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ABSTRACT

In many industrial heat exchangers, it is desirable to improve the rate of heat transfer from a pipe
wall to the fluid flow. This improvement is commonly made by adding some form of roughness to
the pipe surface. However, the added roughness often leads to an increase in the pressure drop of
the flow. The objective of this study is to experimentally compare the rate of heat transfer
enhancement and friction factor for fully developed turbulent pipe flows with different roughness

elements.

The experiments were conducted on a smooth pipe and four pipes with different internal roughness
elements manufactured using steel mesh and ball bearings. The nominal diameter of all pipes was
two inches. The working fluid was air, and the flow properties were measured at Reynolds numbers
0f 20,000 to 90,000 in increments of 10,000 under a constant pipe wall temperature of 375°C. The
Nusselt number and friction factor of the rough pipes were evaluated, and the results were
compared to the smooth pipe. It was found that Nusselt number of the pipes with mesh-type
roughness increases by approximately 5%, while the Nusselt number of the pipes with roughness
elements made from ball-bearings increased by 23 to 33%. The increase of friction factor was 66%
for the pipes covered with mesh and 33 to 43% for pipes with ball bearings. The experimental
results indicate that adding ball bearings to the internal surface of the pipe can lead to a significant
improvement in the rate of heat-transfer. Adding a mesh-type roughness to the pipes can have
marginal improvements in heat transfer and a large increase in frictional losses, and therefore it is

not recommended.
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NOMENCLATURE AND ACRONYMS

Symbols

Nu

Definition

Mass flow rate

Dynamic viscosity

Average viscosity of the fluid at the test section
Pipe cross section area

Heated pipe surface area

Intercept constant of the log-law

Specific heat capacity

Internal diameter of the pipe

Friction factor

Friction factor in test section at 7;

Thermal conductivity

The distance between the test section pressure ports
Nusselt number

Pipe internal radius
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r Radial distance from pipe centerline

Re Reynolds number of the flow where the Pitot tube is located
Re: Average Reynolds number at the test section
RMSE Root mean square error

T temperature

t time

Ty Bulk temperature

Tha Downstream bulk temperature

Tou Upstream bulk temperature

I'm Mean flow temperature

T Room temperature

Ts Surface temperature

T Flow temperature along test section

Us Bulk velocity at Pitot tube

Uty Bulk velocity along section

Uc Centerline velocity

ur Friction velocity

AP Pressure drop along the test-section

APp Pitot tube differential pressure

X



p2

Abbreviations

MB37

MB50

MC1

MC2

PP

R

RPM

RT

SM

TC

Y

WT

Roughness

von Karman constant

Kinematic viscosity

Density of the flow where the Pitot tube is located

Average density of the flow at the test section

Pipe with ball bearings with 37 mm spacing
Pipe with ball bearings with 50 mm spacing
Pipe covered with mesh and one layer of coating
Pipe covered with mesh and one layer of coating
Pressure port

Rake

Revolutions per minute

Rake thermocouple

Smooth pipe

Thermocouple

Wall

Wall Thermocouple
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Chapter 1.

Introduction

The increase in the internal roughness of pipes can increase the skin-friction drag and the rate of
heat-transfer from the flow to the surrounding medium. In the design of many mechanical
equipment such as heat exchangers, it is desirable to improve the rate of heat transfer. Thus,
increasing the internal roughness of pipes seem to be a good practice. However, the greater
roughness would also result in a larger skin-friction drag. The objective of this research is to
compare pipes with different internal roughness based on their ability to transfer heat while

maintaining a small skin-friction drag.

The impact of roughness elements, such as corrugations, dimples, and twisted tape inserts, on
pressure drop and heat transfer of pipe flow have been investigated in the past literature, but there
are still major gaps that need to be filled. Wang et al. (2017) studied heat transfer in helically
corrugated tubes to find the optimum values for height-to-diameter and pitch-to-diameter ratios of
the corrugation for maximizing the rate of heat transfer relative to the increase in friction. Bunker
et al. (2003) conducted experimental studies on circular pipes with dimples and found a correlation
between Nusselt, Prandtl and Reynolds number. Eiamsa-ard et al. (2010) studied the effects of
twisted tape parameters, such as twist angle, on the rate of heat transfer. The shortcomings of the
previous studies include the limited range of Re, the limited pipe surface temperature and the size
of the pipe itself. To extend the investigations to other types of internal roughness, and to fill these
gaps in past literature, this research will conduct an experimental investigation on pipes with mesh-

and bearing-type roughness.

A pipe with an internal diameter of 2 inch, at a wall temperature of 375°C, and a wide range of

Reynolds numbers from 20,000 to 90,000 is considered. The relatively higher wall temperature,



larger pipe size and wider range of Reynolds number in this study compared to previous research

aims to match the working condition with that of cracking furnaces used for ethylene production.

Chapter two provides a literature review on fluid dynamics and thermal properties of pipe flows
as well as studies conducted on pipes with different roughness. Chapter three presents the details
of the experimental facility. In Chapter four, the methodology used for evaluating the flow
properties from measurements are explained. Chapter five presents the results of experiments on
a reference pipe with smooth walls, while Chapter six compares the thermal and hydrodynamics
performance of the pipes with internal roughness. This study improves the understanding of heat
transfer in pipes which in turn can help conserve energy and can address environmental problems

such as those related to carbon emissions in power plant boilers and in furnaces.



Chapter 2.
Literature Review

The use of three-dimensional roughness geometries inside a turbulent pipe flow to enhance heat
transfer from the wall to the flow has been extensively studied due to the broad range of its
applications. Some of the more commonly used enhancement techniques include swirl generators,
dimples or other forms of integral roughness, and inserted devices such as coils and twisted tapes.
In this chapter, first the basic science behind the hydrodynamics of laminar and turbulent pipe flow
is explored. After that, the fundamentals of convective heat transfer from a pipe at higher surface
temperature to the flow is provided. Finally, a review of the more recent literature on different heat

transfer techniques is provided.

2.1 Equations of motion for pipe flows

The equations of motion in pipe flows can be derived from applying the conservation laws for
mass, and momentum to a control volume. The equations of motion relate the acceleration of a
fluid particle to the surface and net body forces. By expressing the viscous stresses that act on a
fluid particle as a function of local deformation or strain rate, the Navier-Stokes momentum

equations can be obtained for Newtonian fluids.

2.1.1 Navier-Stokes equations for incompressible pipe flow

The continuity and Navier-Stokes momentum equations for Newtonian fluids under the
assumptions of incompressible flow and constant viscosity in a cylindrical coordinate system is

given in
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where A is Laplacian operator (also shown by V2) in cylindrical coordinate system, P'is pressure,
p is density, v is kinematic viscosity, and «', v' and w' are instantaneous components of velocity in
the x, r, and @ directions respectively. Here, r represents the radial direction of the pipe, x the axial
direction, € the angular direction. The origin of  in this coordinate system (» = 0) is located at the
centerline of the pipe. The origin of x is the inlet of the pipe. The above equations are only valid
in cases where the fluid viscosity and density are constant. When the working fluid is
incompressible, the density of the fluid can be ignored (except when it is multiplied by
gravitational acceleration). A dimensionless number called Mach number, defined as the ratio of
the flow velocity to the speed of sound, can be used to distinguish between compressible and
incompressible gas flows. If the Mach number is less than 0.3, the flow can be assumed to be
incompressible. The viscosity of incompressible Newtonian fluids changes with temperature
which means that the viscosity of the fluid is not constant when there are temperature variations
inside a fluid flow. However, according to Incropera et al. (2007) we can assume that the viscosity
is constant when pipe surface temperature is constant. This constant viscosity is evaluated at a
temperature equal to the arithmetic mean between the inlet and outlet bulk temperatures of the pipe
flow. The evaluation of viscosity will be explained in more detail in chapter four. In many
applications, the knowledge of the mean velocity field is enough to give a description of the flow
behaviour. To find the mean (time-averaged) velocity field, we first need to decompose turbulent

velocity into mean velocity and turbulent fluctuations. This decomposition is shown in
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where u'i depicts the ith component of the velocity field, u; is the ith component of ensemble
average of the velocity field, and #i; is the ith component of the fluctuating velocity. The ensemble

average of velocity is given in
N
— 1 ! "
u; = N Z u'(x,t:n) 2.6)
n=1

where u(x,t:n) is the nth independent realization of the velocity field. Similarly, other

instantaneous flow properties can be separated into their mean and fluctuating components. The

average of fluctuating velocity, #,, is zero. By substituting the velocity terms in equations 2.1 to
(2.4) with their mean and fluctuating components, we find

10rv 10w u

_0’

r or r 060 ox (2.7)
1 9rv? 10vw  dvu  w? 10 v 2 ow 192
L P o 1%y g(av- 5o 22 12T
r or r 00 0x r p or r2 r2 00 r or
— - 2.8
lava/ _ v W_z ( )
r 96 dx r’
1drvw |, 10w? owu | wv 10 w 2 v 10rwo
~aw o town, awk Wy 29 19(A _____)____
r or r 00 dax r prod 2 r2 90 r or
2.9)
19w?  owd _ wo and
r 80 ox ’
10rwu  1d0uw . ou? 1p 10rvu  10uw  ou?
z Touw  Ou_ 1Py gpy - 1R 10EW 0w .
r or + r 00 + ox p6x+ r or r 060 ox (2 10)



These equations are called Reynolds-Averaged Navier Stokes (RANS) equations. Each term in
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E] is a component of Reynolds stress tensor. As can be seen, in the absence of Reynolds stress

terms, Navier- stokes equations and RANS equations appear to be similar, and it is the appearance
of Reynolds stress terms that creates a disparity between laminar and turbulent flow. The number
of unknowns in the Reynolds equations are more than the number of equations. Therefore, RANS
equations cannot be solved without determining Reynolds stress terms (Pope, 2001). Different
methods exist that solve this closure problem by modeling Reynolds stresses as a function of the
mean flow field like eddy viscosity models. In addition to RANS, large-eddy simulation (LES)
solves Navier-Stokes equations by combining modeling and numerically simulating a range of
turbulent eddies (Kundu et al., 2012). Navier-Stokes equations can also be solved by Direct

numerical simulation (DNS).

2.1.2 Simplification of RANS for fully-developed pipe flow

When the statistics of a pipe flow become independent of the downstream direction, the flow field
is considered fully developed. In fully developed pipe flow, flow characteristics are independent
of axial coordinate and the flow is axisymmetric. Therefore, the velocity statistics depend only on

the radial coordinate ». A more simplified RANS equations, given by Merzkirch et al. (2005), are
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where 7 is mean shear stress given by

where u is dynamic viscosity. Integrating (2.13) yields
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where R is the pipe radius and p,, is flow pressure at the wall. This shows that the difference

between the local pressure and wall pressure is proportional to turbulent fluctuations, which are

typically small. Because both 72 and w2 are independent of x in fully developed flow, from (2.15)

we can find that
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and from (2.12)
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where c is the constant of the integral. From (2.18) at the pipe wall we have
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This correlation between pressure gradient and stress near the wall surface means that the pressure
gradient can be used to measure wall shear stress. From equation 2.14 we find that that the total

shear stress can be decomposed into a viscous, 7v, and a turbulent, z, part
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(2.20)

2.2 Mean velocity profile

The fully developed turbulent pipe flow has two main regions: the core region, and the region
closer to the wall. Flow behaviour is significantly different in these regions. In the core region,
turbulent Reynolds stress is much larger than viscous shear stress, effectively making the effects
of viscosity negligible. Near the wall, however, viscous stress cannot be neglected. Because the
flow behaves differently in different regions of the bounded flow, two different scaling laws exist
based on the location of the fluid particles and based on the dominance of viscosity and Reynolds
stresses. In the first scaling, the law of the wall is applied to the regions closer to the wall where
the viscosity is dominant. The law of the wall states that the profile of near-wall velocity only
depends on the near-wall parameters. This region is called the inner region where the largest length
scale is the distance from the wall. In the second scaling, velocity defect law is applied to the core
region where flow characteristics are independent of viscosity. This region is called the outer
region where the largest length scale is the pipe radius, R. The region where the inner and outer

regions overlap is called the overlap region.



2.2.1 Law of the wall (inner layer)
For flow near a smooth wall, the wall-layer thickness (also called the viscous length scale), §,,, and

friction velocity, ur, are defined as

v
ur (2.21)

Up = \/% (2.22)

At the pipe wall, the boundary conditions dictate that both v’ and w'be equal to zero. Therefore, in
equation 2.20, the Reynolds stress term is zero at the wall, and the wall shear stress (7,,,) can be

obtained by
Ty = va—;. (2.23)

The wall distance, y, is defined as the distance of a fluid particle from the pipe surface (y =R —r).
A dimensionless wall distance, y*, is also introduced to determine the velocity profile inside the

wall layer given by
y =5 (2.24)

In the wall region, y* < 50, viscosity directly affects shear stress. The law of the wall which
implies that near-wall velocity only depends on near-wall parameters and viscous length scale is

given by

| =
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where f is an undetermined universal function and U" is a dimensionless parameter representing
normalized velocity. The region of the flow that is very close to the wall y* <5 is called the
viscous sublayer. Here, although velocity fluctuations still exist to some extent, the Reynolds
stresses are negligible, and only viscous stresses contribute to wall shear stress. At very high
Reynolds numbers, the thickness of viscous sublayer is very small. This means that the stress is
uniform and equal to wall shear stress. The mean velocity profile in the viscous sublayer has a

linear distribution, and it is given by

U+ =y*. (2.26)

I
<

2.2.2 Velocity defect law (outer layer)

In the outer region y* > 50, the effects of viscosity are negligible. Here, the characteristics of
turbulent flow resemble that of inviscid flow, and the drag on the flow created by Reynolds stresses
generate a velocity defect. This defect is the difference between the mean velocity and the

centerline velocity. The velocity defect law is given by

2 EoF(2) (2.27)

where u,, is centerline velocity and u is the mean velocity in the x direction at a distance y from
the pipe wall. It is important to note that the velocity defect law function F is not a universal

function, and it is different for different flows.

2.2.3 Logarithmic law (overlap layer)

The velocity profile in the overlap region (also called the logarithmic region) can be given by

10



Ut = f*) = ;In(y*) +B,and (2.28)

F(§) = —%m(g) +A (2.29)

where & = % , K 1s the von Karman constant, and 4 and B are constants with values of around 4 or

5. The von Karman constant depends on the flow and pressure gradient but overall, it is around

0.41 with a variation of 5%. These equations are only valid for large y* and small % . Figure 2.1,

originally developed by Oweis et al., (2010) and adopted by Kundu et al. (2012), shows the log-
linear plot of velocity profile versus the dimensionless wall distance. The vertical dashed lines
indicate the extent of different layers of a wall-bounded turbulent flow. For y* < 5, the velocity
distribution of the viscous sublayer appears as a curve. The logarithmic velocity profile is shown
to have a linear behaviour for 102 < y* < 10*. The buffer layer range is 5 < y* < 30 where the
distribution is neither logarithmic nor nonlinear. A summary of the height of each region of

bounded turbulent flow is given in Table 2.1.
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Figure 2.1. Log-linear plot of mean velocity profile for a smooth-flat-plate turbulent boundary
layer adopted from Kundu et al., (2012).

Table 2.1. Wall regions (adopted from Pope, 2001).

Region location
Inner layer V/R <0.1
Viscous wall region y*<50
Viscous sub layer y<5
Outer layer y™>50

Overlap region
Log-law region

Buffer layer

y">50,y/R<0.1
y">30,/R<0.3

5<y™<30
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2.3 Flow in smooth pipes

The Reynolds number for pipe flow is given by

_ 2RU,
B 14

Re (2.30)

where Ub is the bulk velocity and R is the radius of the pipe. Bulk velocity for a pipe flow is found

using

R

1
Ub = m . u27rrdr, (231)

and the mass flow rate, 71, 1s given in
m = pU,(TR?), (2.32)

For Re < 1350, the flow is laminar, and for Re > 1800 it is fully turbulent. Transitional effects can
be observed up to Re = 3000. The hydrodynamic entry length, /., of a pipe flow is the distance
from the inlet of the pipe until the flow becomes fully developed, and for a turbulent flow it given

by Munson et. al (2013) as

l
el _ 4.4 Rel/S (2.33)
D

Where D is the pipe inner diameter. According to Pope (2000), the relationship between the bulk

velocity, Us, centerline velocity, U, and friction velocity is u: using the logarithmic defect law for

the pipe flow given in

= _—+B .
—+ By (2.34)
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where u: is the friction velocity and the constants x and B; are 0.4 and zero, respectively. The

relationship between the friction factor, £, and friction velocity is given in
W _ | (2.35)
Up 8

Friction factor is defined in the next section (section 2.3.1).

