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ABSTRACT

The thermal resistance at airside for an air-to-water crossflow heat exchanger is
significantly higher than waterside. Heat exchanger performance improvement task
means to enhance the airside heat transfer coefficient. In current study, airside heat
transfer and flow characteristics of an elliptical tube array heat exchanger were
experimentally investigated by examining the effects of Reynolds number on Nusselt

number and pressure drop coefficient.

In a thermal wind tunnel, the air-cooling and air-heating experiments were
conducted via an array of 18 elliptical tubes (each 300 mm long) with their 31.7 mm
major axis parallel to the air crossflow. The tubes, minor-to-major axis ratio of 0.3, were
evenly spaced by 6.1 mm airgap. The array was placed in a 300 x 300 mm?* and 600 mm
long test section. Water entered the bottom tube, jig-jagged through the array, and exited
at the top tube. Two temperature settings, constant air and water inlet temperatures and
constant air and water inlet temperature difference, were applied. The airside Reynolds
number (Re,), based on the approach air-velocity and streamwise major-axis length of the
tube, was varied between 10000 and 36000, while that for waterside (Rey) based on mean
water-velocity and inner-hydraulic diameter, altered from 1100 to 7300. The airside
Nusselt numbers (Nu,) was based on major-axis length, while that for waterside (Nuy) on

inner-hydraulic diameter of the tube.

The Re, was found to be the key factor affecting the heat transfer. In all tests, the
results showed that the average Nu, increased with Re, in power law relationship. The
Nu, was found to be almost independent of Rey,. The Nu, in air-heating appeared slightly
higher than air-cooling process. Considering the experimental limitations and uncertainty,

a unified correlation was obtained as Nua =0.263 Reao'663 Pral/ 3 for cooling and heating
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tests. Current results compared well with literatures. The non-dimensional airflow

pressure drop decreased with increasing Re, and remained constant at higher Re,.

The Nu,, also varied with Rey. About 20% higher Nu,, in air-heating than air-
cooling tests was observed. The overall Nuy-Rey, correlations for air-cooling and air-

heating were obtained. These results also compared well with the literatures.
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NOMENCLATURE
A Area [m?]
a Semi-major axis length of the tube [m]; 2a = Major axis length of the tube
A Cross-sectional area of the tube [m?]; 4. = mab
AR Axis ratio (ratio of minor to major axis lengths), AR:é =v1-e2
a
As Tube surface area [m2]; As = PL;
B Bias error
b Semi-minor axis length of the tube [m]; 2a = Minor axis length of the tube
BR Blockage ratio
C,-Cg Correlation/curve fit coefficients
Cp Drag coefficient
cp Specific heat capacity at constant pressure [kJ/kg.°C]
. . . Aparray
Chress Airside pressure coefficient; Cpress array = T 2 (for the whole
- A paVa, max
Ap . .
array), and Copress = T./.._a;;_yN_ (for a single tube in the array)
2 PaVa T
L 44
Dy Hydraulic diameter [m]; Dy =—=2
e Eccentricity of elliptic tube; ¢ = Va? -b?
a
f Friction factor
g Gravitational acceleration [9.806 m/s’]
L 3
Gr, Grashof number at airside; Gr, = 8h 5 Ls0)Z
Va
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Gry,

Nt

Nu

Re

R

xXviii

_7 73
Grashof number at waterside; Gr,, = 2By (Tw,b2 L)z

Vi

Heat transfer coefficient [W/m?.°C]
A generic variable to denote any of the tube/array geometric dimensions
(e.g. 2ai, 2b;, 2a,, 2b,, L, St, A, A4, etc.) or parameters such as T, ATy, Ty,

ATy, AT, Apyitots ADarrays ”"Za s rhw etc.

Thermal conductivity [W/m.°C]

Spanwise length of each elliptical tube in the array [m]

Total length of 18 tubes excluding the 180° Plexiglas bends [m]

Mass of the fluid [kg]

Mass flow rate of the fluid [kg/s]

Degree of freedom/number of measurement steps for the whole population
Total number of repeated readings for the same measurements

Number of flow obstruction mediums / tubes

Nusselt number; for air: Nu, = A, (2a,)/k, and for water: Nuy, = Ay Dy ilkw
Perimeter/Circumference of the elliptic tube [m]; or the Precision error
component when appears in uncertainty analysis

Prandtl number; Pr, = (uucp,a)/k. for air and Pry = (uwcp w)/kw for water
Heat transfer rate [Watt]

Coefficient of determination (i.e. an indicator of reliable curve-fit);
0 < R*< 1, The closer the R? value to 1 (R* — 1), the better the curve-fit.
Reynolds number; for air: Re,; = V; (2a,)/ v, and for water: Rey, = Vi Dh i/ viy

Thermal resistance [°C/W]
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Tf’a

T, w,b

T T

N

Greek letters

Ap

AT

AT,

AT

Xix

Center-to-center distance between two adjacent tubes in the array [m]
Sample standard deviation for the parameter //

Distance of narrowest gap between two adjacent tubes in the array [m]
Temperature [°C]

Time recorded by stopwatch [sec] for water mass flow calculation; or the

Student-t distribution in uncertainty analysis section

Airside film temperature [°C]; Tta = (Tait+ Ts0) / 2

Bulk water flowing temperature inside tube array [°C]; Tw.p = (Tw,itTw,0)/2
Variable to denote the uncertainty

Mean velocity of flowing fluid [m/s]

X-coordinate in Figure 3.2.1 and a product in Eq. (5.2.5a)

Y-coordinate in Figure 3.2.1 and a product in Eq. (5.2.6a)

A coefficient to the generalized heat transfer relation (Egs. 4.4.3 to 4.4.5)
Z-coordinate in Figure 3.2.1, and characteristic length [m]; Z, = 24, for

airside and Zy, = Dy; for waterside

Pressure difference [Pa]

Mean temperature difference between any two locations [°C];

Mean temperature difference between the air inlet and outlet [°C];

ATy =Ty - T a,o‘

Mean temperature difference between inlet air and tube outer surface [°C];

ATys= |Tagi - Ts,ol
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XX

AT Mean temperature difference between the air inlet and water inlet [°C];
ATpw = |Tai- Tw,l

ATy, Mean temperature difference between the water inlet and outlet [°C];
ATw=|Tw; - Tw,l

