc¢| Pr fr Ss ol s Nu, N, | NufNu,

2 | 0.10 | 0.0077 | 0.0050 | 1.5 63.81 45.89 1.39 0.90
2 0.72 | 0.0077 | 0.0050 | 1.54 372,12 184.29 2.02 1.31
2 1.0 | 0.0077 | 0.0050 | 1.54 509.42 22791 2.24 1.45
2 10.0 | 0.0077 | 0.0050 | 1.54 | 480472 | 784.78 G.24 1.05
2 | 30.0 | 0.0077 | 0.0050 | 1.534 | 14636.17 | 1221.29 11.98 7.78
4 0.10 | 0.0105 [ 0.0050 | 2.10 92.06 45.89 2.01 0.96
4 [0.720.0105 | 0.0050 | 2.10 | 398.06 | 184.29 3.25 1.55
4 1.0 | 0.0105 | 0.0050 { 2.10 826.16 227.91 3.62 1.72
4 10.0 | 0.0105 | 0.0050 | 2.10 | 8156.22 | 784.78 10.39 1.95
4 130.0}0.0105 | 0.0050 | 2.10 | 24444.93 | 1221.29 20.02 9.53
8 |0.16 | 0.0177 | 0.0050 | 3.54 171.92 45.89 3.75 1.06
S [0.720.0177 | 0.0050 | 3.3¢ | 1172.21 | 1S84.29 6.30 1.80
8 1.0 | 0.0177 | 0.0050 | 3.54 | 1623.62 | 227.91 T.12 2.01
8 10.0 | 0.0177 | 0.0050 | 3.54 | 16131.90 | 78.1.78 20.506 5.81
8 130.0|0.0177 | 0.0050 | 3.54 | 48372.29 | 1221.29 39.61 11.19




Flow -

7_////////////////////////

Fig. 3.1 Idealized Model
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Fig. 3.3 An Energy Balance Made on the Element
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Fig.4.2 The Channel Assembly
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Fig. 4.3 Pitch to Height Ratio used in the Experiment
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Fig. 4.4 The Core Tube
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Fig. 4.5 Data Recording System
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Fig. 4.21 Maximum Velocity Positions
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Fig. 4.23 Maximnun Velocity Dositions
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Fig. 5.1 Normalized Friction Factor versus Reynolds number
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Fig. 5.2 Normalized Friction Factor versus Reynolds number
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Fig. 5.3 Normalized Friction Factor versus Reynolds number
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Fig. 5.5 Normalized Friction Factor versus Reynolds number
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Fig. 5.6 Normalized Friction Factor versus Reynolds number
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Fig. 5.7 Normalized Friction Factor versus Reynolds number
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Fig. 5.12 Normalized Nusselt number versus Reynolds number
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Fig. 5.13 Normalized Nusselt number versus Reynolds number
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Fig, 5;14 Normalized Nusselt number versus Reynolds number
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Fig. 5.15 H/F versus Reynolds number
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Fig. 5.16 H/F versus Reynolds number
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129 a




20.

=

10. |~

HIF

Ple=2
Sle=194
Pr=10.72

]

108

Fig. 5.18 H/F versus Reynolds number
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