2.3.1 Friction factor
For incompressible, steady, turbulent flow in a smooth pipe with diameter D and length L, the
pressure drop is a function of bulk velocity U, u, and p. The total pressure loss AP for horizontal

pipes is given in

[ pU?
AP = fE”Tb (2.36)

where f'is friction factor. A correlation between f'and Re, commonly used for smooth pipes, is the

Prandtl friction law given in

1 —

= 2.0log(,/f Re) — 0.8. (2.37)

4

2.3.2 Heat transfer

When there is a difference between the temperature of the pipe and the working fluid, convective
heat transfer occurs and a thermal boundary layer develops. If the pipe surface temperature or the
heat flux is constant over the length of the pipe, the flow will eventually reach a thermally fully
developed condition. The thermal entry length, /.., of a pipe flow is the distance from the inlet of
the pipe until the flow becomes thermally fully developed, and for a turbulent flow it given by
Incropera et al. (2007) as

14



Lee

et _ 1 2.38
5 0 (2.38)

To calculate the heat transfer from the pipe to the flow it is important to define the mean fluid

temperature, T, that is given by

Tm

R
= uT (r)rdr 2.39

where 7(r) is the time averaged local temperature of a fluid particle at distance  from the centreline
of the pipe. For a heated pipe, the convective heat flux (flow of heat energy per unit area), ¢g", from

the pipe surface to the flow, can be expressed as

q" = hiocal (Ts - Tm) (2.40)

where hioca 18 the coefficient of local convection heat transfer, and 75 is the temperature of the pipe

surface. From Fourier’s law at » = R, we have

q"= —k=. (2.41)

By applying the energy balance to pipe flow of finite length, L, shown in Figure 2.2, the amount

of convective heat transfer from the pipe wall to the fluid is given by

q = mCp(Trmo — Trni) (2.42)

15
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Figure 2.2. Control volume in a heated pipe flow adopted from Incropera et al. (2007).

where ¢ is the rate of convective heat transfer from the pipe surface to the flow, and Cp is specific
heat capacity. For the control volume of shown in Figure 2.2 applying the energy balance gives

the differential convective heat transfer in the form

dq = mCpdT,, = q"(ntDL)dx. (2.43)

Substituting ¢ " from equation 2.40 gives an expression for the rate of changes of mean temperature

with x, distance from the inlet of the pipe, given in

dT,, q"nD
—_ = ,and 2.44
dx  mCp an (244)
dTm D
i T:_CPhlocal(Ts - Tm)- (2.45)

The above equations hold true for all forms of heat transfer from the pipe wall to the fluid.
However, a more detailed analysis of heat transfer in a pipe can be given in special cases where
the surface temperature is constant over the length of the pipe. In this case, AT is defined as 7s —

T'n. Equation 2.45 is rewritten in terms of A7 in the from of

16



dAT D
—=—nh AT).
dx mcp local( )

(2.406)
Integrating equation 2.46 from the inlet of the pipe at x = 0 to the outlet at x = L gives
il — 7fno _ 70L
v Ts=Tmi ™MCp of (2.47)
AT,  Ts—Tho nDL )
AT,  To—Tp; ex”( MCp (2.48)

where / is the average heat transfer coefficient over the length of the pipe. Integrating equation
2.46 from zero to an axial position of x gives

(2.49)

where /4 is now the average heat transfer coefficient of the flow form inlet to x. Expressing equation
2.42 in the form of

q = mCp(AT, — AT}), (2.50)
and substituting mCp from equation 2.47 gives an equation for convective heat transfer rate in the

form of

q = h(nDL)AT;, (2.51)

where ATm is the log mean temperature difference given in

17



AT,—AT;

ATim = In(ATo/AT;) (2.52)
The average Nusselt number, Nu is defined as
hL
Nu = - (2.53)

where £ is thermal conductivity. Nu is a dimensionless number that gives a measure of the ratio
between convective to conductive heat transfer. Different correlations exist in the literature for the
evaluation of Nu. For fully developed turbulent flow in smooth pipe, Dittus-Boetler and Blasius

correlations can be used given in

Nu = 0.23Re’8Pr™ and (2.54)

f =0.79Re /4 (2.35)

Where n is 0.3 for cooling and 0.4 for heating of the fluid. equations 2.54 and 2.55 have been
proven to be within 20% range of accuracy for most experimental studies (Ji et al. 2017). For a
fully developed turbulent pipe flow with constant surface temperature a correlation provided by
Gnielinski (1976) can also be used to find the Nu as a function of friction factor, Reynolds number

and Prandtl number given in

(f/8)(Re — 1000)Pr
Nu = T2 (2.56)
1+ 12.7(f/8)2(Pr3 — 1)

where Pr is the Prandtl number, defined as the molecular diffusivity of momentum divided by

molecular diffusivity of heat, is given in

18



pr= 22& (2.57)

2.4 Pipes with internal roughness

The wall surface is considered rough when the average height of the roughness elements protrudes
out of the viscous sublayer. In this case, the flow parameters in the inner layer are not affected by
viscosity, but instead they are affected by the wake region developed behind the roughness
element. Figure 2.3 shows the distribution of logarithmic velocity for smooth and rough surfaces.
The viscous sublayer is diminished for flow near rough surfaces, thus the entire axial velocity
profile is governed by the logarithmic law. The entire velocity profile in this case is given in

1
Ut = =In (l) (2.58)
K Yo

where y, is defined as the wall distance at which u = 0.

Logarithmic
profile

Continuation
of logarithm
Roughness
A ..
/ ————— 1 Viscous Z ,
L - /
| | v spblayer / Ny
u u

Figure 2.3. Logarithmic velocity distribution for (a) smooth surfaces, and (b) rough surfaces
adopted from Kundu et al. (2012).
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2.5 Friction factor

To account for the effect of roughness on the velocity profile and pressure drop in turbulent pipe
flows, a variable ¢, which is a measure of the height of the roughness element, is introduced. For

rough pipes friction factor is both a function of Re and ¢ or
&
f=F(ReS). (2.59)

The theoretical formula for function F is unknown, but it can be estimated from experimental
studies. These studies usually present the value of friction factor in a graphical form or in terms of
a curve fitting formula. The relationship of friction factor with Reynolds number and relative
roughness is mostly based on the pioneering work of Nikuradse (1950). In Nikuradse’s work, the
pipes were artificially roughened by gluing sand grains of different sizes to the pipe walls. Then
the pressure drop and flow rate were measured for a wide range of Reynolds number and roughness
elements. The data from these tests were used to determine the dependence of friction factor with
Reynolds number and roughness. Although the internal roughness of commercial pipes used for
enhancing heat-transfer is not as uniform as the artificially roughened pipes, similar experiments
have been conducted to find a measure of the effective roughness and the friction factor for
commercial applications. Based on the work of Moody (1944) and Colebrook (1939), the
dependence of friction factor to Reynolds number and roughness is typically depicted in the form
of a diagram called the Moody chart(Munson et. al 2013). As can be seen for flows with very large
Reynolds numbers, known as completely turbulent flows, the friction factor is independent of the
Reynolds number. This is because for such flows, the pressure drop is a result of turbulent shear

stress rather than viscous stress (Gerhart et al., 2009).
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While a theoretical formula is not yet available for all ranges of flow characteristics, semiempirical
expressions have been given in the literature for pipe flows that are confined to a small region of
the Moody chart. An empirical fit of the Moody chart is given in the form of an implicit equation

known as the Colebrook formula which is

_ e/D 2.51
=-2.0 log(&7 + Reﬁ>' (2.60)

5l

Simple explicit formula for turbulent pipe flow is given in

g/D*? 6.9)
2.61)

1
— =-18log( == +—
NG °g<3.7 " Re

based on the work of Haaland et al (1983).

2.6 Heat transfer augmentation

While in many engineering applications high roughness in pipes is undesirable, there are instances
where roughness is artificially added to the pipe flow to improve mixing and thermal performance.
The improvement to the thermal performance, also called heat transfer augmentation, can be
achieved using active and passive methods. In active methods, some form of external activator or
power input is used to enhance heat transfer. Some examples of active method include fluid
vibration, surface vibration and electrostatic fields (Elshafei et al., 2008). In passive methods,
artificial roughness elements are added to the flow by either modifying the geometry of the pipe
walls or by inserting extra components inside the pipe. Some examples of this method include
swirl flow devices, rough surfaces, treated surfaces and coiled tubes. A combination of different
methods can also be implemented. An example of these compound methods is heat transfer

enhancement using internal rough and pipe vibration (Alamgholilou et al. 2012). Heat transfer
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augmentation methods that add roughness elements increase the friction factor of the flow. This is
synonymous to higher pumping costs. Therefore, augmentation devices and methods need to be

optimized to maximize heat transfer while minimizing frictional losses.

2.6.1 Thermohydraulic performance

Thermohydraulic performance refers to the study of hydraulic and thermal performance of heated
flow. A passive method with a high thermohydraulic performance can increase heat transfer
coefficient with minimal increase in friction factor. Different thermohydraulic performance
parameters have been proposed in the literature to compare different augmentation methods. A
performance parameter, #, based on equal pumping power was first defined by Webb et al. (1972)
given in

Nu/Nu,

n= W (2.62)

where Nu and fare Nusselt number and friction factor for a pipe with augmentations, and Nu, and
fo are the same parameters for a smooth pipe with identical inside diameter.

Fan et al. (2009), proposed a logarithmic scale for evaluating the thermohydraulic performance,
which is known as the “evaluation plot”. In the evaluation plot, the smooth pipe is used as a
reference pipe meaning that Nu and f of the augmented pipes are normalized by Nuo and fo,

respectively. Assuming correlations for fo and Nuo can be expressed in the form of

fo(Re) = c;Re™1, and (2.63)

Nuy(Re) = cy;Re™2 (2.64)

where c¢1, c2, mi, and m:> are constants.
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When both the smooth pipe and augmented pipes are at the same Re, the ratios of f over fo, as well

as Nu over Nuo are shown in Equations

f _ f(Re)
(fo)Re forey 214 (2.65)
(ﬂ) _ Nu(Re) (2.66)
Nug/p,  Nug(Re)

When the smooth pipe and augmented pipes are at different Re the same ratios are shown as

f _ f(Re)
fo  fo(Reo) d (2.67)
Nu _ _Nu(Re) (2.68)
N'LLO NUO(REO).
Substituting equations 2.63 and 2.64 into 2.65 and 2.66 respectively gives
Lo (L) (B \™
fo (fo)Re (Reo) » and (2.69)
Nu _ (Nw) o (Re)™ (2.70)
Nug - (NuO)Re (Reo) ’

Equations 2.69 and 2.70 can be used to determine the ratios of f over fo, as well as Nu over Nuy at
different Re based on the same ratios at the same Re.
The ratio of power consumption, PC, of the enhanced pipe over the reference pipe is presented as

PC _ (AUyfLpU,?/D)
PCy (AUbfLPUbZ/D)o

(2.71)
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where 4 is the cross-sectional area of the pipes. To simplify the equations, it is assumed that the
thermophysical properties of flow are constant. It can also be assumed that the smooth pipe and
enhanced pipe have the same heat transfer area, Az, and the same cross-sectional area, 4. Under

these assumptions, equation 2.71 is simplified to

PC _ f(Re) (Re)?
PCy  fo(Reo) (Reo) : (2.72)

The ratio of heat transfer rates can be presented as

q _ (hA,AT)  (NukA,AT/D) -
qo  (hAAT),  (NukA,AT/D), (2.73)

where AT is wall to fluid temperature or 7s — T'». Assuming that AT and & are also the same between

the augmented and smooth pipe flow, equation 2.73 simplifies to

q Nu
% = _Nuo (2.74)

If the smooth pipe and augmented pipes consume the same amount of pumping power, similar

pumping power constraint, equation 2.72 becomes

L (Re)7
L= (Reo) . (2.75)
Substituting equation 2.75 into 2.69 gives
-1
Re _ (L)*m 2.76
Regy (fo)Re ’ and ( )

From equations 2.70, 2.74 and 2.76 we have
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-my

a _ Nu _ (ﬂ)Re (L):eml ’ (2.77)

qo  Nug Nug fo

which gives the ratio of heat transfer under identical pumping power constraint. Similar equations
can be derived for heat transfer ratio under identical pressure drop constraint. The ratio of pressure

drop of enhanced pipe over smooth pipe is given in

AP (fLpUp*/D)
APy (fLpUp?/D)o”’ and (2.78)

based on the assumptions mentioned above equation 2.78 can be simplified to

AP _ f(Re) (E)Z, (2.79)

APy fo(Reg) \Reg

Therefore, heat transfer ratio under identical pressure drop constraint becomes

-my

a _ Nu _ (ﬂ)Re (]{_0):11 (2.80)

do  Nug Nug

Finally, heat transfer rate ratio under identical flow rate is simply

Nu

% = (N_uo)R . (2.81)

e

Equations 2.77, 2.80 and 2.81 can be unified in

ai

cum () /)

Re

where Cyiis the ratio of heat transfer rate under the constraints of identical pumping power (i =

PC), identical pressure drop (i = AP) and identical flow rate (i = Re). The power a: takes the value
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of m2/(3+m1), m2/(2+m1) and 1 under the identical pumping power, identical pressure-drop, and
identical flow rate constraints respectively.
Taking the logarithm of equation 2.82 gives

In (Iilv—l:)Re = b;+a;In (%) (2.83)

07 Re

where b; is equal to In(Cqy,i). Equation 2.83 is the basis of the performance evaluation plot shown
in Figure 2.4. If In(Nu/Nuo)r. is taken as the ordinate and In(f/fo)z. as the abscissa, then equation
(2.83) presents lines with the slopes of a; and intercepts of b:.. These lines are called the
performance lines and are shown in Figure 2.4 as dashed lines. The dashed lines represent the
identical pumping power, identical pressure drop, and identical flow rate constraints. According
to Fan et al. (2009), the value of m; is -0.25 and m: is 0.8. Using these values, ai in equation 2.83
takes the value of apc = 16/55, aar = 16/35 and are = 1. Thus, the dashed lines in Figure 2.4 that
represent the identical pumping power, identical pressure drop, and identical flow rate constraints
have slopes of 16/55, 16/35 and 1 respectively.

If the intercept, bi, is zero, all three lines pass through the point with coordinates (1,1) in the
evaluation plot. The performance lines divide the evaluation plot into four regions indicated by
boldface numbers. In region one, the pumping power consumption increase due to the
enhancement is larger than the increase in heat transfer rate. In region two, the enhanced pipe
transfers more heat under identical power consumption constraint. In region three, the augmented
pipe has a higher heat transfer compared to the reference pipe under identical pressure drop
constraint. Finally, in region four, increase in heat transfer is larger than increase in friction under

identical flow rate constraint. In terms of performance and energy consumption, pipes that can
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operate in regions three and four are the most favourable ones while those that operate in region

one consume more power than they increase heat transfer.

To plot the experimental data in the evaluation plot, the Nu and f need to be normalized by Nuo,
and fo at the same thermal and hydraulic conditions. This means that the Re of the smooth pipe and
augmented pipes need to be the same, and the constant wall temperature of the smooth and

augmented pipe also need to be the same during the experiments.
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Figure 2.4. Performance evaluation plot used for comparing different enhancement techniques

adopted from Fan et al. (2009).

The aim of many studies in recent years have been to find a correlation between the Nusselt
number, Prandtl number and friction factor. This correlation can then be used to optimize passive

augmentation methods. Reviews on the more recent studies on different passive augmentations
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methods are given by Ji et al. (2017) and Kumar et al. (2017). A few passive techniques are

discussed below.

2.6.2 Internally finned tubes

Internally finned tubes are produced by adding protruding fins inside the inner pipe which
increases the surface area of the inner pipe and improves heat transfer. For fins with narrow
spacing, the pressure drop can be very high. The geometric characteristics of the finned pipes
include inner fin height (e), pipe diameter (D), helix angle (o), Number of starts (N;), fin pitch (p),
and fin base thickness (t;). Correlations for heat transfer rate with respect to flow and geometric

parameters have been reported by various studies including Kim and Webb (1993) and Kader and

Yaglom (1977) given in
1.42(f/2) “5Re Pr
Nu = e 4.5
5025 + 31n (5) + 5.6 - ——— + 9.5(f/2)° (2.84)

(1-3)

However, it should be noted that the modeling of heat transfer and fluid flow of internally finned
tubes is complex, and it need to be experimentally validated. Many of the models that are reported
are only verified for a small range of experimental parameters and may not produce accurate
predictions of thermal and mechanical behaviour of the flow. Main geometrical parameters that
affect the thermal performance of finned tubes include rib height, fin number per cycle, and helix
angle. The increase in the height of the fins lead to an increase in both heat transfer and pressure
drop until a critical height is reached. Above this height, very minor heat transfer enhancement can

be achieved.
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The performance of fined tubes has been experimentally and numerically studied in the past.
Carnavos (1979) determined the thermal performance of 21 tubes with spiral and longitudinal fins
experimentally. It was found that finned tubes performed better than the smooth pipe by factors of
1.2 to 2.0 under constant pumping power. Gee and Webb (1980) studied the effect of three different
helix angles of 30,49 and 70° with a pitch ratio of 15 on heat transfer rate and found that the
preferred angle was approximately 45 °. Han (1984) performed experimental studies on turbulent
channel flows in the Re range of 7,000 to 90,000 to determine the effect rib height and rib pitch
has on heat transfer coefficient and friction factor. The Stanton number, the ratio of heat transfer
coefficient to heat capacity, of the ribbed channel was found to be 1.5 to 2.5 times, and the friction
factor was 2.1 to 6.0 times that of the smooth channel. Islam and Mozumder (2009) studied
turbulent flows inside finned pipes at Re of 20,000 to 50,000 under constant pipe heat flux
condition and found that the friction factor and heat transfer coefficient were five and two times
higher than the smooth pipe respectively. Yu et al. (1999) experimented on tubes with longitudinal
fins and compared the two cases in which inner tube was blocked in one case, and inner tube was
unblocked in the other case. They found that the blocked case had a superior heat transfer increase.
Saad et al. (2012) compared longitudinal fins that were continuous and interrupted in the steam
wise direction in a staggered and in-line manner. They found that the heat transfer coefficient for
Re between 20,000 to 50,000 was the highest for the staggered interrupted fins, followed by the
staggered inline fins and the continuous fins respectively. Peng et al. (2016) conducted numerical
simulation on finned tubes with different geometrical properties. They found that increasing the
width and height of fins, as well as, decreasing the spacing between fins can both lead to an

increase in Nu and f. The helix angle was also found to have a significant effect on thermal
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performance of the tubes. They observed that tubes with smaller angles had higher Nu and lower

pressure drop.