ATy Mean temperature difference between bulk water and tube inner surface

[°Cl; ATy = |Twp - T,

« Thermal diffusivity [m%/s]
B Coefficient of thermal expansion [K™]
o Boundary layer thickness [m]
& Emissivity of copper tube
7 Dynamic viscosity [kg/m.s]
Ms Dynamic viscosity taken at surface temperature of the tube array [kg/m.s]
1% Kinematic viscosity or Momentum diffusivity [m?%/s]
P Density [kg/m3 ]
o Stefan-Boltzmann constant, o = 5.66961 x 10 [W/m?.K*]
v Void fraction used to calculate Vymax; & =S¢/ St=(1 +2bo/ St)

Superscripts / Exponent

m  An exponent to the generalized heat transfer relation (Eqs. 4.4.3 to 4.4.5)
n An exponent to the generalized heat transfer relation (Egs. 4.4.3 and 4.4.4)
p An exponent to the generalized heat transfer relation (Eqs. 4.4.3 to 4.4.4)
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Subscripts
a

array

Cpress

duct

ha

w

max
Nu,

Nuy,

pitot

xxi

Air

Measured across the elliptical tube array

Bulk

Cross-section

Airside pressure coefficient

Dew point

Test section duct

Film

Hydraulic

Airside heat transfer coefficient

Waterside heat transfer coefficient

Inlet or entrance for airside and waterside; or inner side for the tube
surface; or when appears in uncertainty analysis, it represents a variable to

count the number of repeated readings for the same measurement

Variable to denote the total number of measurements for the whole
population

Maximum

Nusselt number at airside

Nusselt number at waterside

Outlet or Exit for airside and waterside; and outer side for tube surface
Measured by Pitot static tube

Overall Heat transfer rate
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XXxii

qa Heat transfer rate at airside

qw Heat transfer rate at waterside
Re, Reynolds number at airside
Rey, Reynolds number at waterside
S Tube surface

t Total

W Water

X Number of error sources

Equation Symbols for Uncertainty Analysis

By Bias error limit of the mean of parameter H

H Mean value of the parameter H

Py Precision error limit of the mean of parameter H

Sﬁ Standard deviation of the mean for the parameter H

U I Overall absolute uncertainty in the measurement of parameter H
U q . ..

b Overall relative uncertainty in the measurement of parameter H
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1. INTRODUCTION

Energy, in a number of different forms, plays crucial and vital roles for the
development of any nation regardless of any location in the globe. The processing of raw
materials and their subsequent modification and fabrication into products to improve our
quality of living require a significant amount of energy. Thus the production, utilization,
and exchange of energy are part of our daily life. In the study of the areas of
thermodynamics, a necessity was felt to distinguish the energy that is stored in a system
from that which is in transition from one system to another. This energy in transition may
be either heat or work. The transmission, utilization, and management of this heat energy
are unavoidably common for the survival of the human beings in this earth.

In utilizing the heat energy, there are some situations in which the direct mixing
of one substance (from where the energy is to be removed) with another (in which the
energy is to be added) is not possible or not convenient. Even when it is possible, the
desired purpose may not be met properly. For instance, we can burn a certain amount of
fuel directly in a cold room to release the heat energy required to mix with air to warm
the room to a comfortable living level. On the other hand, the presence of the combustion
products in the room soon brings the room to an uncomfortable and unlivable state.
Situation like this has initiated the necessity of separating the medium where the heat
energy is stored from that of the medium where the heat energy is to be added. This
separation is generally made by means of a finite barrier, usually the wall, which poses
another constraint to the effective heat transfer called the thermal resistance. Extensive
efforts have thus been devoted in the past to devise equipment, which is capable of
efficiently transferring heat energy from one medium to another in the presence of such

separating wall. This has dictated the development of a special kind of device, which
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bears a generic name called the “heat exchanger”. The most frequently used heat
exchanger is the type where the hot and cold fluids are separated by a partition through
which heat, but not matter, flows. As the applications of heat exchangers are found
everywhere, the complete treatment of a heat exchanger design, especially the thermal
analysis, is essential, which is the subject area of current study.

For scientific and industrial progress, it is essential to gain a better understanding
on how to specify the heat transfer in an exchanger, which will occur under some given
conditions. As a wall separates two fluids, most part of the total thermal resistance is
shared by the fluid layers adjacent to the wall and very little by the wall itself. This
resistance dictates the heat transmission between the fluids via respective fluid side heat
transfer coefficient and the surface area. The performance improvement of a heat
exchanger depends on the enhancement of heat transfer coefficients from fluid-to-wall
surface. The exchange of heat from a wall to a fluid or from a fluid to a wall is thus a
very important process, which is involved in almost all types of heat exchangers.

Heat exchangers can be classified in many ways based on the duty demanded,
construction features, flow arrangements, transfer process, number of fluids involved,
size etc., details of which can be found in any heat exchanger handbook available today.
Of all, cross flow heat exchanger is a type encountered in numerous applications, such as
an automotive radiator and air-conditioning system, in which the flow of fluids is
perpendicular to each other. Heat transfer in this type of system is driven mainly by the
forced convection mechanism where both fluids are forced to flow by external means
such as a pump, a blower etc. In the subject of heat transfer and fluid flow, the fluid flow
velocity is generally charactepized by a dimensionless term called the Reynolds number.

Tubes of various kinds are used in heat exchangers to provide the separating walls as well
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as to provide the required heat transfer surface area. Almost all of the earlier heat
exchangers used the circular tubes as their components.

Due to the interaction between heat transfer and fluid flow, the thermal resistance
in forced convection mechanism is determined by the thickness of the boundary layer,
which develops on the tube surface. Earlier, in the efforts of improving heat exchénger
performance by many researchers, it was identified that the thicker the boundary layer the
lower the heat transfer is. To take care of this problem, it was also recognized that an
effective means of increasing heat transfer is to increase the fluid flow velocity thereby
increasing the Reynolds number. For a fixed size, this requires an increase in velocity,
which, again results in an increase in pressure drop across the heat exchanger. This means
that more pump work is required, thereby increasing the initial equipment as well as the
operating costs. All of these created an urge of finding further techniques to reduce
thermal resistance and to enhance the convective heat transfer in a heat exchanger in a
way that is most efficient and cost effective. Recently, economic and environmental
issues coupled with the space saving considerations have led to the search for more
efficient lightweight compact heat exchangers. In this event, the heat transfer
enhancement has been the main focus among researchers in this area. The heat transfer
enhancement research includes, but is not limited to, the increase of heat transfer area,
promoting flow disturbance, changing tube shapes, identifying efficient tube orientation,
optimizing flow configuration etc.