2.6.3 Swirl generators (twisted tape and wire coil inserts)

Swirl generators induce a spiral motion into the flow by creating a swirl velocity component, which
is also called tangential or azimuthal velocity component. The swirling pipe flow is generally
classified into two types: continuous swirl flow and decaying swirl flow. In contrast to the decaying
swirl, the continuous swirl flow maintains its characteristics over the pipe length. Some of the
swirl generators that are commonly used in the industry include coil inserts and twisted tape inserts.
As noted by Liu and Saker (2013), twisted tapes are strips of metal that are mechanically twisted
and inserted inside the pipe. Twisted tapes are widely used in heat exchanger, and they can promote
high heat transfer rates with small friction factor penalties. To enhance heat transfer, these tapes
introduce swirling motion into the flow and disrupt the boundary layer at the surface of the pipe.
In other words, they induce turbulence and decrease boundary layer thickness which leads to
higher heat transfer coefficient and Nusselt number. However, the insertion of twisted tapes
increases the pressure drop of the flow, and the challenge in designing twisted tapes is to limit the
pressure drop while increasing heat transfer. Two of the main geometrical characteristics that are
considered in designing twisted tape inserts are the pitch and the twist ratio. Twist ratio is defined
as the ratio of pitch to the diameter of the pipe. Different types of twisted tapes are classified into
different categories which include: typical twisted tapes that have a length equal to the length of
the exchanger tube; Tubes with varying geometries that do not have a length equal to the length of
the tube and can have shorter length with different pitches; Multiple twisted tapes that are devices

with more than one twisted tape used in the heat exchanger; twisted tape with attached baftles and
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fins; Twisted tapes with cuts, slots and holes. Liu et al. (2013) provided a review of the impacts of
different types of twisted tapes on the enhancement efficiency.

Eiamsa et al. (2012) performed experimental investigations on turbulent flows in heated tubes with
twisted tape inserts with twist rations of 2, 2.5 and 3, and pitch ratios of 1, 1.5 and 2 for Re between
6000 to 20,000. They found that the enhancement of heat transfer rate and friction factor increases
with an increase in twist ratio and decrease in pitch ratio. The largest thermal performance,
calculated by 4/ho where h is augmented pipe heat transfer coefficient and /o is smooth tube heat
transfer coefficient under identical pumping power consumption, of 1.29 was found by using a
tape with twist ratio of three and pitch ratio of two at Re of 6000. Bhuiya et al. (2012) investigated
turbulent flow inside a heated tube with perforated twisted tape inserts in a Re range 15,000 to
47,000 and found that the thermal performance of different perforated twisted tapes in heated tubes
turbulent flow and found that friction factor and heat transfer coefficient were 1.8 and 2.8 times
higher than a smooth tube. The heat transfer performance that was also found in this study by
evaluating Nu/Nuounder identical pumping power consumption, and it was reported to be 2.3 times
that of the smooth tube. Eiamsa and Promvonge (2005) compared the thermal performance of three
twisted tape configurations: full-length twisted tape without a central rod, full-length twisted tape
without a central rod, and regularly spaced twisted tape without a central rod. They found that full-
length twisted tape with central rod had the highest Nu increase of 160% compared to a smooth
tube, followed by full-length twisted tape without central rod with an increase of 150%, and
regularly spaced twisted tapes with an increase of 145%. Chang et al. (2007) performed
experimental studies to compare broken twisted tape inserts (twisted tapes formed by twisting a

serrated metal strip) with smooth twisted tape inserts. They observed that broken twisted tapes
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enhanced the Nu, f'and thermal performance under identical pumping power consumption, based
on equation 2.50, by 1.28 to 2.4, 2 to 4.7 and 0.99 to 1.8 times that of smooth twisted tape inserts.
Wire coil inserts are helical coiled wire springs that are inserted inside a tube to enhance thermal
performance. According to Dewan et al. (2004) wire coil inserts have higher thermohydraulic
performance compared to twisted tape inserts because coil inserts can create more turbulent mixing
in the viscous sublayer, and generate lower pressure drops. The reverse is true for laminar flow
where the twisted tapes have better thermohydraulic performance because they induce more
mixing in the bulk flow. The thermohydraulic performance of coil inserts are reported in different
studies in the past. Yakut and Sahin (2004) conducted experimental studies on coil inserts with
pitch ratios o 0.2, 0.4 and 0.6 inside a heated tube at Re of 6000 to 38,000, and reported Nu
increases of 1.9 to 3.5 times and fincrease of 18.8 to 22.3 times that of the reference smooth pipe.
The highest Nu and f increase was associated with the coil insert with pitch ratio of 0.6 and the
lowest was associated with pitch ratio of 0.2. Promvonge (2008) conducted experimental studies
on coil inserts with square and circular wires with pitch ratios of 0.3 and 0.4 in the Re range of
5000 to 25,000. The coil inserts with square wires showed and overall larger Nu and f compared
to coil inserts with wires at all Re. An overall heat transfer augmentation, Nu/Nuo, of 1.8 to 2.6 and
friction factor increase, f/fo, of 5.8 to 8.5 was observed. A performance, 4/ho under identical
pumping power consumption, improvement of 1.2 to 1.3 at Re of 5000 and 1.1 to 1.15 at Re of
25,000 was also reported. Gunes et al. (2010) conducted an experimental investigation into the
thermohydraulic performance of coil insert wires with a triangular cross section over a Re range
of 3500 to 27,000 under uniform heat flux condition. Two different wires were used in the coils
with wire triangle length to tube diameter ratios of 0.0714 and 0.0892 and three different coil pitch

ratios of 1, 2 and 3 were experimented on. A heat transfer enhancement, Nu/Nuo, of 1.27 to 2.5
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was observed as well as a friction factor increase, f/fo, of 6 to 6.5. The highest overall
thermohydraulic performance, 4/ho under identical pumping power consumption, of 36.5% was
reported for the wire triangle length to tube diameter ratios of 0.0892 and coil pitch ratios of one
at Re of 3858. The twisted tapes and coil inserts were combined and used at the same time inside
a heat exchanger tube in a study conducted by Eiamsa-Ard et al. (2010). The combination of these
two enhancement devices led to a Nu\Nuo of 2.6 to 3.1 but this came at the cost of a large f/fo of

32.6 to 33.

2.6.4 Corrugated tubes

Corrugated tubes are produced by creating deformations on the tube wall. These deformations take
various shapes including twists, spirals, waves and indentations. Corrugations can have a single
start or multiple starts. Corrugated tubes enhance the convective heat transfer by increasing the
heat transfer area and promoting mixing. The spiral indentations disturb the flow in the core region
of the pipe and also reduce the viscous sublayer thickness.

According to a survey conducted by Ji et al. (2017), corrugated tubes are mainly used to enhance
the heat transfer of liquids, and only a relatively small number of studies have focused on gas
flows. Different heat transfer coefficient and friction factor ratios has been reported in the past
literature. Li et al. (2011), investigated the relation of heat transfer and flow friction in corrugated
tubes, with an internal diameter of 17mm, and found that increase in Reynolds number does not
always lead to an increase in Nusselt number for a fixed roughness height. HarleB et al. (2016)
conducted experiments on 18 helically corrugated tubes with varying geometrical parameters
(pitch ratios of 0.27 to 1.5, corrugation heights ratios of 0.02 to 0.056, and corrugation angles of
9.2 to 36.9°). Overall, a heat transfer augmentation, Nu/Nuo, of 1.2 to 2.1, and friction factor

increase, f/fo, of to 1.2 to 3.2 was reported for Re between 5000 to 23,000. It was also observed
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that a tube with pitch ratio of 0.517, corrugation height ratio of 0.040 and corrugation angle of 9.3
had the highest thermal performance. In another study, the same authors, HarleB et al. (2017),
conducted experiments on cross-corrugated tubes with pitch ratios of 0.283 to 1.117, corrugation
height ratios of 0.024 to 0.087, and corrugation angles of 14.7 to 48.8°. Overall, a Nu/Nuo range of
1.3 to 2.3 and f/fo range of 1.5 to 6 was reported, and a tube with pitch ratios of 0.769, corrugation
height ratio of 0.081 and corrugation angle of 38.4 ° was reported to have the highest thermal
performance. Nelly et al. (2015) compared the thermal performance of single structured and cross
structured corrugated tubes. They reported a Nu and f increase of up to 185% and 580% across
both single structured and cross structured tubes. The overall performance, #, of cross structured
corrugated tubes were lower than single structured corrugated tubes with similar surface
parameters. In addition, the performance of single structured corrugated tubes showed a strong
dependence on Re while the performance of cross structured corrugated tubes remained stable with

changes of Re.

2.6.5 Dimpled roughened tubes

The roughness of a pipe can be increased by applying three-dimensional roughened elements in
the form of protrusions, dimples and wall perturbances. These protrusions can create strong
instabilities and fluctuations in the flow resulting in an increase in flow turbulence and mixing.
This method is one of the oldest techniques for heat transfer augmentations that can be achieved
using relatively simple mechanical procedures such as casting, forming, blasting, machining or
welding. The pressure drop and heat transfer for these tubes are mostly affected by protrusion ratio
(the ratio of protrusion height to the pipe diameter) and the axial and transverse pitch of

protrusions.
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Wang et al. (2010) conducted experiments on tubes with outward facing staggered and aligned in
the Re range of 16,000 to 54,000. A heat transfer enhancement, Nu/Nuo, of 18.6 to 22.7% was
reported for both staggered and aligned arrangements. Friction factor increase, f/fo, of 18.6 to
25.9% and 14.3 to 29.8% was also reported for staggered and aligned dimples, respectively. The
thermohydraulic performance of staggered and aligned dimples was found to be almost identical.
Wang et al. (2009) performed experimental studies on inward facing ellipsoidal and spherical
dimpled tubes. They reported a Nu/Nuo of 38.6 to 175.1% and 34.1 to 158% for ellipsoidal and
spherical dimpled tubes, respectively. A friction factor increase, f/fo, of 26.9 to 75% and 32.96 to
92% was also reported for ellipsoidal and spherical dimpled tubes respectively.

In summary, there exists several gaps in the previous studies including the limited range of Re, the
limited pipe surface temperature and the size of the pipe itself. To fill these gaps, this research will

conduct an experimental investigation on pipes with mesh- and bearing-type roughness.
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Chapter 3.
Experimental Setup

The experimental setup consisted of a pipe flow facility designed to generate a fully developed
turbulent flow with maximum pipe-wall temperature of 375°C. To measure the properties of the
flow, thermocouples and pressure transducer were mounted on the loop. In this chapter, the main
components of the flow loop, and the function and installation of the measurement instruments are

described.

3.1 Flow loop components

The components of the setup are shown in Figure 3.1, and they are labeled as A through H. The
details of each component are presented below, and the technical drawings can be found in
Appendix A. The cylindrical coordinate system (7, 0, x) is also shown in the figure, and origin of
this system, as can be seen, is located at the inlet of section E (the test section). In this coordinate
system, wall-normal distance is defined as ¥ = R — r. Figure 3.2 shows a photo of the setup as

installed in the laboratory.
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Figure 3.1 A schematic of the experimental setup. The labels A toF indicate different components
of the flow loop. Dimensions are in inches.

Figure 3.2 A photo of the pipe flow setup covered with insulation and a protective shield.
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3.1.1 Air blower (A)

The airflow was generated by a centrifugal blower (Chicago Blower — Design 53) powered by a
10 hp, 3 phase motor. The flow rate of the blower was controlled by a variable frequency drive
(VFD) (VS1GV210-1B Baldor AC drive). The blower exit was rectangular with dimensions of
144 mm x 64 mm. The maximum speed of this blower was 3600 revolutions per minute (RPM) at

which point it could potentially generate a mass flow rate of 0.21 kg/s if there is no resistance.

3.1.2 Flow straightener (B)

Figure 3.3 shows a schematic of the flow straightener. As can be seen, the flow straightener
consisted of a diverging duct, settling chamber and a reducer. The diverging duct connected the
settling chamber to the blower, and it was designed to transport the flow smoothly from the
rectangular cross section of the blower exit to the circular cross section of the settling chamber.
The settling chamber was approximately 23-inch-long and had an internal diameter of 8 inches. It
was fitted with honeycomb mesh and screens to breakdown any large scale vortical structures.
Mehta et al. (1979) and Cattafesta et al. (2010) recommended the cell length (CL) to cell diameter
(CM) ratio of honeycomb mesh to be between 7 and 10. To conform to this recommendation, the
honeycomb mesh in the settling chamber had an effective cell diameter of 0.25 inch and a length
of2.25 inch. The mesh size (the number of openings in one square inch) of the screens was around
600, the wire diameter of the mesh was 0.0075 inch, and the open area was 65%. The settling

chamber was connected to the rest of the setup by a reducer.
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Figure 3.3 A schematic of (a) the isometric view of the flow straightener, (b) the section view
of the flow straightener and (c) a detailed view of the honeycomb.

3.1.3 Entrance section (C)

This section was a 45-inch-long stainless-steel schedule 40 steel pipe (2.067 inch inner diameter

and 2.375 inch outer diameter).

3.1.4 Cooling section (D)

The cooling section was a 2-inch schedule 40 pipe enclosed by a cooling jacket. The cooling jacket
was made of a 3-inch galvanized steel pipe with an inlet and an outlet to circulate tap water. The
function of the cooling jacket was to control the temperature of the pipe wall upstream of the

heated test section (E) so that the temperature of sections B, C and D would remain close to the
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ambient air temperature. The total length of both C and D section corresponded to approximately

43.5D where D is the inner diameter of a standard 2-inch Schedule 40 pipe, which is 2.067 inches.

3.1.5 Test section (E)

The test section was 163 inches long. The nominal diameter of this section was approximately 2
inches, but the exact inner diameter of the pipes varied slightly for different experiments. In
addition to the smooth pipe, four pipes with different internal surface roughness were tested. More
information on the pipes can be found in the following sections. For experiments with heated pipes,
the pipe wall was heated to a constant surface temperature of 375°C using mica band heaters. A
total of 13 mica band heaters (Marathon, 2085 Watts each) were clamped on the pipe. Each band
heater was 12 inches long and had an inner diameter of 2.375 inches. A picture of a 12-inch band
heater and a schematic of a shorter heater are shown in Figure 3.4 (a) and (b), respectively. Figure
3.4 (c) shows how the heaters were installed on the pipe. To cover the exposed power terminals of

the heaters, ceramic caps and skirts were added as shown in Figure 3.4 (d).
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(d)
Figure 3.4 (a) A photo of a 12-inch Mica band heater, (b) the schematic of a smaller band

heater of the same model, (¢) a photo of the heaters installed on the pipe and (d) ceramic caps

and skirts.

The band heaters were covered with two layers of insulation. The inner layer was made of ceramic
fiber insulation sheets (McMaster-Carr No 93315K54) with a density of 144 kg/m?® and thickness

of 25 mm that also acted as an electrical insulation. The outer layer was made of cylindrical
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fiberglass insulation with a density of 72 kg/m®, inner diameter of 114 mm, and thickness of 76
mm (McMaster-Carr No 5556K422). Figures 3.5 (a) and (b) show how the insulations were
installed on the test section pipe. The heaters were connected to the power in a parallel. The wiring

diagram of the heaters can be found in Appendix A.

(b)

Figure 3.5 Picture of (a) a fully insulated test section and (b) a test section with only electrical

insulation covering it.

The thirteen heaters were connected to three temperature controllers, and each the controllers
comprised of a PID based controller (Watlow PM6). The test section was divided into three zones,
and the heaters in each zone were controlled by a separate controller. The zone locations and
dimensions can be seen in Figure 3.6, and the details of each zone are provided in Table 3.1. The
control panel was connected to a 3 phase, 208 Volts, 75 Amp power supply. The temperature
feedback to the controller for each of the three zones was provided by a K-type thermocouple

installed on the outer surface of the pipe in the midpoint of the zone.
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Figure 3.6 A schematic of the locations and dimensions (in inches) of the three heating zones of
the test section (section E).

Table 3.1 Zone division of the heated pipe.

Zone 1 Zone 2 Zone 3
Number of heaters 2 6 5
Total maximum heater power
4,170 12,510 10,425

(Watts)

All thirteen Mica band heaters were tested by measuring resistances between the power inlet
terminals. There were three power inlet terminals on each heater. These inlets were connected to
a multimeter two at a time, and the resistance between them was measured and recorded. The
measured resistances can be found in Table B.1 in Appendix B. In this table, the ports that were
connected to the multimeter are shown by the "O" symbol and the one that was not connected is
shown by the "X" symbol. The measurements were very close, varied between 42.5 to 43.5 Q,

which shows that that all the heaters were working properly.

3.1.6 Exit section (F)

The exit section consisted of a 45-inch-long galvanized steel pipe. This pipe was connected to a
conical diffuser which expanded the internal diameter from 2 to 8 inches. The diffuser was then
connected to an 8-inch duct via elbow joints, and the airflow in the duct was directed to a fume

hood for exhausting the hot air.
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3.2 Instrumentation

Four main flow properties were measured: (a) bulk flow velocity was measured using a Pitot tube,
(b) friction factor of the flow along the test section was measured using a differential pressure
transducer, (c) pipe-wall temperature was measured using several thermocouples, and (d) air

temperature inside the pipe was measured using two temperature rakes.

3.2.1 Measurement of bulk flow velocity

The bulk velocity of air flow was obtained by measuring its static and total pressure at the
centerline of the pipe using a Pitot-static tube. The Pitot tube was inserted into the pipe upstream
of the test section, approximately 74D downstream of the blower where the flow is expected to be
fully developed (Figure 3.7). The static and total pressure ports of the pitot tube were connected
by soft plastic tubes to a DP15 Validyne differential pressure transducer. This transducer housed
replaceable diaphragms, each suitable for a particular pressure range. A dash number 20 diaphragm
with full-scale pressure (FSP) of 860 Pa was used. The accuracy of the diaphragms was 0.5% of
FSP or #4.3 Pa. The transducer was connected to a Validyne CD15 carrier demodulator that

amplified the transducer signal and provided a DC output signal for the data acquisition unit.

Pitot tube

A B | % i ﬂ 1y ’/E

153.0 A 2.0

Figure 3.7 The location of the Pitot tube in the setup. Dimensions are in inches.

To accurately convert the voltage of the demodulator into pressure, there needs to be a known
relationship between the pressure that the transducer senses and the voltage that the demodulator

produces. To find this relationship, the pressure transducers and demodulators need to be
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calibrated. The calibration process was carried out in two-steps. In the first step, the demodulator’s
gain is adjusted. This entails applying room pressure to the transducer and adjusting the
demodulator’s zero dial until the demodulator’s output voltage is zero. After that, full-scale
pressure (FSP) is applied to the transducer and span dial is adjusted until the demodulator’s output
voltage reaches 10 Volts, which was the recommended voltage in the user manual of CD15 and
the maximum voltage range of the input module (NI 9201). In the second step, the linearity of the
relationship between the applied pressure and measured pressure is investigated. For this reason,
at least ten equidistant pressure points between zero and FSP are applied to the transducer, and the
demodulator voltage is measured. The relationship between the applied pressure and demodulator

voltage output can then be found by interpolating the applied pressure and measured voltages data.

The calibration setup can be seen in Figure 3.8. Pressure was applied by Omega DPI 610 calibrator
that has a maximum applicable pressure of 30 Psi (207 kPa). The calibrator displayed the amount
of applied pressure with an accuracy of 0.05% of the applied pressure. Because this accuracy was
too large for calibrations at the lower end of the measurements range, a Dwyer micro-manometer
with an accuracy of 0.07 Pa (0.00001 Psi) was used in conjunction with the calibrator. The

calibration plot of the transducers for different experiments aec shown in Appendix C.

Figure 3.8 The setup used for calibrating the Validyne pressure transducers.
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3.2.2 Measurement of friction factor

Friction factor was evaluated by measuring the pressure drop between two pressure ports along
the test section. The two ports were connected to a Validyne differential pressure transducer by
1/8-inch stainless steel tubes. The length of these tubes was 5 ft, which ensured that the transducer
was thermally isolated and therefore not affected by the heated pipes. The tubes were connected
to the test section via threadolet, and straight male threaded stainless steel fittings (McMaster-Carr
No 5182K411). The location of ports can be seen in Figure 3.9. A picture of the threadolets can be
seen in Figure 3.10, and the dimensions can be found in Appendix A. The transducers used for

pressure drop measurements were calibrated using the same method described in the above section.

Pressure port 1 Pressure port 2
I 1
91.3 62.2
9.5

Figure 3.9 A schematic that shows the location (in inches) of pressure ports in the test section
(section E).
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Figure 3.10 A photo of the threadolets welded on a pipe in the test section for connecting the

pressure transducer ports to the pipe via straight male fittings.
3.2.3 Measurement of wall temperature

The wall temperature of the test section was measured using various K-type thermocouples (TCs)
that were mounted on the outer surface of the pipe. The TC included probe-type, plate-type and
spot-welded thermocouples shown in Figure 3.11. Figure 3.12 (a) shows the location of the
thermocouples that measured the inlet air temperature. To measure the inlet air temperature at the
channel centerline, an ungrounded K-type thermocouple (TC1, Omega Engineering, part number
TJC36-CASS-010U-12) with a sheath diameter of 0.01 inch and a probe length of 12 inch was
placed approximately one inch prior to the cooling jacket. TC1 was inserted inside the pipe and
measured the air temperature at the centerline of section C. In addition to TC1, a thermocouple
probe was installed on the pipe wall at the inlet of the test section (TC2). This probe-type
thermocouple was an ungrounded K-type thermocouple (Omega Engineering, part number
KMQSS-125U-12) with a sheath diameter of 0.125 inch and a probe length of 12 inches. Figure
3.12 (b) shows the location of thermocouples in each zone. The distance of each thermocouple can

be found in Table 3.2.
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Figure 3.11 Photos of (a) plate-type thermocouple, (b) spot-welded thermocouples, (c) and

probe-type.

Among the thermocouples inside of the test section, three were connected to the controllers. These
thermocouples, also called control thermocouples, provided temperature feedback to the
controllers. This meant that the controllers regulated the power input of the heaters to keep the
temperature of these three thermocouples at a constant set temperature (375°C in experiments
conducted at high temperatures) while the experiments were running. In zone two, the
thermocouple connected to the controller changed depending on the type of the experiments. TC4,

TC8 and TC15 were connected to the controllers of zones one, two and three, respectively.
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Figure 3.12 The location of the thermocouples on the pipe wall (dimensions are in inches) (a)

outside of the test section (section E) and (b) in the test section.
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Table 3.2 Thermocouple types and their location from the inlet along the test section (section E).

TC# Type of TC  Distance (in) TC# Type of TC  Distance (in)

1 Probe N/A 10 Plate 82.5

2 Probe N/A 11 Spot welded 93.0

3 Spot welded 8.3 12 Probe 93.5

4 Spot welded 19.6 13 Plate 106.2
5 Spot welded 30.8 14 Plate 118.4
6 Probe 31.3 15 Spot welded 131.0
7 Plate 47.0 16 Plate 142.0
8 Spot welded 62.2 17 Spot welded 155.0
9 Plate 66.0 18 Probe 155.7

The thermocouples were all newly purchased, and they did not require calibration. To make sure
that thermocouples were not defected, they were immersed in ice and boiling water (i.e., a medium
with known temperature) and the temperature was measured over a period of time, ¢. The results
of these tests can be seen in Figure 3.13. This figure shows that the maximum variations in
temperature for all thermocouple types in the boiling water were less than 0.2 °C. In the ice water
test the variations were less than 0.1 °C. Therefore, the measurements in ice water is more accurate

than measurement in boiling water.

50



97 ' . 1
Spot-welded
Probe
Plate
96.5 1 1 0.5
Spot-welded
Probe
—~ 6 Plate
S Wiy s
955+ 1 -0.5 ¢t
95 : : : : -1 : : :
0 50 100 150 200 0 50 100 150 200
t(s) t(s)
(a) (b)

Figure 3.13 Measurement of temperature in (a) boiling water and (b) ice water using different

thermocouple types.

3.2.4 Measurement of air temperature

For air temperature measurements, two rakes were inserted into the pipe in the test section at the
locations shown in Figure 3.14. The first rake was located approximately 45D downstream of the
inlet of the test section, where the thermal state is expected to be fully developed (Incropera et al.

2007), and the second rake was placed approximately at 73D downstream of the inlet.

Rake 1 Rake 2

93.5 62.2
73 |

Figure 3.14 The location of the rakes in the test section (section E). Dimensions are in inches.

Each rake consisted of a stainless-steel tube, five thermocouples, and a thermocouple holder.

Thermocouple holders were two-piece 3D printed plastic parts that secured the thermocouple wires
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in place during the installation of the rake. Detailed drawing of the rake tubes and thermocouple
holders can be found in Appendix A. The rake tube was made of a hollow standard 1/8-inch tube
that housed the thermocouple inside of it. A picture of the two rakes can be seen in Figure 3.15
(a). Figure 3.15 (b) shows how the rake was installed in the pipe. The fitting in this figure is a bore-
through straight male threaded stainless steel fittings (McMaster-Carr No 5182K411). The flow is

from left to right meaning that the rakes were facing the flow in all experiments.

One end of the rake tube, as can be seen in Figure 3.15 (c), was cut, and had five holes in its wall.
The tips of the thermocouples were inserted into these holes, and at least three millimetres of the
thermocouple was sticking out of the tube. The thermocouple that is closest to the rake tip is
referred to as RTS5, and the thermocouple that is farthest from the rake tip is referred to as RT1
(RT1 is located at the centerline of the pipe). The rest of the rake thermocouples are referred to as
RT2, RT3 and RT4. The thermocouples were then glued to the tube by epoxy adhesive (Resbond
940 HE). The tip of the tube was cut in a way that allowed only one contact point with the pipe
surface. The other end of the tube, where the thermocouple wires protrude out, was connected to

a thermocouple holder. The radial location of rake thermocouples is shown in Figure 3.15 (d).

As rake 1 was located between pressure ports 1 and 2 in the test section, it created a disturbance
in the flow that could affected the pressure drop measurements. Thus, rake 1 was removed from
the pipe in the experiments in which the pressure drop was measured (see Chapter four section 4.2

for more details).
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R
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(c) (d)
Figure 3.15 photos and schematics of (a) both rakes, (b) probe of the rakes installed inside the test section,

(c) tip of the probe, and (d) the radial distance of RTs from the pipe centerline.

53



The wall-distances, the distance between the thermocouple and the pipe wall, was found by
measuring the distance between each thermocouple and the tip of the rake tube. A sample image
of upstream rake thermocouple used in calculating wall distances is shown in Figure 3.16. In this
figure, the grid paper is added for visualisation only. The wall distances for this figure are
summarised in Table 3.3. Wall distance of each thermocouple is the distance between the
thermocouple and the pipe wall. The distance between the thermocouple and the rake tip is
measured to determine the wall distance of rake thermocouples. The wall distances of the
thermocouples were slightly different in some of the experiments. The details of the wall distance

in different experiments are given in Appendix D.

Table 3.3 The distance of the rake TCs with respect to rake tip.

location Thermocouple number Wall-normal distance (mm)
RT1 25.36
RT2 9.94

Rake 1 RT3 4.85
RT4 1.42
RT5 0.35
RT1 25.43
RT2 10.33

Rake 2 RT3 4.93
RT4 1.75
RTS5 0.66
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Figure 3.16 The pictures taken from the upstream rake to measure the distance of each

thermocouple with respect to the rake tip in millimetre.

The rake thermocouples were newly purchased, and no calibration was required. However, they
were immersed in ice and boiling water once before conducting experiments to make sure that non

of the thermocouples were defected. The results of these tests can be seen in Figure 3.17.
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Figure 3.17 Tests conducted on the thermocouples inside rake 1 in (a) boiling and (b) ice

water, and inside rakes 2 in (c) boiling and (d) ice water.
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3.2.5 Data acquisition

The signals of the thermocouples were acquired by two 16-channel National Instruments (NI) data
acquisition cards (NI 9213 module). These modules had a sampling rate of around 100 samples
per second. The 100 samples were averaged in LabVIEW and this average was logged every
second. The resolution of the analog-to-digital converter was 24 bits. The modules were housed in

a NI cDAQ-9174 chassis.

The signal from pressure demodulators were acquired by an 8-channel analog input module (NI
9201). The ADC resolution was 12 bits, maximum sample rate was 5x10° samples per second, and
the samples were averaged and logged every second. All signals were monitored and recorded
using a custom-built LabVIEW (NI) interface. This interface is shown in Figure 3.18. The interface
consists of two sections: the panel on the left and the test section schematic on the right of this
figure. The panel showed pressure measurements in dials, and measurements of both wall and air
temperatures were displayed by two 8x2 tables. These the arrangement of the table cells were
similar to the location of the DAQ card thermocouple wire inputs. The zone 1, zone 2 and zone 3
boxes displayed both the set and measured temperatures of heaters and control thermocouples,
respectively. The schematic on the right-hand side of the interface showed the same temperature
measurements as the panel tables and boxes. However, the schematic had the added benefit of

showing the physical location of each measurement on the test section.
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Figure 3.18 The user interface customized for running the experiments in LabVIEW.

58




Chapter 4.

Methodology

In this chapter, the geometric features of the pipes that were tested, and the experimental
methodology are explained. After that, the parameters that were evaluated from the measured
variables are explained. Finally, the uncertainty of the measured variables and the propagation of

the uncertainty to the evaluated variables is presented.

4.1 The pipe sections

Five two-inch schedule 40 pipes (ASME B36.10) with different internal surfaces were
investigated. The pipes were coated on the inside by a proprietary coating of Quantiam
Technologies Inc. Figure 4.1 shows the inside of the pipes. The reference pipe had a smooth
internal surface, covered with one layer of coating. This pipe is referred to as the “baseline” case,

or SM, and it is shown in Figure 4.1 (a).

59



Figure 4.1 Photos of the inside of the (a) SM (b) MC1, (c) MC2, (d) MB50, and (e¢) MB37.

The internal surface of two of the pipes were covered with mesh screen shown in Figure 4.1 (b)
and (c). The difference between the pipes covered with mesh was that one of them had one layer
of coating and the other had two layers of coating. The pipe with one layer of coating is referred
to as MC1 and it is shown in Figure 4.1 (b). The pipe with two layers of coating is referred to as

MC2 and it is shown in Figure 4.1 (c).
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Figure 4.1 (d) and (e) shows the pipes with ball bearings. Ball bearings were 3.5 mm in diameter,
and they were welded to their inner surface. In additions to the bearings, the internal surface of
these pipes was covered with the mesh screen and two layers of coating mentioned above. Figure
4.2 shows schematics of the pipes and the arrangement of the bearings: (a) angular spacing of the

bearings, and (b) axial spacing of the bearings.

Bearings in
x =x; plane

?3.50

F Bearings in

4(
r v X, plane
, [ X2 PTANC

Bearings in
x =Xx; plane

Bearings in
X =X, plane

(a) (b)
Figure 4.2. Schematics of the (a) angular and (b) axial spacing of the bearings for MB37 and

MB350 pipes (dimensions are in mm).

As can be seen in Figure 4.2 (b), three bearings are present in the x; plane. These bearings are
shown by dashed circles. In additions, three bearings are present in x2 plane. These bearings are
shown by solid circles. Figure 4.2 (a) shows the angular spacing between the bearings. As can be
seen, the bearings in each plane had an angular spacing of 120 degrees. It can also be seen that
there was an azimuthal shift of 60° between the bearings in x; plane and the bearings in x> plane.
The distance between the x; and x2 plane, called pitch p = x2 — x1, was different for the pipes with
bearings. The pitch in one of the pipes was 37 mm, hence the pipe is referred to as MB37. The
pitch in the other pipe was 50 mm, hence it is referred to as MB50. This arrangement of bearings

was repeated over the entire length of both pipes.

The roughness of the internal surface of the pipes was measured using an optical profilometer.
Three samples of different sizes were cut from each pipe. Figure 4.3 (a) shows the raw data of

roughness heights collected by the profilometer for MC1. The parameter z shows the heights
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measured by the profilometer and x and y are the dimensions of the pipe sample. To eliminate the
curvature of the pipe on the evaluation of roughness, the data was detrended using a second-degree
polynomial. The detrended roughness heights can be seen in Figure 4.3 (b). A black line can be

seen in Figure 4.3 (a) and (b). This line is shown in a two-dimensional plot in Figure 4.3 (¢).
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Figure 4.3 The roughness heights for the raw data (a), detrended data (b), and a line in the yz

plane at x = 100 mm.
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The roughness of a surface was evaluated by two parameters: arithmetic mean height (Sa) and root
mean square height (Sg). Sa is the height difference of roughness elements compared to the surface

arithmetical mean height, and for a surface with an area 4, it is given by

1
Sa = folz(x,y)ldxdy. 4.1)
A

where z(x,y) is the height of the surface elements as a function of x and y. The root mean square

height Sg for surface with an area 4 is given by

Sq = %ff z2(x,y)dxdy . (4.2)
A

The arithmetic mean height (Sa) and squared mean height (Sg) over the surface of the pipes,
evaluated from equations 4.1 and 4.2, were evaluated from the roughness heights of the three

samples. Table 4.1 shows the roughness of the pipes used in the experiments.

Table 4.1 The roughness of the pipes that were used in experiments.

Pipe acronym Internal roughness type Sa (um)  Sq (um)
SM Smooth pipe 5 7
MC1 Mesh with one layer of coating 206 264
MC2 Mesh with two layers of coating 18 23
MB50 Mesh with 2-inch spaced bearings 60 89
MB37 Mesh with 1.5-inch spaced bearings 27 31

The roughness of the pipes in Table 4.1 are calculated based on the average of the roughness values
of the three samples for each pipe. The roughness values for all pipes, including MB37 and MB50,
are evaluated from samples that did not include the ball bearings. The MC1 had the highest surface
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roughness followed by MB50, MB37, MC2 and SM, respectively. Although MC1 and MC2 were
both covered with mesh, they had different roughness values. This was because MC2 was covered
with two layers of coating while MC1 was covered in only one layer of coating. The second layer
of coating in MC2 filled some of the valleys between the mesh wires. This made the MC2 much
smoother than MC1.

4.2 Experimental methodology

Three different types of experiments were conducted on each pipe, and each experiment was
repeated at least three times to see if the results were repeatable. The first set of experiments,
referred to as type A, were conducted on each pipe at room temperature to measure the pressure
drop at eight Re values of 20,000 to 90,000, in intervals of 10,000. In these experiments, the heaters
were switched off and the pipe was at room temperature. The blower RPM was adjusted until the
desired Re was reached, and then no further changes were made to the RPM for three minutes
while the data was being logged. After that the blower RPM was varied, measurements were done
for three minutes at a different Re. This process was continued until the pressure drop data was
collected at all eight Re cases. During these measurements, the rake one was not installed. Some
small variations were observed when the blower RPM was not being changed. These variations in

RPM were around one to three percent.

In the second set of experiments, referred to as type B, the temperature of all three controllers was
set to 375°C. More information on the distribution of wall temperature is provided in section 3.2.3.
The pressure drop of the test section was measured at the same eight Re values mentioned above.
Because it took around five to eight minutes for the mean pressure measurements to reach a steady
state, the data was collected at each Re for ten minutes. In these experiments the upstream

thermocouple rake was not installed.

In the third experiment, referred to as type C, both thermocouple rakes were installed, and the
temperature of all three controllers was set to 375°C. The air temperature was measured using the
TC rakes installed at x = 93.5 and 62.2 inches. Because it took around twenty minutes for mean
air temperature to reach a steady state, the data was collected at each Re for 40 minutes. These
experiments were conducted at the same eight Re values mentioned above. Table 4.2 shows a list

of the experiments that were conducted on different pipes.
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Table 4.2 A summary of the experiments conducted on different pipes.