In an effort to maximize the heat transfer and minimize the pressure drop, tubes or
banks of tubes in crossflow have been the focus of a large number of investigations.
Different body shapes and orientations of various types of tubes have been extensively

studied and utilized in many applications. While numerous studies have been made on a
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single circular tubes or an array of circular tubes, little effort focused on an elliptical tube
or array. Although the finned elliptical tube heat exchanger developed by a German
company Happel GmbH & Company was in use for cooling transformer oil by air as
early as 1926, the first air-cooled condenser in the world of stationery steam turbine
works, however, was built and supplied by the same company in 1939 (Schulehberg
1966). In spite of this early use, mass research and application interests on elliptical tube
heat exchangers were rare until recent years when it could be anticipated that the
elliptical tube has superior combined thermal-hydraulic features over circular cylinder in
terms of enhanced heat transfer rate, and minimized pressure drop and vortex or flow
induced vibration. Besides, elliptic tubes can increase the system compactness because of
their larger heat transfer area per unit volume compared to circular tubes. This has led to
choose an elliptical tube array heat exchanger as the subject of current study.
Traditionally air-to-water crossflow heat exchanger consists of tubes of various
shapes. Thé airside generally accounts for about 90% or more of the total thermal
resistance of virtually any typical air-to-water heat exchangers (Wang 2000), which
demands essentially a proper choice of airside heat transfer correlation in the relevant
heat exchanger design and application. Thus, the determination of airside Nusselt number

and Reynolds number relationship was taken as the principal focus of the current study.

1.1  Motivation

Today’s industries are in search of lightweight efficient compact heat exchanger
for saving money, energy and space. An elliptical tube array heat exchanger was chosen
in the current study, because, it is anticipated to be a good candidate over circular tube for

such competitive heat exchangers for the following reasons:
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o It provides higher heat transfer rate — increasing heat exchanger efficiency

o It offers heat exchanger compactness (heat transfer area per unit volume is

higher) — saving application space

o It minimizes pressure drop — minimizing the pumping power and thus the

initial cost

o It is less susceptible to vortex-induced vibration (VIV) — reducing structural

failure

1.2  Objectives

For an air-to-water cross flow heat exchanger, the airside generally accounts for
about 90% or more of the total thermal resistance, which indicates that the performance
improvement of such heat exchanger is mainly dominated by the airside heat transfer
coefficient. The main objective of current study is thus to investigate the airside heat
transfer characteristics of an in-line array of elliptical tube heat exchanger. This has been

carried out through,

o obtaining the airside Nusselt number versus Reynolds number relationship

(Nu,-Re,) and compare with available correlation in the literature, and

o observing the variation of airside pressure drop with Reynolds number (Cpress-

Re,) and compare with available correlation in the literature.

Additionally,

o the waterside Nusselt number versus Reynolds number relationship (Nuy-
Rey) has also been estimated and compared with available correlation in the

literature.
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LITERATURE SURVEY AND THE SCOPE OF THE CURRENT
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2. LITERATURE SURVEY AND THE SCOPE OF THE CURRENT STUDY

Being the heat exchanger system components, cylinders of different body shapes
and orientations have been extensively studied and utilized in many applications. A
single cylinder at cross flow of air has been the subject of intensive research for many
years. To maximize the heat transfer and minimize the pressure drop, array of tubes or
banks of tubes in cross flow have also been the focus of a large number of investigations.
Although a handsome number of studies have been made on a single circular cylinder or
an array of circular tubes, studies on an elliptical tube or an array are scare. From a few
number of studies, it is seen that the elliptical tube has superior combined thermal-
hydraulic features over circular cylinder in terms of enhanced heat transfer rate and
minimized pressure drop as reviewed below. Also elliptical tubes can increase the system
compactness because of their larger heat transfer area per unit volume compared to
circular cylinders. The dimension of an elliptical tube is generally represented by its axis
ratio (AR), which is the ratio of minor-to-major axis length (see Figure 2.1). Brief

reviews of some literatures available on the study of elliptical tubes are given below.

2a, = Outside major axis; 2b, = Outside minor axis

Axis ratio, AR = % = b—°
2a, a,

Figure 2.1 Schematic of airflow over an elliptical tube

2.1  Enhancing Heat Transfer Using Elliptical Tubes
Several investigators reported that, in general, an elliptic tube enhances heat

transfer relative to a circular one. For example, Matos et al. (2001) numerically
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investigated the heat transfer of staggered circular and elliptic tube banks in cross flow of
air. The elliptic tubes had an AR of 0.75 with the tube length to minor axis ratio of 6.2.
The surface temperature of the tubes was assumed constant and a constant Prandtl
number of 0.72 was used. The Reynolds number based on the length of the tube row
however was varied from 300 to 800 (i.e. from 75 to 200 when based on the streamwise
major axis length of the tube). Compared to circular tube, their results for the same flow
obstruction area (i.e. the blockage) showed a 13% relative heat transfer gain due to
elliptic configuration. Rahman et al. (2001) numerically investigated the fluid flow and
heat transfer characteristics around single isolated cylinders of circular and elliptic cross
section at Reynolds number of 36000. The information on the characteristic dimension
used in the calculation of Reynolds number was not reported. They used a circular
cylinder (i.e. AR = 1) and an elliptical cylinder with an AR of 0.5 whose perimeter was
similar to that of the circular one. Both the cylinders, with a constant prescribed surface
temperature, were placed in cross flow of air at zero angle of attack. They concluded that
the elliptic cylinder provides higher heat transfer coefficient than that of the circular one.
Also, Sohal and O’Brien (2001) found that for the same cross sectional area a single
elliptical tube with an AR of 0.33 could enhance the heat transfer coefficient by 25-35%

compared to a single circular cylinder depending on various design parameters.