Experiment Duration of data
Pipe Repetitions (n) Pipe wall temperature
type collection (min)
A SM 4 3 Room temperature
B SM 3 10 375°C
C SM 3 40 375°C
A MC1 6 3 Room temperature
B MCl1 3 10 375°C
C MCl1 3 40 375°C
A MC2 3 3 Room temperature
B MC2 3 10 375°C
C MC2 3 40 375°C
A MB350 3 3 Room temperature
B MB50 3 10 375°C
C MB50 3 40 375°C
A MB37 3 3 Room temperature
B MB37 3 10 375°C
C MB37 3 40 375°C
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4.3 Calculations of flow parameters

The independent variable that was changed by the operator during each repetition was the blower
speed. The dependant variables directly measured from the instruments included the differential
pressure of the Pitot-static tube, APp, the static pressure drop between the pressure ports, AP, and
the air temperature measured by the TC rakes. The velocity of air at the pipe centerline was

calculated based on APr using

U. = . (4.3)

The Prandtl’s friction factor, fp, was used to find the bulk velocity. It was first calculated from the

Prandtl’s friction law given in

D.\/f,U. 4

— = 2log —= (4.4)

v<\/7§p(31+%)+1> °

where B; is zero and x is 0.4. According to Pope (2000), equation 4.4 is obtained from

approximating the mean velocity profile using the logarithmic defect law. After f, was calculated,

U»b and Re was found using

U
U, = < , and
Borsn “2
Re = &2 (4.6)

respectively. The physical properties of air was found according to Yaws (2008). The kinematic

viscosity, v, was calculated from

v = (6.28 x 1075(T, + 273.15)% + 6.26 X 1072(T, + 273.15) — 8.65) x 1076  (4.7)
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where T is the room temperature in Celsius measured at TC1. Mass flow rate, m, was calculated
from

2
m = pU, (%) (4.8)

Where p was the fluid density calculated from

p = —6.90 X 10~°(T, + 273.15)3 + 1.42 X 1075(T, + 273.15)% — 1.04 X

(4.9)
1072(T, + 273.15) + 3.22.

The bulk temperature of the flow, 75, was calculated from the rake measurements. The bulk
temperature of rake one is indicated by 7»; and the bulk temperature of rake two is indicated by

T»2. The bulk temperature 75 for either rake was found using

3 (4.12)

T, = 25: (Trri + Trriv1) (ia® —11%)
i=1

where Tkri is the temperature measured at the ith thermocouple in the rake, and 7; is the radial
distance of this thermocouple from the pipe centerline based on the coordinate system defined in
Chapter 3 (See Figure 3.15 (d)). Equation 4.12 was obtained from applying an areal average of air
temperature over the cross section of the pipe. Because the air temperature was measured in five
discrete locations, trapezoidal integration is used to find the areal average. This radial distance was
found from the wall distance of the thermocouple found in Table 3.3 and Appendix D. Trrs was
the temperature of the surface-mounted thermocouple closest to the location of the rakes, which
was TC12 for the rake one and TC18 for rake two. The radial distance of RT6 was equal to pipe
diameter i.e., R. The average bulk temperature within the test section, 7%, is obtained by averaging

the upstream bulk temperature, 75:, and the downstream bulk temperature, 752 following

_ Tp1 +Tp

;= (4.13)

In type B and C experiments the air temperature of the test section (section E) is different from the
air temperature at the Pitot tube location (Section D). Therefore, the fluid properties in section E

are also different from Section D. For example, the Reynolds number evaluated from the Pitot tube
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pressure measurements is different from the Reynolds number of the test section (due to the higher
air temperature). The fluid properties of the test section are depicted by subscript ¢ and are
estimated at average bulk temperature, 7:. According to Yaws (2008), specific heat capacity Cp,,
thermal conductivity, &, density p:, and dynamic viscosity, u:, of the flow in the test section can be
calculated using

C,e = —7.15x1078(T, + 273.15)3 + 1.84 x 10~* (T, + 273.15)?

Pt (4.14)
— 4.68 x 1072(T, + 273.15) + 9.76 x 102,

k, = —1.22 x 1078(T, + 273.15)% + 7.53 x 1075(T, + 273.15) (4.15)
+5.02%x 1073,
p; = —6.90 X 10~°(T, + 273.15)3 + 1.42 x 1075(T, + 273.15)2 (4.20)

—1.04 x 107%(T, + 273.15) + 3.22,
and
Uy = 1.46 X 1076(T, + 273.15)1'5/(Tt +273.15 + 110). (4.21)

the mass flow rate that was calculated at the Pitot tube location according to equation 4.8 is used
for calculating the bulk velocity and Reynolds number of the flow in the test section. The Reynolds

number, Re:, and bulk velocity of the fluid at the test section, Urs, was calculated from

4m
Re, = (4.22)
Dy
and
4m
Ueh = 520 (4.23)

respectively. The Nusselt number, Nu, was calculated from
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MmCy Ty — Ty,

Nu = —
u 7Lk T, —T,,

(4.24)

where L was distance between the thermocouple rakes. 75 was the average pipe temperature

calculated as

17
T s
T, = % (4.25)

i=13

where T7ci is the ith thermocouple in the test section (Table 3.3). The friction factor of the test
section, f, was calculated from

AP D

f= sztUth (4.26)

In addition to calculating Nu number, for comparing the heat transfer capabilities of the pipes, the
increase in bulk temperature from rake one to rake two is also considered. Temperature

measurements of rake thermocouples are normalized using

Ts - TRTi

Torri = =T, (4.27)

where Tnrri is the normalized temperature of each rake thermocouple, 7zr: is the temperature of
the ith thermocouple in the rake. This normalized temperature is used to determine whether the

pipe flow is thermally fully developed or not. The heat transfer coefficient, /, was calculated from

h="% (Fea=Ten). (4.28)

Af Ts—Tt

4.4 Uncertainty analysis

The total uncertainty of a variable, x, that was directly measured by either the transducers or

thermocouples was evaluated from
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5x = (B,? + Px2)1/2 (4.29)

where the Px is the random uncertainty and Bx is the systemic uncertainty of x. Because the
systemic uncertainty of measurements was much smaller than the random uncertainty, Bx was
ignored for both pressure and temperature measurements. Therefore, the uncertainty of x was
estimated using

Sx

Or = b= (4.30)

where 7 is the number of repetitions, # is the parameter # in the student’s ¢ distribution which is a
type of probability distribution similar to the normal distribution with an adjusted bell shape to
account for the number of data points. # values were found according to Wheeler et al. (1996). Sx

1s the standard deviation of x evaluated from

(4.31)

Where x; is the mean of x in each repetition and x is the arithmetic mean of all repetitions. For n
equal to three, four and six, the # was 4.303, 3.182 and 2.571 respectively. The uncertainty of a

variable R, evaluated from N measured variables (R is a function of xz, x2, ..., xn), was found from

N\ 1/2
r=(Zh|0a] ) (432)

The orof variables in equations 4.3 to 4.28, can be found in Appendix E. or of some of the variable

from the type C experiment conducted on the smooth pipe is given in Table 4.3.
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Table 4.3 Uncertainty of some of the variables measured at Re of 20,000 in a type C

experiment.

First Second Third Standard
Variable Mean OR

measurement measurement measurement deviation
Trci 24.5 24.6 24.9 24.6 0.22 0.54
Trr1 167.7 167.6 167.4 167.6 0.15 0.37
Re 19569 19646 19515 19515 164 368
Nu 379 38.9 38.8 38.5 0.54 1.22

When the analytical values of a parameter are known, the error of the experimental results is

n L . 2
RMSE = /M (4.33)

where, Xoi is the ith observed data (from experiments) and Xp.:is the ith predicted data (from

calculated from

analytical values). The root mean square percentage error given in

(100). (4.34)

is also used to calculate the error of the experimental results compared to the analytical values.
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Chapter 5.
Smooth Pipe

The experiments on the smooth pipe were carried out to evaluate the results in comparison to the
literature. In addition, the results from the smooth pipe experiments are used as a baseline for
comparing pipes with different internal roughness elements in later chapters. This chapter also
further explains the experimental procedure and the data analysis.

As it was seen in Table 4.2, three different experiment types were conducted, and each experiment
was repeated several times. Type A were experiments for the measurement of friction factor at
room temperature. Type B were experiments for the measurement of friction factor with heated
pipes. Type C were experiments for measurement of Nu number with heated pipes (See Chapter 4

for more details of each type of experiments). Each repetition is referred to as a “run” here.

5.1 Inlet flow condition

The mass flow rate and Re at the inlet of the test section were calculated from pressure
measurements at the Pitot tube. As was mentioned in Chapter 2, equations 2.7, the fluctuating fluid
properties are indicated by a tilde symbol (for example i for the x component of velocity and T
for temperature), the average over time properties are indicated by no additional symbol (for
example u and 7), and the total (instantaneous) properties (instantaneous) properties are indicated

by prime symbols (for example u'and 7).

Figure 5.1 (a) shows the variations of APp’ (the pressure measured from the Pitot tube) over time
during type A experiment. All four runs (i.e., repl to rep 4) of type A experiment are included in
this figure. The plot shows that APp' incrementally increases over time i.e., APp'is constant for a

duration (of around three minutes) and then it suddenly jumps to a higher value and then remains
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constant again. This pattern repeats eight times. This incremental increase of APp’is due to the
increase of blower RPM. In all of the experiments, the RPM of the blower were set to values that
corresponded to Re of 20,000 to 90,000 in steps of 10,000. Therefore, each increment of constant
APp' in Figure 5.1 (a) corresponds to one of the eight Re values from 20,000 to 90,000. At each
Re, the temperature and pressure measurements were averaged over the last minute of the constant-

RPM period.

Similarly, Figure 5.1 (b) and (c) show variations of APp' over time for type B and type C
experiments respectively. APp' incrementally changes over time as well, and each increment

represent a Re value in the 20,000 to 90,000 range.

Figure 5.1 (d) shows the variations of APp' over time for only one increment of the Type C
experiment that corresponds to Re of 50,000. This figure is presented here to show how the
pressure is averaged over time at each Re. For example, the mean Pitot tube pressure (APp) is
calculated from the average of all instantaneous pressure measurements during Az, where A¢ is the
averaging window. A¢ was the last minutes before the RPM was changed in type A experiments,
the last two minutes in type B experiments, and the last ten minutes type C experiments. It can be

seen in figures 5.1 (a), (b) and (c) that during At the mass flow rate was in a steady state.

74



800 T T T 800 . . .

rep 1 rep 3
700 | rep 2 rep 4 b 700
600 1 600
500 || 1 500
< ' <
9_-4/ 400 : & 400
Y e S
A, 300 A, 300
< <
200 1 200
100 l J' B . 100
0 & LL : L 1 0
-100 ' : . -100 . . L
0 10 20 30 40 0 50 100 150 200
¢ (min) ¢ (min)
(a) (b)
800 — T T T 280 T T T . .
rep 1 ]
700 L . rep 2 . . 4 260 L. . . . 4
: rep 3 : '
600 1 240

500 | ] 220 At
s = . F
& doof : | s & 200f : :
Y | T WM
AR, 300+ A, 180+
< <
200 r 1 160 r
100 1 140
0 [ : : : 1 120 | - oma
-100 : - : : 100 i
0 100 200 300 400 500 180 190 200 210 220 230 240
¢t (min) t (min)
(c) (d)

Figure 5.1. Time series of pressure drop measurements for experiments (a) type A, (b) type B

and (c) type C, and (d) At for the first run of experiment type C at Re = 50,000.
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The Re and mass flow rate evaluations also depend on the air temperature at the Pitot tube location.
This temperature, called the inlet temperature, was measured by TC1, and viscosity and density of
air were evaluated at the mean TC1 temperature using equations 4.7 and 4.9 respectively. Figure
5.2 (a), (b) and (c) shows the variations of TC1 temperature over time for type A, type B and type
C experiments respectively. Figure 5.2 (a) shows that the changes of inlet air temperature are
around one degree Celsius. However, in Figure 5.2 (b) and (c) the variations of inlet temperature
were higher. This is because, in the heated pipe experiments, the heaters raised the temperature of
the laboratory room by approximately five to six degrees. The increase in the laboratory
temperature led to this increased of inlet air temperature. The changes of inlet temperature are

taken into account for the calculation of Re and mass flow rate.
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5.2 Pipe wall temperature

In the experiments conducted with heated pipes, the incremental changes in Re led to a sharp drop
or increase of pipe temperature (i.e., transient behaviour). The controllers gradually adjusted the
power input of the heaters based on the temperature feedback from the thermocouples to return the
pipe temperature back to 375°C. The changes of the temperature of control thermocouples for the
first run of the type C experiment is shown in Figure 5.3 (the same plots for run 2 and 3 can be

found in Appendix. B).

380

375

T'(°0)
&

TC4 TC8 TC15

345 1 | 1 | 1
120 180 240 300 360

t (min)

Figure 5.3. The time series of three thermocouples for the first run of type C experiment.
These TCs were connected to the temperature controllers.

In figure 5.3, the temperature of the TCs increase to around 383°C at ¢+ = 80 minute and then
decrease to 375°C. From ¢ = 80 to £ = 120 minute the Re is constant at 20,000 and the temperature
remains constant at 375°C as well. After that at # = 120" minute, the Re was increases to 30,000
and the temperatures decreases. This decrease in temperature lasts only for around 5 minutes after
which the controllers bring back the pipe temperature to 375°C. The same trend is seen for every

increase of Re from 20,000 up to 90,000 (seven increments).
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The changes in the temperature of the thermocouples mounted on the pipe wall over time for the
first run of type C experiment can be seen in Figure 5.4. In this experiment, Re was increased over
time. As can be seen, the temperature at different locations of the pipe wall followed a trend similar
to thermocouples that were connected to the controllers; a small momentary drop in temperature

followed by a small increase when the blower speed varied.
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Figure 5.4. Time series of wall-mounted thermocouples for experiment 1 run 1.

To find an averaging window in which the variables are statistically converged, and mean flow is
at steady state, the effect of using different averaging windows for type A experiment is
investigated. Figure 5.5 shows different parameters averaged over time at Re = 40,000 in the first
run of type C experiment. The horizontal axis shows the time when Re = 40,000. This Re started
at = 148 min and ended at # = 188 min. The averaging window for this Re is defined as At = to —
t, where o = 188 min. In Figure 5.5 (a), the vertical axis (APp) shows time-averaged Pitot tube
pressure with respect to different averaging windows. In this figure, the value of APp at a At is
calculated as the average of instantaneous pressure measurements (APp’) from the time ¢ to the end
of the duration at 7o = 188 min. For example, the value of APp at Az =20 min is equal to the average
of all APp’, from ¢ = 168 min to # = 188 min. As can be seen in Figure 5.5 (a), when the averaging

window is very small, for example for Az = 0 to 3 min, some fluctuations can be seen in APp,
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which shows that turbulent fluctuations are not averaged over and they still affect the mean value
of Pitot tube pressure. When the averaging window is very large, for example Az = 38 to 40 min,
large variations in APp can be seen. These variations are due to the transient effects of the change
in the RPM on the pipe temperature that in turn affect APp. The graph is almost flat between A¢ =
4 min and A¢ = 30 min, and the variations in APp are very small. The same trend can be seen in
Figures 5.5 (b), (c) and (d). It can be seen in Figure 5.5 that the mean values are almost constant
at around Afr = 10 min. Therefore, as mentioned at the start of this chapter, the averaging window

of all variables for type C experiments was 10 minutes before the Re was changed.
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Figure 5.5. The mean of APp(a), RT1 (b), RT6 (c) and TC9 (d) calculated over different

averaging windows.

To evaluate the Nu using equation 4.24, the pipe wall temperature should ideally be constant over
the length of the pipe. However, it was seen from figure 5.4 that the temperature measured by
some of the thermocouples was different from 375°C. To investigate deviations from 375°C, the

mean temperature of the thermocouples over the length of the pipe is shown in Figure 5.6.
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Figure 5.6. Wall temperature distribution over the length of the pipe.

The vertical axis in Figure 5.6 shows the time averaged temperature measurements of wall-
mounted thermocouples, and the horizontal axis shows the distance of the thermocouples from the
test section inlet (x = 0 is the test section inlet as can be seen in Figure 3.1). Each thermocouple
temperature in this figure is evaluated by averaging the data from three repetitions of the
experiments. The error bars show the minimum and maximum thermocouple readings of the three
repetitions. The vertical dashed line at x = 600 mm shows the location where zone one of the
heaters ends and zone two begins. Similarly, the vertical dashed line at x = 2400 mm shows where
zone two ends and zone three begins. The results show that the pipe temperature is approximately
366.3 + 11.4 °C for the lowest Re of 20,000 over the entire length of the pipe (the + 11.4 °C error
is calculated using equation 4.33 in which the perceived data is the average, and the observed data
is each data point). The temperature variation along the pipe increases with Re and the pipe
temperature is 378.4 £18.2°C at Re = 90,000. The variations were caused due to the limited number
of the controllers and the limited number of the zones. The accuracy can be improved by adding
more controllers This variation in temperature is believed to have some effect on the estimated Nu.
Therefore, in Section 5.5 the error percentage in estimating Nu is calculated. The overall error of

Nu is 7.7% across all Re which is in a reasonable range considering the variations in pipe
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temperature. The average wall temperature and the standard deviation at all Re is shown in Table
5.1. The average temperature in this table is the average of measurements from TC04, TC06, TCO7,
TCO8, TC09, TC10, TC11, TC12, TC13, TC14, TC15, TC16, TC17, and TC18.

Table 5.1 The average pipe temperature at different Re.

Re Average temperature (°C) Standard deviation
20,000 366.3 11.9
30,000 368.8 11.3
40,000 371.2 12.4
50,000 372.9 13.6
60,000 374.6 15.0
70,000 376.1 16.5
80,000 377.2 17.6
90,000 378.4 18.9

5.3 Air temperature

The air temperature within the pipe was measured in type-C experiments using the thermocouples
housed in rakes one and two. The time series of the temperature measurements of the rakes are
shown in Figure 5.7. This figure shows the results of the first run of the type C experiment. The
temperature measurements from the wall-mounted TCs that are close to the rake one and rake two,
i.e. TC12 and TCI18 respectively, are also included in this figure. The results show an overall
decrease of air temperature over time in both rakes. This reduction in air temperature is due to the
incremental increase of Re. In addition, after each increase in flow rate, a sharp drop in the air
temperature is seen. This sharp drop is followed by a slight increase in temperature until a steady-

state condition is achieved. This trend is consistent for all Re, and therefore the air temperature
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measurements were conducted in the steady state for all flow rates. The temperature of TC12 is
mostly constant over the course of the experiment with minor drops after each RPM change. The
temperature of TC18 increases over time with the increase of Re. This is due to the local variations

of pipe wall temperature seen in Figure 5.6.
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Figure 5.7. Time series of air temperature measurements for rake (a) one and (b) two.

The variations of air temperature for different Reynolds numbers are also studied. Figure 5.8 shows
the changes of mean temperatures with Re; for (a) rake one and (b) rake two. The error bars show
the uncertainty of measurements. The results show that the mean rake temperatures decrease with
Re for almost all RTs. However, this decrease is not equal for different RTs. For example, in Figure
5.8 (a), the mean temperature of RT1 drops from 167.6°C at Re:= 13600 to 108.7 °C at Re; = 63800
(i.e., a drop of 58.9°C for RT1), while the mean temperature of RT5 drops from 243.3°C at Re: =
13600 to 236.2 °C at Re: = 63800 (i.e., a drop of 7.1°C for RT5). This led to an increase in the
difference between RT temperatures at higher Re:. The same trend can also be seen in Figure 5.8

(b) for rake two RTs.
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An anomaly can also be seen in Figure 5.8 (b). In this figure, the temperature of RTS5 and RT4
slightly increases with Re:. This anomaly can be explained by the similar behaviour of TC18 with
Re. It can be seen in figure 5.7 (b) that the temperature of TC18 increases over time. Because RTS
and RT4 are in the close proximity of pipe surface, the increase in the temperature of TC18 affects
the temperature of RT5 and RT4. However, Figure 5.8 (b) shows that the increase in TC18 has not
changed the trend of RT1, RT2, and RT3. This is because these thermocouples are farther away
from the pipe surface and are less affected by local variations of pipe temperature. It should also
be noted that equation 4.12 suggests that the effects of RT4 and RT5 on the bulk temperature
calculations are much smaller than the effect of RT1, RT2 and RT3.
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Figure 5.8. The changes of mean temperature with Re: for (a) rake one and (b) rake two.

Furthermore, the variations of temperature profile at different flow rates are investigated here. The
temperature profile of air inside the pipe for the type C experiment at different Re can be seen in
Figure 5.9. The horizontal axis is the mean temperature, and the vertical axis 1s the wall distance,
v, normalized by pipe radius, R. The data points are averaged using the repetitions of each
experiment and the error bars show the minimum and maximum of the repetitions. Increase in Re

decreases the air temperature in the core region of the pipe and this drop in temperature is more
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significant closer to the pipe centerline. It can also be seen that at a constant Re, the temperature

gradient is smaller farther away from the pipe wall.
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Figure 5.9. The mean temperature of rake thermocouples in Type C experiment for (a) rake

one and (b) rake two.

To calculate Nu from bulk temperatures, both rakes needed to be in a thermally fully developed
region of the pipe (for detailed information see Chapter 2, section 2.3.2). The normalized
temperature of rake thermocouples 7» is calculated from equation 4.27. Surface temperature, T, is
used in this equation, and it is equal to the arithmetic average of the temperature of TC12, TC13,
TC14, TC15, TC16, and TC17. Figure 5.10 shows the normalized air temperature measurements
for rakes one and two at Re of 20,000 to 90,000. In order for the flow to be thermally fully
developed the 7 graphs of both rakes should ideally overlap. We can see from Figure 5.10 that
closer to the surface (at y/R = 0) the 7 of the two rakes is very close. At all Re values, rake 1 and
rake 2 lines in Figure 5.10 (a-h) overlap at y/R = 0.4 which corresponds to the location of RT2 for
both rakes. There is larger 7, difference between the two rakes at the pipe centerline (location of

RT1 thermocouple). The 7» difference between the two rakes might suggest that the flow was not
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thermally fully developed. This might lead to errors in Nu evaluation. The error of Nu from air

temperature measurements is discussed in section 5.4.
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Figure 5.10. Normalized temperature at (a) Re = 20,000, (b) Re = 30,000, (c) Re = 40,000, (d)
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5.4 Friction factor and Nusselt number

The friction factor was evaluated from the pressure drop measurements between the pressure ports
in the test section pipe (see section 3.2.2) using equation 4.26. fi corresponds to the friction factor
evaluated using properties at the heated 7; temperature in experiment type B. The pressure drop of
the smooth pipe was measured both at room temperature and with heated pipes. The changes in
AP over time for these experiments can be seen in Figure 5.11. The incremental jumps in pressure
drop in the pipe are due to the sudden increases in flow rate. The changes of friction factor of the
pipe with Re in type A and type B experiments are shown in figure 5.12. The fluid properties used
in equation 4.26 were evaluated at the mean temperature of TC1 for type A experiment, and at the
mean flow temperature in the test section, 77, for type B experiment. 77 is calculated from equation
4.13. The pipe friction was significantly larger in experiments with heated pipes compared to
experiment conducted at room temperature. This was because the increase in pipe wall temperature
led to an increase in the viscosity of air which in turn increased the skin friction of the flow. In this
figure, the friction from the experiments is compared to analytical model from equation 2.61. The
root-mean-square percentage error of the friction factor of type A experiment, evaluated from
comparing the measurements to analytical values, was 4.2%. Although the average friction data
points in Figure 5.12 were bellow the analytical values, they are still within the range of error seen

by the error bars.

The Nusselt number was calculated from the rake measurements of type C experiment using
equations 4.24. This Nusselt number was compared to analytical Nusselt values derived from
equation 2.56. The friction factor calculated from type B experiment was used in this correlation
to derive the analytical Nu. Figure 5.13 shows the variations of Nu with Re: for the smooth pipe in
type C experiment. The root-mean-square percentage error (equation 2.25) of the Nusselt number
for experiment type C was 7.7%. This error is calculated using equation 4.34. Table 5.2 presents

different flow parameters evaluated in the Type B and C experiments.
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Table 5.2 Flow parameters in the Type B and C experiments.

Re Nu 7 Cr k Ut S Tr1 [°C] Th2 L

[kg/s] [J/kgK] [W/mK] [N.s/m’] [°C] vl
20,000 38.5 0.0148 1037.6 0.0402 2.69E-05 0.0375 202.9 2664 364.1
30,000 57.3 0.0228 1036.6 0.0398 2.67E-05 0.0342 196.8 261.6 367.0
40,000 75.0 0.0303 1036.1 0.0396  2.66E-05 0.0323 192.9 259.1 369.6
50,000 92.7 0.0377 1035.6 0.0394  2.65E-05 0.0310 189.5 257.1 371.6
60,000 110.7 0.0453 1035.2 0.0393 2.65E-05 0.0300 186.8 255.7 373.6
70,000 128.6 0.0530 10349 0.0392 2.64E-05 0.0293 184.5 2545 3755
80,000 145.3 0.0604 1034.7 0.0391 2.64E-05 0.0288 182.9 2534 377.2
90,000 162.5 0.0682 1034.5 0.0390  2.63E-05 0.0285 181.3 2524 378.8

5.5 Conclusion

In this chapter, the results of the experiments conducted on the smooth pipe was presented. In the
experiments, Re increased from 20,000 to 90,000 in increments of 10,000. The measured variables
were then averaged over a time window, Az, to evaluate the mean values. It was shown that during
At the mean values of the variables reached statistical convergence and they were at a steady-state.
The variations in the temperature of the pipe over its length was discussed. The temperature of the
pipe was 366 + 11.4 °C at Re of 20,000 and 378.4 + 18.2 °C at Re of 90,000. It was also shown
that two of the rake thermocouples that were closest to the pipe wall were strongly affected by the
local variations of the pipe wall temperature. The rake measurements showed that the temperature
gradient of the flow over the radius of the pipe increases with Re. Finally, two variables, Nu and f
were compared with their respective analytical values from correlations in the literature to validate
the experiments. The friction factor at room temperature was compared to Colebrook correlation
at the different Re, and it was shown that the root mean square percentage error of the
measurements was approximately 4%. The Nusselt number of the smooth pipe was also evaluated
at different Re and the results were compared to the Gnielinski correlation. The root mean squared

percentage error of the Nu measurements was 7.7%. The motivation for doing these experiments
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was to validate the measurements and use it as a reference to compare profiled pipes in the next

chapter.
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Chapter 6.
Pipes with Internal Roughness

The results of the experiments using four pipes with internal roughness are presented in this
chapter. The thermal performance and pressure drop of these pipes were compared with each other
and with the smooth pipe. The chapter first shows the evaluation of the pipe temperature in the
axial direction. It then investigates the temperature measurements from the rakes and the change
in air temperature between the two rakes. After that, the friction factor and Nusselt number of the
pipes are compared. Finally, the friction factor and heat transfer of the pipes are compared using
the evaluation plot. For more detailed information regarding the evaluation plot see Chapter 2. To
keep this chapter concise, some of the plots presented in the previous chapter, like the time series
of the measured variables, are not included, and instead they are presented in Appendix B.

For the pipes with internal roughness, the number of experiments, the procedure followed in each
experiment, and the number of repetitions of each experiment, were explained in the chapters 4
and 5. As it was seen in Table 4.2, three different experiments were conducted on each pipe, and
each experiment was repeated at least three times. One of these three experiments was conducted
at room temperature and two were conducted at elevated pipe wall temperatures. For all
experiments, during each run, the flow rate was incrementally increased. The RPM remained
constant for a duration that was long enough to ensure that the flow reached steady state. It was at
least three minutes for type A experiments, ten minutes for type B experiments, and 40 minutes
for type C experiments. The incremental increase in Re continued until all Re from 20,000 to
90,000 were covered. The time series of the Pitot tube pressure and inlet temperature for these
experiments can be found in Appendix B. Similar to the smooth pipe experiments, the mean values

of the measured variables were evaluated by averaging the instantaneous values over At which was
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one minute for type A experiments, two minutes for type B experiments, and ten minutes for type

C experiments.

6.1 Pipe wall temperature

The variations of the temperature of pipes with different internal roughness are investigated in
Figure 6.1. The vertical axis shows the mean temperature of the TCs, and the horizontal axis shows
the distances of the TCs from the test section inlet (x = 0 is the test section inlet as can be seen in
Figure 3.1). Each data point in these figures is evaluated by the averaging the mean temperature
of three repetitions of the experiments. The error bars show the minimum and maximum of the
repetitions. The vertical dashed line at x = 600 mm shows the location where zone one ends and
zone two begins. Similarly, the vertical dashed line at x = 2400 mm shows where zone two ends

and zone three begins.
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Figure 6.1. The pipe temperature for (a) MC1, (b) MC2, (c) MB50, and (d) MB37.
As can be seen in Figure 6.1 (a) to (d), the mean temperature varies over the length of the pipe.
These variations increase with the increase of Re. The same trend was also observed for the smooth
pipe (see Chapter 5, Figure 5.6). Figure 6.1 (a) shows the results for MC1 pipe, which had the
highest wall roughness (Sg of 264 pm) compared to the other pipes. For example, the overall
temperature of the pipe was 361.7 + 19.1 °C at Re of 20,000, and 345.8 + 45.7°C at Re of 90,000.
The temperature of the thermocouple that was connected to the controller in zone one (TC4)
reached 375°C at all Re except two highest Re (i.e., 80,000 and 90,000). At these Re values, zone
one heaters were drawing all the available power (the power consumption of zone one reached its

limit). This might be due to the higher surface roughness of MC1 compared to the other pipes.

Figure 6.1 (b) shows the changes of mean temperature over the length of MC2 pipe. This pipe had
aroughness, Sg, of 23 um. The overall temperature of the pipe was 362.5 = 17.4 °C at Re 0t 20,000,
and 365.4 +25.9°C at Re of 90,000. The temperature of all zones in MC1 pipe reached 375 °C at
all Re. This suggests that heaters could keep up with the heat transfer from the pipe to the air flow
at all Re.

Figure 6.1 (c) shows the temperature variations of MB50 pipe with an Sg of 89 um. The pipe
temperature was 356.7 + 24.2 °C at Re of 20,000 and 358.1 + 28.7°C at Re of 90,000. The lines
for different Re are closer together compared to MC1 and MC2 pipes. This indicates that the

changes of Re had less effects on the temperature variations of MB50 pipe.

Finally, Figure 6.1 (d) shows the temperature variations of MB37 pipe with an Sq of 31 pm. The
pipe temperature was 360.0 + 20.9 °C at Re 0of 20,000 and 357.2 + 27.7°C at Re of 90,000. Similar
to MB50, there were smaller variations in temperature at different Re. This indicates that the
increase in turbulence mixing that comes from the ball bearing led to smaller variations in

temperature at different Re.

Overall, we can see that the pipes with mesh, especially MC1, have higher temperature variations
compared to pipes with ball bearing. It will be shown in section 6.3 that the pipes with mesh also

have a smaller heat-transfer compared to pipes with ball-bearings. Despite the lower heat-transfer
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rate for pipes with mesh, they experience a higher axial wall temperature variation, which is
potentially due to smaller turbulent mixing. At the highest Re, we can see that MC1 has the highest
temperature variation of + 45.7°C, while MB50 and MB37 had much lower variations of £28.7°C

and £+ 27.7 °C, respectively.

In addition, we can also observe that the increase in variations of pipe-wall temperature with Re is
more pronounced in pipes with mesh compared to the pipes with ball bearings. This could
potentially be because the pipes with ball bearing have larger wall-normal velocities, and the heat
transfer is mostly governed by the large scale eddies. The increase in Re does lead to significant
changes to in large scales eddites, and therefore the increase in Re does not lead to large variations
in wall temperature variations in pipes with ball bearings. In contrast, the heat transfer in pipes
with mesh is mostly governed by small scale eddies. The increase in Re leads to larger changes in

the small scales, and as a result, larger variations are seen with increasing Re for pipes with mesh.

The overall pipe temperature reported so far are evaluated from the average measurements of all
TCs shown in Figure 3.12 (b). The pipe surface temperature, 7 (that is used to evaluate Nu) is the
average of TC13, TC14, TC15, TC16 and TC17 as can be seen in equation 4.25. The mean values

and standard deviation are calculated from the three repetitions of type C experiment.

Table 6.1 The values of 7 for different pipes at different Re
MCl1 MC2 MB50 MB37
T Sd T Sd T Sd T Sd
20,000  364.5 0.24 366.2 0.10 364.0 0.21 361.8 0.26
30,000  366.7 0.13 369.8 0.18 366.8 0.40 364.3 0.19
40,000  368.9 0.05 373.5 0.15 369.1 0.46 366.6 0.34
50,000  370.8 0.15 376.5 0.23 371.0 0.39 368.5 0.34
60,000  372.6 0.22 379.7 0.20 372.7 0.44 370.1 0.37
70,000 3743 0.21 382.9 0.31 374.2 0.38 371.6 0.44
80,000  375.8 0.12 385.9 0.32 375.5 0.26 373.2 0.37
90,000  377.7 0.06 389.0 0.31 376.8 0.21 374.7 0.39

Re
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6.2 Air temperature

The air temperature of the pipes with internal roughness was measured using the two rakes. The
time series of upstream and downstream rake measurements can be found in Appendix B. Figure
6.2 shows the variation of mean air temperature with Re:. Firstly, it can be seen that for all pipes
the air temperature measured by rake two shown in Figure 6.2 (b), (d), (f) and (h) was higher than
the air temperature measured by rake one shown in Figure 6.2 (a), (¢), (e) and (g), respectively. As
expected, this indicates that the temperature of the air increased from rake one to rake two.
Secondly, in all figures, the air temperature decreased with the increase of Re:. Finally, the
thermocouples closer to the centerline of the pipes are colder than the thermocouples that are
farther away from the centerline in all graphs in Figure 6.2. For example, RT1 is colder than RT2,
and RT2 is colder than RT3 in all rakes.

RT1 RT3 RTS
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Figure 6.2. The changes of mean temperature with Re: for (a) rake one of MC1 (b), rake two of

MCI, (c) rake one of MC2 (d), rake two of MC2, (e) rake one of MB50 (f), rake two of MBS0,
(g) rake one of MB37 (h), rake two of MB37.

The bulk temperature of the flow, 75, is evaluated from the rake measurements using equation
4.12. To compare the heat transfer capabilities of the pipes, the increase in bulk temperature from
rake one to rake two are normalized by the difference between the pipe temperature and the average

bulk temperature following:

To2 = Tp1

T; =
mnc TS _ Tt

(6.1)

The changes of Tinc, with Rer are shown in Figure 6.3 (a). MB37 has the highest Tinc followed by
MB50, MC1, MC2 and SM, respectively. Figure 6.3 (b) shows the changes of convective heat
transfer coefficient, 4, defined in equation 4.28, with Re:.. As can be seen, both MB37 and MB50
have significantly higher heat transfer coefficients than both pipes covered with mesh. Between
the pipes covered with mesh, MC1 has a significantly higher heat transfer coefficient than MC2,
while MC2 has almost the same /4 as the smooth pipe. The reason why MC2 has a similar heat
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transfer to the smooth pipe is because the second layer of coating filled the pores between the mesh
wires, and this made the MC2 smoother than MC1. This can be seen by comparing the roughness
values presented in Table 4.1 (the Sg of SM and MC2 are 7 and 23 um, respectively). Further
evidence of this similarity in heat transfer is shown in the friction factors results provided Figure
6.4. It can also be seen that the heat transfer coefficient increases with Re:; due to the higher
turbulence of the flow at higher Re:. This increase with Re is linear for most of the pipes except
for MC2 and MB37 pipes at Re: of 56,000 and 63,000. The nonlinearity of these two pipes could
be due to local variations of pipe wall temperature at higher Re [see Figure 6.1 (b) and (d)]. Table
6.1 presents the bulk temperatures of rake one and rake two (7»: and 752 respectively) for different

pipes in type C experiment.