2.1.1 Effect of Tube Axis Ratio (AR) on Heat Transfer

Many researchers have studied the effects of tube AR on crossflow heat transfer.
One of such studies, a very early but comprehensive one, was made by Eckert and
Livingood (1953) on elliptical cylinders for ARs of 0.25 and 0.50, where the major axis

was used to define the Reynolds and Nusselt numbers. The investigated range of
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Reynolds number was not clearly reported though. The cylinder wall temperature in the
analysis was assumed to be constant. The results, based on exact solutions of the lafninar
boundary layer equations, were compared with other analytical methods and available
experimental results. Their findings show that the heat transfer coefficient is higher for
elliptical cylinders than circular ones and that the elliptical cylinder with the smaller AR
has relatively higher heat transfer coefficient. Rocha et al. (1997) numerically analyzed
the heat transfer characters of one- and two-row tubes (circular and elliptic cylinders) and
plate fin heat exchangers with air at cross flow. A constant surface temperature was
prescribed as boundary condiﬁon for the tube surface. The Reynolds numbers, based on
hydraulic diameter, was investigated up to 1600 for a constant airside Prandtl number of
0.70. They observed that the elliptical configuration with an AR of 0.86 and a ratio of
semi-minor axis to the length of the tube row of 0.23 is the most efficient one among the
ARs of 0.75, 0.86 and 1 studied. Badr (1998) numerically studied the forced convection
heat transfer from a straight isothermal elliptic tube placed at cross flow of air. Four
different elliptic axis ratios of 0.9, 0.7, 0.5, and 0.4 were investigated and in the Reynolds
number range, based on twice the focal distance, from 20 to 500 (i.e. approximately from
22 to 1150 when based on major axis length of the tube). The airside Prandtl number was
assumed constant at 0.70. He studied the effect of axis ratio for Reynolds number from
110 to 230 (based on major axis length of the tube) and found that the maximum heat
transfer rate occurred for the smallest axis ratio, i.e. for AR = 0.4. Harris and
Goldschmidt (2002) studied the overall heat transfer for elliptical cylinders in cross flow
for different ARs. The Reynolds number, based on the major axis length, was
investigated from 7400 to 74000. Their result showed that the elliptical tube should have

an AR of 0.30 or less to achieve any appreciable change (greater than 10%) in heat
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transfer coefficient compared to a circular cylinder. All the studies mentioned here,
except Rocha et al. (1997), agreed that the tubes of smaller ARs (i.e. < 1) are more
effective in transferring heat. On the other hand, there may be also a critical lower limit
of AR beyond which appreciable change in heat transfer may not be achieved. Ebadian et
al. (1986) analytically solved the energy equation for a single elliptic tube and
investigated the Nusselt number as a function of AR for both uniform wall heat flux and
uniform wall temperature conditions. They examined the range of AR from 0 to 1 and
found no substantial increase in Nusselt number for AR less than 0.10. The average
Nusselt number for uniform wall heat flux condition found to be higher than the uniform
wall temperature conditions approximately by 17% and this higher heat transfer
proportion was the same for the range of ARs examined. From all the above
investigations it is concluded that for an elliptic tube, the heat transfer rate increases with

decreasing AR in the range 1 < AR < 0.1 and remains independent of AR for AR <0.1.

2.1.2 Role of Cylinder Orientation, Spacing, Angle of attack, and Surface

roughness on Heat Transfer

There are some other parameters, such as the cylinder orientation, angle of attack,
surface roughness, and spacing (in the case of an array of cylinders or banks of tubes)
that influence the heat transfer. There are some studies that focus on the effect of these
parameters on heat transfer. Nishiyama et al. (1988) experimentally investigated the heat
transfer and flow characteristics around elliptic cylinders with an AR of 0.5. The
Reynolds number, based on the major axis length of the cylinder, was varied from 15000
to 70000 and the angle of attack from 0° to 90°. The nondimensional cylinder spacing,

ratio of surface-to-surface narrowest gap between two adjacent cylinders and the major
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axis length, was varied between 1.25 and 4.0. They observed that the angle of attack and
cylinder spacing influence the local heat transfer coefficient for elliptic cylindérs and
concluded that the cylinder spacing and angle of attack should be arranged as small as
possible to minimize the drag and to achieve the higher heat transfer. Badr (1998) found
the maximum Nusselt number to occur at zero angle of attack.

The tube surface roughness may also have role on heat transfer. Olsson and
Sundén (1996) studied the heat transfer and pressure drop characteristics of ten radiator
tubes. They concluded that the tubes with rough or enhanced surface provide increased
heat transfer than the smooth tubes and also increases related pressure drop. However,
there is a tradeoff between the pressure drop and the heat transfer and in many cases the

pressure drop may not be larger compared to the benefits of heat transfer gain.

2.1.3 Influence of Number of Tubes, Array, and Tube Banks on Heat Transfer

The possible correlations between single tubes, an array of tubes, and bank of
tubes to heat transfer were also examined by a few numbers of researchers. As studied by
Zukauskas (1972) and Zukauskas and Ulinskas (1988), the heat transfer for single tubes
and banks of tubes is similar but the intensity of the heat transfer of a tube in a bank or in
an array can be higher than that of a single tube depending on the arrangement of the
tubes. Gnielinski (1979) claimgd that the same Nusselt number for a single tube in cross-
flow may be valid for the case of a tube in an array in crossflow if the Nusselt number for
the single tube is deduced with a Reynolds number in which the mean velocity in the gap
between the tubes is used as the characteristic velocity. Zukauskas (1972) reported that
the heat transfer increases with the increase of number of tube rows in the flow direction

and the increase is almost independent for further increase of rows more than the 5" row.
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His work did not report for any effect on heat transfer if the number of column is
increased, in other words if the number of tubes in any array or bank is increased. The

study of the effect of number of tubes on heat transfer however is scarce.

2.2  Minimizing Pressure drop and Vortex induced vibration using Eliptical

Tubes

Many authors reported that, in addition to enhancing heat transfer, an elliptic tube
can reduce the pressure drop, the drag coefficient, and vortex induced vibration compared
to a circular cylinder. For example, enhanced heat transfer as well as relative pressure
drop reduction of up to 25% was observed when utilizing the elliptical arrangement as
reported by Brauer (1964). Brauer examined the circular and oval tube banks (AR = 0.56)
in both in-line and staggered configurations. The Reynolds number, based on tube
exterior hydraulic diameter, was investigated from 5500 to 100000 (i.e. from 7900 to
144000 when based on tube major axis length). In addition to observing higher heat
transfer, Brauer found that the pressure drop decreases with increasing Reynolds number
and with decreasing the gap between two adjacent tubes. Friction factor decreases as the
tubes are brought closer. This can be explained that when the tubes come closer, the
turbulence area is minimized and thus the pressure drop also minimized. At higher
Reynolds number pressure loss decreases because the flow changes from lamihar to
turbulent zone thereby pushing the boundary layer separation point towards the rear of
the tube thereby narrowing the area of turbulence. Additionally it is due to the fact that
the entire tube surface is not contracted by the flow. A heat exchanger built from finned
elliptical tubes requires less heat transfer surface area and consumes less power for

driving fans than an exchanger built from finned circular tubes for a given heat transfer
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duty (Schulenberg 1966). Ota et al. (1987) examined the flow around an elliptic cylinder
with AR of 0.33 in the Reynolds number range (based on major axis length) from 35000
to 125000. Hassan and Sirén (2004) investigated the heat exchangers, made with circular
(AR = 1) and elliptic tubes (AR = 0.32), in the Reynolds number range from 500 to 4000
(when based on streamwise major axis length and approach air velocity). The average
pressure drop and hence the friction factor they found to be smaller in elliptic
configuration, which is about 46% of that of the circular one. It is obvious from these and
other investigation that at crossflow the elliptical tube performs better than the circular

configuration in terms of reduced pressure drop and vortex induced vibration.

2.3  Summary of Literature Review

Almost all of the earlier studies on crossflow were dealing with cylinder surface
heated by electrical means either for uniform heat flux, such as Laetitia and
Kondjoyan (2002) and Ota and Nishiyama (1984) or for constant surface temperature, for
instance Badr (1998). Studies on the situation when the tube surface temperature and heat
flux may not be considered as uniform are scarce and equally the studies on the airside
heat transfer coefficients where the tube surface is cooled or heated by water flowing
inside the tube are also limited. Even fewer studies may be found, which quantify and
compare the effects of direction of heat flow on the airside heat transfer process,
espécially for the cases of fluid like air when the Prandtl number is roughly constant.
While authors such as Dittus and Boelter (1930), McAdams (1942), Winterton (1998),
Cengel (2003), etc. suggest a larger Prandtl exponent for heating the fluid than for
cooling it, the role of heat flow direction has not been systematically studied nor

postulated based on sound reasoning. On this subject, Scholten and Murray (1995)
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studied the effects of direction of heat flow on Nusselt numbers for a gas-particle cross
flow over circular tube arrays. Their study mainly deals with the heat transfer mechanism

of gas-particle suspension, which does not represent the case of atmospheric airflow.

2.4  Scope of Current Study
The cooling and heating of air, via a single row in-line elliptical tube heat
exchanger, were experimentally investigated in this study. The effects of Reynolds
number on Nusselt number and the airflow pressure drop across the array were examined.
The airside Nusselt numbers for cooling process were compared with those for heating
process. The elliptical tube array, with an AR of 0.30, was oriented in a closed loop
thennal wind tunnel with airflow parallel to the streamwise major axis length of the tube.
Based on the above literature survey, most optimal range of affecting parameters, such as
AR, angle of attack, and blockage ratio (BR), was considered in current study. An AR of
0.30 was employed as it falls into the optimal AR range of most studies reviewed above
(Eckert and Livingood 1953; Harris and Goldschmidt 2002). The angle of attack was kept
at zero degree witﬁ the front stagnation point of the tube surface because it is the best
flow orientation indicated by Badr (1998). According to Zukauskas (1972), higher BR is
| not favorable because the Cp and hence the Ciress goes higher for a BR larger than 0.60.
Thus a tube spacing of 6.1 mm (i.e. the surface-to-surface narrowest gap) corresponding
to a BR of 0.30 was used. Airside Reynolds number, based on the mean approach air
velocity and the streamwise major axis length of the tube, was investigated in the range
from 10000 to 36000. This Reynolds number range was chosen because many of the

practical heat exchangers run within this flow range (Rahman et al. 2001).
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3. EXPERIMENTAL SETUP, PROCEDURES, AND MODELLING OF
VELOCITY PROFILE
As portrayed in Figure 3.1, the experimental facility comprises a thermal wind
tunnel, and hot and cold water supply systems. The test section is a duct of square cross
section, where the experimental single-array in-line elliptical tube heat exchanger is

placed in the middle. The details of the test setup and procedures are described below.

Test section

Direction of Airflow -

]
H

Heat Exchanger
(To cool or heat the air
inside wind tunnel)

Pressure taps (ADarray)
CWater iniee B

Figure 3.1 (a) Closed-loop Thermal Wind Tunnel, (b) Test section with elliptical tube

array (before installation), and (c) Test section (after installation)
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3.1 The Thermal Wind Tunnel and the Test Section

The experiments were performed in a closed-loop thermal wind tunnel located in
the Essex Hall (Room B05) at the University of Windsor, which is shown in Figure 3.1a.
The wind tunnel is 5440 mm (= 214 inch) long, 750 mm (=~ 30 inch) wide, and 1640 mm
(= 65 inch) high with a contraction ratio of 6.25. The air is forced to flow inside the wind
tunnel by means of an air blower, which is driven by an electrically powered hydraulic
pump. The air velocity is controlled manually by turning a needle valve attached to the
hydraulic pump. The arrows in Figure 3.1a show the direction of airflow in the wind
tunnel. The system is capable of producing the air velocities of up to 30 m/s without any
obstruction and up to 17 m/s in the presence of the elliptical tube array heat exchanger, in
the test section. The test section, containing the elliptical tube array heat exchanger, is
seen in Figure 3.1b and 3.1c before and after installation respectively. The assembled test

section is placed in the upper middle part of the wind tunnel.