Table 6.2 The values of 7»: and T»2 for different pipes at different Re.
MC1 MC2 MB50 MB37
Thi Th2 Thi Th> Thi Th2 Thi T2
20,000 213.1 275.0 200.0 271.9 215.2 282.5 221.2 294.0
30,000 211.2 273.8 191.4 263.2 207.7 278.2 214.0 289.2
40,000 210.4 274.0 185.1 258.7 201.9 275.9 207.9 285.5
50,000 209.3 274.1 180.7 255.6 197.5 274.4 203.6 283.2
60,000 207.7 273.8 176.3 253.1 194.1 273.6 200.6 281.3
70,000 205.6 273.1 172.5 250.1 191.7 273.2 198.4 279.2
80,000 201.8 271.2 168.8 246.6 190.1 272.9 196.8 276.9
90,000 197.1 268.7 165.3 2439 189.0 272.8 192.5 272.9

Re
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Figure 6.3. The increase in normalized bulk velocity (a) and the heat transfer coefficient (b) for

the smooth and the pipes with internal roughness.

6.3 Friction factor and Nusselt number

The friction factor of the pipes with internal roughness is evaluated from the pressure drop
measurements between the pressure taps following equation 4.26. The time series of pressure drop
measurements for these experiments can be found in Appendix B. Figure 6.4 shows the changes
of friction factor with Reynolds numbers in (a) type A experiments and (b) type B experiments.
The results show that the friction factor of all pipes is significantly larger in experiments conducted
at higher fluid temperature compared to experiments conducted at room temperature. This is
because temperature increases the viscosity of air. The increase in viscosity leads to an increase in
skin friction and consequently an increase in friction factor. The viscosity of gases depends mostly
on the exchange of intermolecular momentum, and thus, the viscosity of gases increases with
temperature. The rise in temperature leads to an increase in random molecular activity (i.e. ,
increase in momentum transfer), and as a result, an increase in viscosity. The fluid properties used

to calculate the friction factor are evaluated at the mean temperature of TC1 in type A experiments.
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The friction factor of the heated pipes is evaluated in Type B experiments using 7 temperature.

As can be seen in equation 4.13, T is the average of T»; and 752 given in Table 6.2.
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[T———MC2 — — — Analytical
\
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Figure 6.4. The changes of (a) f with Re and (b) f& with Re: for smooth and pipes with internal

roughness.

The changes of f with Re in experiments conducted at room temperature are shown in Figure 6.4
(a). MC1 has the highest overall friction factor. The friction factor of all pipes decreases with Re
except for MC1 pipe. This trend was consistent in all repetitions of the experiments conducted on
MCI1. The reason of this trend could be the effect of the roughness element itself on the flow
structure. The shape of the roughness element itself might also have affected the pressure
measurements. The mesh creates hills and valleys on the pipe internal surface. Thus, the location
of pressure ports (whether they are located on the hills of in the valleys) might have affected
pressure measurements. The friction factor of MC1 is 21% higher than the smooth pipe at Re of
20,000 and 96% at Re of 90,000. On average, the friction factor of MC1 is 66% higher than SM
for Re between 20,000 and 90,000. Figure 6.4 (a) shows that the smooth pipe and MC2 had almost
the same friction factors at room temperature. This is because the roughness of SM and MC?2 is

very similar (see Table 4.1). Both MB50 and MB37 have greater f compared to SM. MB50 has a
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25% and 40% higher f compared to SM at Re of 20,000 and 90,000, respectively. On average,
MB50 has 33% higher friction factor than SM for Re between 20,000 and 90,000. MB37 has a
34% and 51% higher f compared to SM at Re of 20,000 and 90,000, respectively. On average,
MB37 has 43% higher friction factor compared to SM for Re between 20,000 and 90,000.
Therefore, between the pipes with ball bearings, the friction factor of the pipe with more bearings

(i.e., MB37) is larger than the pipe with lower number of bearings (i.e., MB50).

Figure 6.4 (b) shows the variations of fz with Re:. Similar to the room temperature experiments,
the friction factor of all pipes decreases with Re except for MC1 pipe. The fiz of MC1 is 2% higher
than the smooth pipe at Re: of 13,400 and 52% higher at Re: of 64,000. Figure 6.4 (a) shows that
the smooth pipe and MC2 have almost the same fx at all Ren. MB50 has 16% and 32% higher fu
relative to SM at Re; of 13400 and 64,000, respectively. MB37 has 22% and 43% higher frelative
to SM at Re: of 13,400 and 64,000, respectively. On average, MB37 has the highest fx increase of
26% followed by MC1 at 23%, MB50 at 20% and MC2 at 4% compared to the smooth pipe.

The Nusselt number of pipes with internal roughness is calculated from the rake measurements in
experiment type C using equation 4.24. The variations of Nu with Re: for all pipes are shown in
Figure 6.5. The variations of Nu with Re; for the pipes with internal roughness show similar trends
compared to the variations of & with Re; shown in Figure 6.3 (b). The Nu of all pipes increases
with Re:. This is because increase in Rer leads to higher turbulent mixing and enhanced heat transfer

in the flow. The increase in Nu with Re: is approximately linear for all pipes.
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Figure 6.5. The changes of Nu with Re: for the smooth and pipes with internal roughness.

Both MB37 and MB50 have significantly higher Nu compared to the MC1 and MC2. The Nu of
MCI pipe is 3% higher than the smooth pipe at Re: of 13400. At Re: of 64,000, the Nu of MCl is
10% higher than the smooth pipe. MC2 has almost the same Nu as the smooth pipe at all Re: except
57,000 and 64000. MC2 has a similar Nu to the smooth pipe because of its smaller roughness as
explained in Section 6.2. At Re of around 50,000 and above the Nu of MC2 was lower than that
of SM. This could be due to the errors caused by the larger variations of pipe wall temperature at
higher Re. MB50 pipe has 18% and 27% higher Nu compared to SM at Re: of 13,400 and 64,000,
respectively. MB37 has 41% and 25% higher f compared to SM at Re: of 13,400 and 64,000,
respectively. On average, MB37 has the highest Nu increase of 33% followed by MB50 at 23%,
and MC1 at 5% compared to the smooth pipe. Considering the two pipes with bearings, the smaller
spacing of the ball bearings in MB37 leads to 10% higher Nu compared to MB50.

In summary, the addition of mesh to the internal surface of the pipe leads to a significant increase
in friction factor but a marginal improvement of Nusselt number. In comparison, the addition of
bearings to the internal surface of pipe leads to an increase in both friction factor and Nusselt

number. Therefore, the pipes with bearings have a greater overall rate of heat transfer compared
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to the pipes covered with only mesh. Tables 6.3 to 6.6 present different flow parameters evaluated

from type B and C experiments conducted on the rough pipes.

Table 6.3 Flow parameters in the type B and C experiments conducted on MC1.

Re Nu m[kg/s] Cp[l/kgK] u[N.s/m?] k[W/mK] S f
20,000 39.8 0.0147 1039.3 2.73E-05 0.0407 0.0390 0.0304
30,000 57.4 0.0216 1039.0 2.72E-05 0.0406 0.0378 0.0318
40,000 78.0 0.0295 1039.0 2.72E-05 0.0406 0.0377 0.0331
50,000 98.0 0.0371 1038.9 2.72E-05 0.0406 0.0382 0.0340
60,000 118.1 0.0447 1038.7 2.71E-05 0.0405 0.0389 0.0347
70,000 137.7 0.0521 1038.4 2.71E-05 0.0404 0.0398 0.0352
80,000 156.1 0.0592 1037.9 2.70E-05 0.0403 0.0407 0.0357
90,000 178.0 0.0676 1037.3 2.69E-05 0.0400 0.0419 0.0361

Table 6.4 Flow parameters in the type B and C experiments conducted on MC2.

Re Nu m[kg/s] Cp[l/kgK] u[N.s/m?] k[W/mK] S f
20,000 44.0 0.0150 1037.8 2.70E-05 0.0402 0.0386 0.0253
30,000 60.9 0.0225 1036.3 2.67E-05 0.0397 0.0354 0.0230
40,000 79.7 0.0304 1035.3 2.65E-05 0.0393 0.0333 0.0216
50,000 96.1 0.0374 1034.7 2.64E-05 0.0391 0.0320 0.0205
60,000 113.9 0.0449 1034.1 2.63E-05 0.0389 0.0311 0.0198
70,000 129.6 0.0523 1033.5 2.61E-05 0.0387 0.0304 0.0192
80,000 143.4 0.0597 1032.8 2.60E-05 0.0384 0.0299 0.0188
90,000 158.9 0.0675 1032.3 2.59E-05 0.0382 0.0297 0.0185
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Table 6.5 Flow parameters in the type B and C experiments conducted on MB50.

Re Nu m[kg/s] Cpr[l/kgK] wu[N.s/m’] k[W/mK] fu v
20,000 45.5 0.0148 1040.2 2.74E-05 0.0410 0.0428 0.0315
30,000 66.8 0.0222 1039.1 2.72E-05 0.0407 0.0405 0.0291
40,000 89.9 0.0298 1038.4 2.71E-05 0.0404 0.0389 0.0278
50,000  113.4 0.0372 1037.8 2.70E-05 0.0402 0.0378 0.0269
60,000  137.7 0.0448 1037.5 2.69E-05 0.0401 0.0372 0.0264
70,000  162.0 0.0525 1037.2 2.69E-05 0.0400 0.0368 0.0261
80,000  184.4 0.0596 1037.0 2.68E-05 0.0400 0.0366 0.0259
90,000  207.1 0.0670 1036.9 2.68E-05 0.0399 0.0366 0.0258

Table 6.6 Flow parameters in the type B and C experiments conducted on MB37.

Re Nu m[kg/s] Cpr[l/kgK] wu[N.s/m’] k[W/mK] fu v
20,000 54.5 0.0148 1041.7 2.77E-05 0.0416 0.0466 0.0338
30,000 76.9 0.0218 1040.6 2.75E-05 0.0412 0.0440 0.0313
40,000  101.1 0.0294 1039.8 2.73E-05 0.0409 0.0422 0.0298
50,000  125.3 0.0370 1039.2 2.72E-05 0.0407 0.0410 0.0289
60,000  148.1 0.0444 1038.7 2.71E-05 0.0405 0.0403 0.0283
70,000  168.9 0.0520 1038.3 2.71E-05 0.0404 0.0399 0.0279
80,000  187.1 0.0595 1038.0 2.70E-05 0.0403 0.0398 0.0278
90,000  202.6 0.0668 1037.3 2.69E-05 0.0400 0.0400 0.0277
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6.4 Evaluation of the overall performance

The heat transfer and friction factor of the pipes were studied separately in the previous section.
However, in most engineering applications, pipes with higher heat transfer and lower friction
factor are desirable, and therefore, both properties need to be studied at the same time. The
evaluation plot, proposed by Fen et al. (2009), is used here to compare the performance of the
pipes. In the evaluation plot, the smooth pipe is used as a reference pipe. For all pipes with internal
roughness, the Nu and f# are normalized by the Nusselt number and friction factor of the smooth
pipe depicted as Nuo and fuo, respectively. To be able to normalize Nu and fu by Nuo and fro, the
Reynolds of flow in the rough pipe (Re:) need to be equal to the Reynolds of the flow in the smooth
pipe (Rew). In the experiments the Re: was not equal to the Rew. Therefore, the values of Nu and

fu are evaluated at Resx through linear interpolation.

Figure 6.6 (a) shows the changes of normalized friction factor with Reynolds number. fu/fuo
increases with Re for all pipes except MC2. MC2 has almost the same f as the smooth pipe, and
therefore the value of fr/fuo is close to one for all Ren. MC1 has the highest increase in normalized
friction factor with Rew. The fu/fro graph of both MB50 and MB37 have a similar trend, and MB37
has the highest overall normalized friction. Figure 6.6 (b) shows the changes of normalized Nusselt
number with Re«n. The Nusselt number of MC1 is almost the same as the smooth pipe, and therefore
Nu/Nuo of MC2 is close to one for all Rex. The Nusselt number of MC2 is in general slightly higher
by a factor of 1.1 compared to the smooth pipe. The Nusselt number of MB37 is higher than the
smooth pipe by a factor of 1.3 to 1.4. This is the highest increase in Nu relative to the smooth pipe.
The second highest Nu increase compared to the smooth pipe is achieved by MB50. The Nu of
MBS50 is 1.2 to 1.3 times that of the smooth pipe.
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Figure 6.6 Variations of (a) fu/fro, and (b) Nu/Nuo with Rex.
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Figure 6.7 (a) shows the plot of normalized Nusselt number versus normalized friction factor for
the rough pipes. Pipes with higher Nu/Nuo and lower f#/fro have an overall higher thermohydraulic
performance. As can be seen in Figure 6.7 (a), the pipes with ball bearings, MB50 and MB37, have
the highest performance overall. Figure 6.7 (b) shows the evaluation plot suggested by Fen et al.
(2009) for comparing pipes based on thermohydraulic performance and energy saving capabilities.
The three dashed black lines shown in this figure all cross the (1,1) point and have different slopes
of 16/55, 16/35 and 1. These lines divide the plot into four regions indicated by boldface numbers.
In terms of performance and energy consumption, pipes that can operate in regions three and four
are the most favourable ones while those that operate in region one consumes more power to
increase heat transfer. For more detailed information on the evaluation plot see Chapter 2, section

2.6.1.
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Figure 6.7. Evaluation of the performace of the pipes with internal roughness.
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Figure 6.7 (b) shows that MB37 is in region four for Re: below 35,000. For Re: above 35,000,
MB37 enters region three, and its performance reduces. MB50 operates in upper section of region
three for most Rer, while MC1 operates mostly in region one. This means that MC1 has the lowest
performance of all the pipes. As shown in Figure 6.7 (b), it is difficult to assign a region for MC2
because the data points of MC2 are very close to the smooth pipe. Therefore, Figure 6.7 does not
provide information about the performance of MC2 compared to other pipes. However, it has been
shown both in the Section 6.3 and Figure 6.7 that MC2 had a similar heat transfer and frictional
losses compared to the smooth pipe. Therefore, it is safe to assume that the improvement in heat
transfer and the increase in friction factor was marginal for MC2, and that it had a similar
performance as the smooth pipe. Overall, adding ball bearings to the pipe can lead to a significant
improvement in performance, and increase in the number of the bearings over the length of the
pipe can further improve the overall performance. Adding mesh to the pipes can have marginal
improvements of heat transfer while it results in a large increase in frictional losses, and therefore
it is not recommended. It should be noted that pipes with ball bearings are easy to manufacture.
The ball bearing can be added to the internal surface of the pipe by spot-welding. Table 6.7 presents

the normalized friction factor and Nusselt number for pipes at different Rew.

Table 6.7 Normalized friction factor and Nusselt number for pipes at different Reu.

MCI1 MC2 MB50 MB37
Rew Sulfao  Nu/Nuo  fulfno  Nu/Nuo  fulfno  Nu/Nuo  fulfuo ~ Nu/Nuo
13,600 1.02 1.03 1.01 1.11 1.16 1.16 1.22 1.42
21,100 1.10 1.05 1.03 1.05 1.19 1.18 1.28 1.40
28,100 1.17 1.07 1.03 1.03 1.22 1.20 1.31 1.38
35,100 1.24 1.08 1.03 1.01 1.24 1.22 1.33 1.37
42,300 1.32 1.09 1.03 1.01 1.26 1.24 1.36 1.36
49,500 1.39 1.09 1.03 0.99 1.28 1.25 1.38 1.33
56,500 1.45 1.10 1.03 0.96 1.30 1.26 1.40 1.30
64,000 1.52 1.11 1.04 0.95 1.32 1.28 1.43 1.26
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6.5 Conclusion

In this chapter, the result of the experiments conducted on pipes with internal roughness was
presented. The changes of convective heat transfer coefficient with Re were presented for the pipes
with internal roughness and it was found that both MB37 and MB50 had significantly higher heat
transfer coefficients than both pipes covered with mesh. Between pipes covered with mesh, MC1
had a higher heat transfer coefficient than MC2 while MC2 had almost the same heat-transfer

coefficient as the smooth pipe.

It was observed that the heat transfer coefficient increases with Re for all pipes because of higher
turbulence mixing. This increase with Re was linear for most of the pipes except MC2 and MB37.
The changes in the friction factor of the pipes with internal roughness with Re was presented and
it was shown that compared to the smooth pipe, MB37 had the highest increase in friction factor
followed by MC1, MB50 and MC2. The changes of Nu with Re: for the smooth and profiled pipes
was compared. It was shown that both MB37 and MB50 had significantly higher Nu compared to
the pipes covered with mesh and the smooth pipe. Between the pipes with bearings, the higher
density of the ball bearings in MB37 led to higher Nu increase compared to MB50. Between the
two pipes covered with mesh, MC2 had a smaller Nu increase than MC1. The evaluation plot was
also used to compare the performance of the pipes, and it was again shown that the pipes with ball
bearings, MC50 and MC37, had the highest performance while MC1 had the lowest. Although the
evaluation plot showed high performance for MC2, it was assumed to have a similar performance
to the smooth pipe due to the similar Nu and f values. Overall, it seems that adding ball bearings
to the pipe wall can lead to a significant improvement in hydrodynamic and thermal performance
and increase in the density of the bearings over the length of the pipe can also add to this
performance. Adding mesh to the pipes can have marginal improvements in heat transfer and a

large increase in frictional losses, and therefore it is not recommended.
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Chapter 7.
Conclusion

In this study, an experimental investigation was conducted to assess the effect of roughness on
both heat transfer and pressure drop in pipes with different internal surface. The study includes the
design of an experimental setup and collecting laboratory data on five pipes with various internal
roughness to determine their performance in transferring heat from the pipe wall to the air flow.
These pipes included a smooth pipe (SM), a pipe covered with mesh and one layer of coating
(MC1), a pipe covered with mesh and two layers of coating (MC2), a pipe that was covered with
ball bearings at 50 mm spacing (MB50), and a pipe that was covered with ball bearings at 37 mm
spacing (MB37). The setup was able to generate fully developed turbulent flows with Reynolds
number (Re) from 20,000 to 90,000. The setup was also able to raise the temperature of the pipes
from room temperature up to around 375°C. The properties of the flow were measured using
various thermocouples and pressure transducers that were installed inside and over the pipe. Two
main variables, Nusselt number (Nu) and friction factor (f), were calculated from the experimental

data measurements and were used to compare the thermohydraulic performance of the pipes.