3.2 Schematic of the Test Section with Elliptical Tube Array Heat Exchanger
Figures 3.1b and 3.1c display the photographic images of the test duct including
the tube array. As illustrated in Figure 3.2.1, the test section is 600 mm long (in the Z
direction, i.e. in the direction airflow), 300 mm wide (along the +X axis), and 300 mm
high (along the %Y axis). The test duct was made of Plexiglas having a thermal
conductivity of 0.19 W/m.°C. The elliptical tubes were drawn from 0.825 mm thick
20.60 mm inner diameter circular copper tubes (ASTM B-88 type-M) with a thermal
conductivity of 339 W/m.°C. The tubes drawn in this process was not in perfect elliptical
shapes, which was considered and deséribed in uncertainty analysis in Appendix A. Each

of the formed elliptical tubes was 300 mm long with the outside major and minor axes
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lengths of 31.7 mm and 9.7 mm, respectively, giving the minor-to-major axis ratio (AR)
of 0.3. The array, consisting of 18 elliptical tubes spaced by 6.1 mm gap (i.e. the surface-
to-surface narrowest distance between two adjacent tubes), was oriented in the test
section at zero angle of attack, that is, with the major axis parallel (streamwise) and
minor axis perpendicular to the direction of airflow. As shown in Figures 3.1b, 3.1c,
3.2.1, and 3.4.6, the tubes were oriented to form an in-line array of heat exchanger to be
at cross-flow of air, where the water inlet was at the bottom of the array into the 1** tube
and outlet at the top from the 18" tube. The tubes were connected at their ends (outside of
the test duct) using small square pockets made of the same Plexiglas material. Two half

dummy tubes were placed at the top and bottom of the array to reduce extraneous effects.

Air velocity measurement, 2

[) Va, « (by Manometer) :
\ > | Water Outlet: 7., , (18" tube)

Pitot Static tube

(ONMNEEppIp Y

i -
¢ ” th
" P! g ______ 3 4 Ty (13Lh tube)
B Y R g-——— 4 T (157 tube)
— § 4 Ty 5 (12" tube)
- Az = £===1 T (10" tube)
- /i M s T F===[-4 T3 (8" tube)
- ! P i . "
= 1 = g 4 T, (5™ tube)
H ]
° 2 « Ty1 (1% tube)
|

] Water Inlet: Ty ; (1% tube)

14
= L4 '\\YA

220 mm

A \d i
15.8 mm 6.1 mm il
\ M = ::z-b,,—-= 9.7 mm
lm 31.7 mm »‘ / ¢
— t t
65 mm 7 Plane 1-1' 50 mm7 Planes 1-1' & 2-2’
(Each) 20mm (5 5 Velocity grid) (3 x 3 Temperature grid)
100 mm
(Each)

Figure 3.2.1 Schematic of the test section with elliptical tube array - dimensions and
measurement setup (drawn not to scale)
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3.3 Experimental Methods and Operating Conditions

In the experiments, water was passed through inside the tubes of the array and air
was blown over the array, that is, the array is at cross flow of the flowing air. The heat
transfer characteristics between the air and the water were investigated in two ways,
namely cooling the air and heating the air. Cooling the air means the hot air flowing
over the tube array is cooled down by passing cold water inside the tubes of the array. It
is the operation when the approach air temperature is higher than that of the water
temperature at the array inlet and/or the temperature of the tube surface, i.e.
T,i> Ts0> Ty ;. Heating the air means the cold air flows over the tube array and is heated
up by passing the hot water inside the tubes of the array. In this operation the approach
air temperature is lower than the inlet water temperature and/or the tube surface
temperature, i.e. 75 < T5o < Ty .

As shown in Figure 3.1a, a heat exchanger located inside the wind tunnel at the
upstream side was the source of cooling and heating the air inside the wind tunnel. The
desired free stream inlet air temperature at the test section entrance was achieved by
passing the hot or cold water through this heat exchanger and by running the wind tunnel
for about 30 to 40 minutes until the airflow is stabilized. Building water supply lines were
used as the sources of hot or éold water supplies into the tube array in the test section as
well as into the wind tunnel heat exchanger.

The required water temperature through the inlet of the tube array was maintained
in two ways. One way, the direct way, was to pass the hot or cold water into the tube
directly from the building supplies. In this way, only a single temperature either from the

hot supply water or from the cold supply water was possible to achieve, which depended
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on the supply line only. Another way was the use of water-mixing chamber (mixing of
hot and cold water) attached with the building water supply line, which was specifically
built to use in the wind tunnel experiments. The water-mixing chamber had two inlet
valves (one for cold and one for hot water intakes from the supply line); one mixing
knob, and one outlet valve to pass the mixed water into the tube array. The cold and hot
water were mixed in the mixing-chamber to a desired temperature by turning the mixing
knob. The mixing-chamber is capable of managing almost any temperature, between the
maximum (i.e. the 100% of the hot water) and the minimum (i.e. 100% of the cold
water), required for inlet water supply for the tube array. Compared to the air inlet
temperature, maintaining the water inlet temperature to a certain fixed value was quite

 difficult, which largely depended on the fluctuations in the supply line even though the
mixing chamber was used. Both methods were used during all experiments and water-
mixing method was found to be advantageous, which gave less fluctuation in temperature
compared to the direct way.

In both air cooling and heating tests, the airside and waterside flow velocities
were varied corresponding to each other to collect several sets of heat transfer data to
observe the effects of flow variations (i.e. the Reynolds numbers) on heat transfer (i.e. the
Nusselt number). For all the experiments, the inlet temperatures of the air and water, tube
outer surface temperature, and the airside and waterside flow velocities were the only
major operating parameters to be measured and well taken care of. The experimental

operating conditions for both air-cooling and heating tests are given in Table 3.3.1.
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Table 3.3.1 Operating Conditions: Air-cooling tests (T, > T > Ty;) and Air-heating
tests (Tai < Ts < Twy)

Experimental Phases

Controlling
Parameters Phase-1 Phase-II Phase-II1 Phase-1V
(Air cooling)  (Air heating)  (Air cooling)  (Air heating)
Ailr inlet temperature,
‘ 41.5%1.5°C 17.5£1.5°C - -
T a,i .
Water inlet