The results of the experiments conducted on the smooth pipe (i.e., SM) was presented, and the
temperature profile of the air flow was also provided. Both Nu and f'were calculated and compared
to their respective analytical values in the literature to find the accuracy of the measurements. The
Colebrook correlation was used to find the accuracy of friction measurements at room temperature,
and the error of friction factor was around 4%. Gnielinski correlation was used to find the accuracy

of Nusselt number measurements, and its error was about 8%.

The results of the experiments conducted on the pipes with internal roughness (i.e., MC1, MC2,

MB50, and MB37) were also presented. The variations of friction factor and convective heat
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transfer coefficient with Re were evaluated for the pipes with internal roughness. The friction
factor of MC2 was found to be almost identical to the smooth pipe. This observation was consistent
with profilometer measurements that showed MC2 has a negligible roughness. MC1 had the
highest friction factor compared to the other pipes at room temperature. MB37 had highest friction
factor in heated pipe experiments and the second highest friction factor in experiments that were
conducted at room temperature. The friction factor of MB50 was slightly lower than MB37 in
experiments conducted with heated pipes and at room temperature. Friction factor of the heated
MCI1 was lower than the friction factor of heated MB37 and MB50. The heat transfer coefficient
and Nusselt number of MC2 were almost identical to the smooth pipe at all Re. While MC2 had a
higher Nu compared to MC2, the highest Nu were achieved by MB50 and MB37 in all Re. MB37

maintained a higher Nu across all Re compared to MB50.

The overall performance of the pipes was also compared in terms of pressure drop and heat transfer
capabilities. It was shown that MC1 had the lowest performance while MB37 had the highest
performance. MB50 had a slightly lower performance compared to MB37. The performance of
MC?2 was similar to the performance of the smooth pipe. The results show that adding ball bearings
to the pipe wall can enhance the thermohydraulic performance of pipes and increasing the number
of bearings can lead to further improvements. No benefit with regards to thermohydraulic
performance was found by adding mesh to the pipes. Therefore, mesh roughness elements are not

recommended to be used.

This study provides a better understanding of the effect of roughness on heat transfer and pressure
drop in pipes with various roughness elements. It revealed the importance of adding bearings to
the pipe internal surface to enhance its heat transfer capabilities. It also showed that adding mesh
to the internal surface of pipes is not an effective method compared to adding bearings due to the

high pressure drop in pipes with mesh.

A limitation of this work is that only the bulk properties of the flow was studied, and more detailed
investigations of the flow, using particle image velocimetry or simulations, should be conducted
in the future to optimize the geometry of roughness elements. Future works that focus on
investigating the geometry of roughness elements may provide a better understanding of the

behaviour of the flow, especially in case of MC2 and MCI1 that had a different Nu and f patterns
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with the changes of Re compared to other pipes. The uniformity of pipe temperature can also be
improved by using more controllers to keep the temperature near constant along the length of the
pipe. Improvements in pipe temperature distribution might lead to lower error ranges in both Nu
and f.
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Figure A. 1 The front view drawing of the entire lab setup (dimensions are in mm).
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Appendix B.

Supplementary plots and tables
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Figure B. 1 Changes of Pitot tube differential pressure over time for type A experiment (SM
pipe).
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Figure B. 2 Variations of centerline velocity for different RPMs for type A experiment (SM
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Figure B. 3 Bulk velocity changes with RPM for type A experiment (SM pipe).
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Figure B. 4 Changes of mass flow rate with RPM for type A experiment (SM pipe).
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Figure B. 5 Time series of control thermocouple measurements for (a) run 1, (b) run 2 and (¢)
run 3 of type C experiment (SM pipe).
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Figure B. 7 Time series of rake two measurements for (a) run 1, (b) run 2 and (c¢) run 3 of type C
experiment (SM pipe).
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Figure B. 8 Time series of surface TC measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (SM pipe).

138



800 T T T T T T T T
rep 1 : . .
700 rep 2 : i .
rep3 : :
600 - . . . . -
500 .
<
& 400 n
A
AR 300 - N
<
200 - _ : |
100 - ‘ .
J:”?EDH L |
_100 | 1 1 1 1 1 | |
0 5 10 15 20 25 30 35 40 45

¢t (min)
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Figure B. 10 Variations of centerline velocity for different RPMs for type A experiment (MC1
pipe).
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Figure B. 11 Bulk velocity changes with RPM for type A experiment (MC1 pipe).
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Figure B. 12 Changes of mass flow rate with RPM for type A experiment (MC1 pipe).
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Figure B. 13 Time series of control thermocouple measurements for (a) run 1, (b) run 2 and (c)
run 3 of type C experiment (MCI1 pipe).
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Figure B. 14 Time series of rake one measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (MC1 pipe).
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Figure B. 15 Time series of rake two measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (MC1 pipe).
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Figure B. 16 Time series of surface TC measurements for (a) run 1, (b) run 2 and (c) run 3 of
type C experiment (MCI1 pipe).

147



800 ! T T T T

rep 1
rep 2
rep 3
600 B

700

500 A

400 _

300 T

=

100 - 1T 1

AP, (Pa)

200

-100 ! I L 1 L
0 10 20 30 40 50 60

¢t (min)

Figure B. 17 Changes of Pitot tube differential pressure over time for type A experiment (MC2

pipe).
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Figure B. 18 Variations of centerline velocity for different RPMs for type A experiment (MC2
pipe).
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Figure B. 19 Bulk velocity changes with RPM for type A experiment (MC2 pipe).
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Figure B. 20 Changes of mass flow rate with RPM for type A experiment (MC2 pipe).
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Figure B. 21 Time series of control thermocouple measurements for (a) run 1, (b) run 2 and (c)
run 3 of type C experiment (MC2 pipe).
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Figure B. 22 Time series of rake one measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (MC2 pipe).
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Figure B. 23 Time series of rake two measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (MC2 pipe).
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Figure B. 24 Time series of surface TC measurements for (a) run 1, (b) run 2 and (c) run 3 of
type C experiment (MC2 pipe).

155



800 T T T T T

700 - 7

600 - — .

500 - T

400

300

repl ]
rep 2
200 - [N rep 3 7

AP, (Pa)

100 - | .

_100 | 1 | | |
0 10 20 30 40 50 60

¢ (min)

Figure B. 25 Changes of Pitot tube differential pressure over time for type A experiment (MB50
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Figure B. 26 Variations of centerline velocity for different RPMs for type A experiment (MB50
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Figure B. 27 Bulk velocity changes with RPM for type A experiment (MBS50 pipe).
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Figure B. 28 Changes of mass flow rate with RPM for type A experiment (MB50 pipe).
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Figure B. 29 Time series of control thermocouple measurements for (a) run 1, (b) run 2 and (c)
run 3 of type C experiment (MB50 pipe).
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Figure B. 30 Time series of rake one measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (MBS50 pipe).
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Figure B. 31 Time series of rake two measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (MBS50 pipe).
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Figure B. 32 Time series of surface TC measurements for (a) run 1, (b) run 2 and (c) run 3 of
type C experiment (MBS50 pipe).
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Figure B. 33 Changes of Pitot tube differential pressure over time for type A experiment (MB37
pipe).
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Figure B. 35 Bulk velocity changes with RPM for type A experiment (MB37 pipe).
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Figure B. 36 Changes of mass flow rate with RPM for type A experiment (MB37 pipe).
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Figure B. 37 Time series of control thermocouple measurements for (a) run 1, (b) run 2 and (c)
run 3 of type C experiment (MB37 pipe).
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Figure B. 38 Time series of rake one measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (MB37 pipe).
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Figure B. 39 Time series of rake two measurements for (a) run 1, (b) run 2 and (c) run 3 of type
C experiment (MB37 pipe).
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Figure B. 40 Time series of surface TC measurements for (a) run 1, (b) run 2 and (¢) run 3 of
type C experiment (MB37 pipe).
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Table B.1. The resistances between the input terminals of the heaters.

Heater No. from the Resistance (2) between the inlets connected to the multimeter.
inlet to the outlet of O is connected X is disconnected
test section O X O X O O O O X
1 42.8 42.6 42.8
2 42.8 42.5 42.7
3 43.0 42.8 42.5
4 43.0 42.9 42.9
5 42.8 42.6 42.9
6 42.6 42.8 42.6
7 42.9 42.8 42.6
8 43.5 43.0 42.9
9 42.9 42.9 42.6
10 43.0 42.6 43.0
11 43.5 43.3 43.3
12 43.2 43.3 42.9
13 43.0 42.8 42.5
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Appendix C.

Pressure transducer calibration

The calibration plots for the Pitot tube and test section transducers are in Figures C.1 to C.6. The

vertical axis shows the applied pressure and the horizontal axis shows the measured voltages.
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Figure C. 1 The calibration plot for the Pitot tube transducer for all experiments.
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Figure C. 2 Calibration plot for test section transducer for all experiments.
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Appendix D.

The wall distances of the thermocouples housed in the rakes

Table D.1 and D.2 shows the wall distances of the rake thermocouples for different experiments.

Figure D.1 shows the photos taken from the rakes for the different experiments.

Table D. 1 The wall distance and wiring connections of upstream rake thermocouples.

Wall distance
Experiment Thermocouple number
(mm)
RT1 25.4
and C RT3 4.9
experiments RT4 1.4
RTS5 0.4
RT1 25.2
and C RT3 4.8
experiments RT4 1.5
RTS 0.6
RT1 25.4
MC2, MB

2, 37 RT2 10.0

and MBS0,
RT3 4.8

type B and C
) RT4 1.4

experiments
RTS 0.7
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Table D. 2 The wall distance and wiring connections of downstream rake thermocouples.

Experiment Thermocouple number Wall distance (mm)
RTI 25.4
RT2 10.3

All
. RT3 4.93

experiments
RT4 1.8
RTS 0.7
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Figure D. 1 Photos taken from rake one to measure thermocouple wall distances for experiments
in (a) SM and (b) MC1 and (¢) 9, and (d) from rake two for all experiments.
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Appendix E.

The propagation of uncertainty

The viscosity was evaluated from temperature using

p =aT?+bT? +cT +d (E.1)
where a, b and ¢ are constants. The uncertainty of density was obtained from
5, = |(26,), and
P (6_T T) > an (E.2)
ap )
3T = 3aT* + 2bT + ¢ (E.3)

where temperature measurement uncertainties can be found from equation 4.30. Cp, k, and v can
also be obtained from temperature using equations identical to F.1, but with different a, b, ¢ and d
values. Therefore, F.2 and F.3 was also used to find the uncertainty of these variables. The
centerline velocity was obtained from Pitot measurements using equation 4.3. Uncertainty of Uk

was obtained from

8y, = \/(a;;c 50)2 + (;ALPCP 5APP)2a (E4)

where

e _ _ /Aﬁ

ap 2p3 and (E.5)
U, 1 (E.6)
APp | 2pAPp °

oapp was found from Pitot transducer pressure measurements using equation 4.30. The uncertainty

of Prandtl’s friction obtained from equation 4.4 was found using
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8, = \/ (Z—fi ""ve)z +(52 50)2 + (3 5v)za (E.4)

where
Ay _ :
U, / ZV(JE(BPL , )+1> bu, D\/EUL- (E.5)
, 2vﬁ(@(31+ ) 16V\/ﬁ< f?p
Uc ln(lo)szz/z T D\/EUC In(10)
o , (E.6)
oD
fp B 3 DUc - D prC
, zv(\/_( 142 )H)(zvﬁ(\/ﬁ@ﬁ > 16v\/ﬁ< pr
D In(10) Yo D \/Eucln(lo)
and
o , (E.7)
av
v fp Bi+3 ( DUc - D‘/EUC
2 2 <\/7( 1+5 )+1>K2V\/E<\/E(Bl+ 3 )+1> 16va_p( pr
vIn(10)

sz,/zl DJEUCln(lo)

The uncertainty of pipe diameter at the Pitot, op, was 0.1717 mm. The uncertainty of bulk velocity

calculated from equation 4.5 was obtained from

_ aUp 2 Uy 2
6””‘] (eou) +(52) (E8)
where
Uy 1
= ———and
e Pelai €9
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wy _ Ue(Bi+5) (E.10)

The uncertainty of Re was found using

ORe 2 ORe 2 dRe 2
Ore = \/ (Gocous) +(5rv) +(5500) (E.11)
where
ORe _ D
oup, v’ (E.12)
9Re _ Up .4 (E.13)
v v
ore _ by (E.14)
oD v2

The uncertainty of mass flow rate was obtained from

8y = \/(:7’”;5%)2 + (aa—’:ap)z + (2—’;‘%)2, (E.15)

where

op 4 ' (E.16)
91h _ mDUbP .14 (E.17)
aD 2

om _ mD%p (E.18)

oUp 4

The uncertainty of surface temperature was evaluated from

1 2
o, =\/ 5 (50mr0,) - (E.19)

The uncertainty of bulk temperature was obtained from
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— 6 aTp 2 5 dTp 2
6Tb - \/Zi=1 (aTRTi (STRTi) + Zi=1 (a_rl 6Tu,i) > (E.20)
where

2 g 2
oTp Tig1"—Ti—1

OTrri  2RZ and (E.21)
9Ty _ (TRri-1~TRTi+1)Ti (E.22)
aTi th ’

The uncertainty of test section temperature was obtained from

2

1 2 n
6Tt = (E 6Tb‘u) + (E 6Tbyd> . (E23)

The uncertainty of Nu was obtained from

6N u

<6Nu6 >2+ 6Nu6 2+(6Nu6 )2+(6Nu5 )2+ 6Nu6 2
om ™ ac, v ok K oT, s 0T, b (E.24)

2
N dNu 5
\ aTu‘d Tu‘d
where
oNu _ _ S TsTap
am nlk  Ts—Typ’ (E.25)
oNu _ _ M T (E.26)
an Lk Ts—Tu,b
dONu — Tth Ts—Tap (E27)
ok Lk? " Ts—Typ
oNu _ MG Tap=Tup (E.28)
aTs nLlk (Ts—Typ)(Ts—Tap)
dNu mc. 1
— _mp and (E.29)
0Ty p Lk Ts—Typ
ONu _ mCp 1 (E.30)

0Ty Lk Ts—Tqp

The uncertainty of bulk temperature of the test section was obtained from
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b0 = (B0 )+ () + (B e

where

OUt,b _ 4

om  mDEpt’ (E.33)
Uep _ —4m (E.34)
ap ~ mDEp} and

Urp _ —8m (E.35)

aD  mD3p:”
The uncertainty of Res was found using equation F.11 to F.14 by substituting D, Uy and v with Dy,

Uw» and v: respectively. The uncertainty of f was obtained from

_ror 2 car o \2, [ or 2
O = j (2500e) + (a—m%t) + <_aut_b %) ’ (E.36)
where
of _ 5,1 D
aap — “LpUZ’ (E.37)
A — 22 1 and (E.38)
aDt L tht
Of 42D (E.39)
Utp L peU;
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Appendix F.

Evaluation of the Pitot tube accuracy

A three-step approach was taken to determine whether the Pitot tube measurements were accurate.

F.1. Step 1: Testing the transducer and data acquisition equipment

The pressure difference of the Pitot tube was measured once with a pressure transducer (test a) and
again with a hand-held multimeter (test b). The multimeter was used to measure the differential
pressure output of the Pitot tube with the blower set to different RPMs from 340 to 840. The results
of the measurements are shown in Table A.1. The measurement resolution of the multimeter was
0.01 kPa, and it had only one input pressure terminal that measured absolute pressure. To estimate
the differential pressure, the multimeter was connected first to the Pitot tube port that measures the
total pressure. The total pressure measurements are shown in table 1 under the P+ column. After
that, the multimeter was connected to the Pitot tube port that measures the static pressure. The
static pressure measurements are shown in table 1 under the P- column. The differential pressure
of test b, shown in the AP» column, was calculated by subtracting P+ from P-. The differential
pressure of test a is shown under the AP, column. The atmospheric room pressure at the time of
measurement was 93.34 kPa. Figure A.1 shows the comparison between AP, and AP». As can be

seen, the results from the multimeter comply with the transducer results.
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Table F. 1 The multimeter and transducer pressure measurements.

RPM Total Pressure  Static Pressure Dynamic Pressure
P+ (kPa) P- (kPa) AP» (kPa) APq (kPa)
340 93.41 93.39 0.02 0.030
470 93.48 93.42 0.06 0.063
600 93.58 93.48 0.10 0.110
720 93.70 93.53 0.17 0.168
840 93.84 93.59 0.25 0.239
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Figure F. 1 Comparison between AP, and AP» from Table A.1 for different RPMs.
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F.2.  Step 2: Testing the positioning of the Pitot

After the step 1 experiments were concluded, the position of the Pitot was readjusted, and then the
Pitot tube differential pressure was measured at 840 RPM (test c). To adjust the Pitot tube, the two
positions at which the Pitot meet the pipe wall was marked and then the Pitot was moved to the
mid point of the marked locations. The differential pressure was logged for 5 minutes at 840 RPM
after the adjustments. The average differential pressure of test ¢, AP, measured by the transducer

was 233.68 Pa. In comparison, AP, of test a at the same RPM was 238.35 Pa.

F.3. Step 3: Testing the integrity of the Pitot tube itself

The Pitot was replaced with another Pitot of the same size, and AP was logged at ambient (22°C)
temperature and different RPMs (test d). Figures 1 and 2 show the results of test d measurements

compared to test a. No significant changes can be seen between the two Pitot tube measurements.
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Figure F. 2 time trace of AP for test a and test d.

186