+1.0° .8+0.8° - _
temperature, Ty ; 6.5£1.0°C 38.8+0.8°C

Air and Water inlet

temperature - - 15.7£1.5°C 15.7+1.5°C
difference, ATaw

Airside Reynolds
number (Re,) — for 10000 — 10600 — 10300 — 10800 —

Inlet Air velocity: 33200 33500 33500 36000
Var5—17m/s

Waterside Reynolds

number (Rey,) — for

water mass flow rate: 1100-3500 1500 -7300 ~ -
m,, ~0.02 —0.08 kg/s

Waterside Reynolds

number (Rey,) — for
water mass flow rate: - - 3300-6100 4000 -7100

riy, = 0.06 —0.10 kg/s

3.4  Measurement and Data Collection Procedures

Eight different air velocity steps between 5 and 17 m/s (giving an airside
Reynolds number, based on the streamwise major axis length of the tube, from 10000 to
36000) were investigated corresponding to six different water mass flow rates. For the
first two experimental phases, i.e. Phase-I and Phase-Il, the average water mass flow

rates investigated was between 0.02 and 0.08 kg/s, which corresponded to the waterside
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Reynolds numbers, based on the tube inner hydraulic diameter, in the range
1100 < Rey, <3500 for cooling, and 1500 < Rey, <7300 for heating tests. For the other
two phases, i.e. Phase-III and Phase-IV, the average water mass flow rates examined
between 0.06 and 0.10 kg/s that gave the waterside Reynolds numbers, in the range
3300 < Rey, <6100 for cooling, and 4000 < Rey, < 7100 for heating tests. The water mass
flow rate through the tube array was manually altered to the desired value by turning the
main water supply valve while the temperature was adjusted by manipulating the mixing
knob. For each water mass flow rate, the air velocity was varied by manually adjusting
the needle valve of the hydraulic pump attached with the wind tunnel. By doing this, 24
data sets for air-cooling and another 24 data sets for air heating tests were gathered for
analysis. Every effort was given to ensure that the system is stabilized before starting the
data collection, even though during the experiment and data collection process some
fluctuations in water supply as well as its temperature were observed that resulted the
water and air temperatures to fluctuate slightly. To take these variations into account,
during each experiment (for each setting of water mass flow and air velocity), three to
four data samples for each of the parameters were collected. Then the mean of the

samples was taken as follows

1 n
H=1%m (3.4.1)
I’lj=1

where, H, as applicable, represents any of the measured tube dimensions (e.g. 2a;, 2b;,
2a,, 2b,, S, and Ly) or experimental parameters (€.g. Ta, AT, Ty, ATw, ATs, Appitot, ADarrays
and m ); j is the counter of repeated measurements; and # is the total number of repeated

data readings.
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3.4.1 Air, Water and Tube side Temperature Measurements

All temperatures were measured using type-T thermocouples and a hand-held
OMEGA HHS506R digital thermometer. Before each experiment, the temperature
readings of all the thermocouples were calibrated and adjusted with respect to one chosen
thermocouple probe located at water inlet side. The thermometer had an uncertainty of
1(0.2°C+0.05% of the reading). For a highest temperature of 50°C, the overall
uncertainty in the temperature measurement was estimated to be £1.03°C, which includes
the errors in reading together with the errors in thermometer and the thermocouple
probes. The thermometer had a differential reading function by which, where applicable,
the temperature differences such as ATy = |Tyi — Twol and AT, = |Tai — Taol, Were
measured directly. This correlated measurement helped damped out bias errors leaving

only some precision errors, which account for about +0.10°C for each of the AT,, AT,

ATy, ATy, and AT, measured.

Measurement of Airside Temperatures (T, a0y ATy, and AT, )

Sufficient time (roughly 30 to 40 minutes) was allowed to ensure the circulating
air inside the wind tunnel to stabilize to the desired temperature. As extended in
Figure 3.2.1, two cross sections (Planes 1-1' and 2-2"), approximately 144, upstream and
downstream of the array, were chosen to measure the approach (upstream) and
downstream air temperatures T5. and T,, respectively. At the beginning of each
experiment, the upstream and downstream air temperatures were measured at 9 locations
(horizontally and vertically evenly spaced 3 x 3 grid points) over the cross sections at

Planes 1-1' and 2-2’'. These measurements were taken to obtain the temperature profiles
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of the approach air at the inlet of the test section. The approach air temperature profiles
were found to be quite uniform, which could be fairly represented by a single point
measurement at the inlet. The downstream air temperature profile, however, was not
found to be as flat as upstream. So, during the subsequent experiment, the mean approach
air temperature (7,;) at the inlet was measured at a single point location at Position M
(middle center, see Figures 3.2.1 and 3.4.6) and the downstream air temperature (T,,) at 9
locations around the cross-section at Plane 2-2'. The downstream air temperature (7T,,)

was recorded as
N
T,,=—3[.,] ., where N=9. (3.4.2a)

The maximum deviation of T,, from the mean value of its 9 grid points was found no
more than +5% for all the experiments. The mean temperature difference between the air

inlet and outlet, was measured as

N n
AT, = 'JIVZ['I'Z T,-T,, j] , where N=9 and n = 3 to 4 repeats. (3.4.2b)
J=1 n ’ J

J=1

Similarly, the mean temperature difference between the air inlet and the tube outer

surface was estimated as

IVIRRE VEE S
a-s NJ=1 n a,1 $,0

J=1

j] , where N="7 and n =3 to 4 repeats. (3.4.2¢)
J

Measurement of Waterside Temperatures (Ty,i, Tw,, and ATy)
Water inlet temperature (7y;) at the entrance of the 1* tube and the outlet

temperature (Ty,0) at the exit of the array at the 18™ tube (Figures 3.1 and 3.2.1) were
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measured by inserting two thermocouple probes inside the tube. For each experimental

run, about 3 to 4 repeated readings were recorded to take their mean as

T, = lZ":[T wi ]j and T, = lzn:[T wo ],- , where n =3 to 4 repeats. (3.4.3a)
nj=1 nj=1 '

The mean temperature difference between the water inlet and outlet was measured as

AT, = —I-ZITW’i -T,, I where n =3 to 4 repeats. (3.4.3b)
n j=1 '

Tube Side Temperature Measurement (7,)

As shown in Figures 3.2.1 and 3.4.2, seven thermocouple probes were affixed on
the outside top surface of the tubes at various locations counting from the bottom to the
top of the array (excluding the two dummy half tubes). One at the entrance of the 1* tube,
one at the exit of the 18" tube, and other five thermocouple probes were located spanwise
middle of the 5t gt IOth, 12" and 15" tubes of the array. The average outside tube
surface temperature (75,) for all the 18 tubes was estimated from measured individual

surface temperature of seven locations as follows

n

N
Tso=-1— lZ[TSO] , Where N =7 and n = 3 to 4 repeats. (3.4.49)
© NToeI Y,

This averaging approach was reasonable because the variation of the tube surface
temperature from entry to exit was quite linear, which can be seen in Figure 3.4.1 for two

sample test cases (for both cooling and heating tests).
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® Air Cooling: T, ,=041L,+ 15.84; (for Re,, = 3300 anid Re, = 18100)
O AirHeating: T;,=-045L,+20.81; (for Re,, = 4000 and Re, = 19000)

Tube outer surface temp.,7 | [°C]

I[Ill'lllllll'lllllllllll

lllllllllll‘l

13 L I 1 ' [ | l | L ! 1} ' L | ] | | I 1 I ] | I I L

05 00 05 1.0 15 2.0 25 3.0 35 40 45 50 55 6.0
Tube distance along water flow, L; [m]

Figure 3.4.1. Sample T, variation in the direction of water flow (error bars are shown)

3.42 Airside Velocity, Mass flow rate, and Pressure drop Measurements

For each of air velocity, mass flow rate, and pressure drop across the tube array,
the basic independent parameter, i.e. the pressure difference, was measured using a
handheld digital manometer, Dwyer series 475 Mark III. The manometer had an accuracy

of £1.5% of the reading in Pa, which was considered to be the bias error for manometer.

Measurement of Approach Air Velocity (V,)

The air velocity in terms of dynamic pressure was measured by means of a
2.38 mm Pitot static tube along with the digital manometer as mentioned above. The
maﬁometer reads the pressure difference (Appitor) between the static and total pressure
ports, which can be seen in Figures 3.2.1 and 3.4.1. Following Equation 3.4.1, the mean

airside dynamic pressure for each experiment was calculated as follows
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n

1
APyt = ;z [Appitot ]j , Where n =3 to 4 repeats, (3.4.5a)

J=1

and the mean inlet air velocity could be estimated from the following relation,

20p.
v, =0875C" |0 (3.4.5b)
P,

where 0.875 is a geometric factor introduced to account for the boundary layer effect
(discussed below), C”is the design correction constant depends on the spacing of the
static pressure holes, and p, is the density of air. To compare to a standard round junction
Pitot static tube, C”= 1.003 was introduced in the current study for the distances of 3.9D
from the static pressure ports to the total pressure port at the tip and 9.8D from the static

pressure ports to the centerline of the stem (as per Flow Kinetics LLC, 2002).

Apypitor (by manometer)

Total pressure ports Static pressure ports

Pitot static tube stem
diameter, D

—» 39D «— 9.8D —H'V\—— Stem centerline

Figure 3.4.2 Pitot static tube with stem diameter D = 2.38 mm (drawn not to scale)
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As detailed in Figure 3.2.1, a cross section (Plane 1-1'), approximately 14a,
upstream of the tube array, was chosen to measure the profile of the approach air velocity
(Vax) at the test section inlet. At the beginning of the experiment, the approach air

velocity (Va«) outside the boundary layer, in the presence of the tube array, was
measured at 25 locations (horizontally and vertically evenly spaced 5 x 5 grid points),
over the cross section at Plane 1-1'. This was performed by traversing the Pitot static tube
over each grid point. The grid point velocity measurements were performed at three
different nominal air velocity settings, such as at 5.0, 10.8, and 16.5 m/s. In all cases, the
velocity profiles were observed to be reasonably flat for the entire cross section outside
the boundary layer, with a maximum deviation of about +4.5% from the mean. For
plotting the velocity profiles for the entire cross section, the measurements were extended
beyond the 5 x 5 grid points to cover the distance up to the test section wall (i.e. the
boundary layer). The boundary layer thickness was roughly identified by observation
during the measurement. It was the point where nominal velocity starts decreasing and
drops to zero at the test section wall. The number and locations of the measuring points
were chosen randomly. Around the test section wall, a linear variation of the air velocity
in the boundary layer was assumed and this effect was taken into account by introducing
a geometric factor of 0.875 in Eq. (3.4.5b).

The air velocity profile, along the Plane 1-1’, was generated by plotting the
velocity in the Z direction against the distance along X-Y coordinate (see Figure 3.2.1).
For visualization, the velocity profiles are presented in Figures 3.4.2 to 3.4.4. It was
found that a single point measurement at the middle of the test section inlet could fairly
represent this uniform velocity profile for the area outside the boundary layer. It is noted

here that the boundary layer thickness around the test section wall was found to be

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

roughly 0.20 mm. Thus, during the subsequent experiments, the mean upstream air
velocity (V,) was measured at a single point location at Position M (see Figure 3.2.1).
The uncertainties in the air velocity measurements were estimated to be no more than

14.0% of the measured values for both air-cooling and heating tests.
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Figure 3.4.3a Air velocity at the test inlet section (5 x 5 grid point measurement:
Va= 5.0 m/s; maximum deviation from the mean = +4.5%) — Contour
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Figure 3.4.3b Air velocity at the test inlet section (5 x 5 grid point measurement:
Va= 5.0 m/s; maximum deviation from the mean = +4.5%) — 3D Plot
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Figure 3.4.4b Air velocity at the test inlet section (5 x 5 grid point measurement:

Va=10.8 m/s; maximum deviation from the mean = +1.5%) — 3D Plot
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Figure 3.4.5a Air velocity at the test inlet section (5 x 5 grid point measurement:

Va=16.5 m/s; maximum deviation from the mean = +2.6%) — Contour
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- Figure 3.4.5b Air velocity at the test inlet section (5 x 5 grid point measurement:

Va=16.5 m/s; maximum deviation from the mean = £2.6%) — 3D Plot

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

Estimation of Airside Mass flow rate (11,)

The mean velocity of approach air at the test section inlet was used to estimate the
airside mass flow rate. By applying the principle of conservation of mass, the airside
mass flow rate was deduced using the following relation

My = Pa AguctVa (3.4.5)
where Aguct is the cross-sectional area of the test section duct at inlet , i.e. along Plane 1-1’

as shown in Figure 3.2.1.

Measurement of Airside Pressure drop across the Tube Array (Aparray)

Six pressure taps (3 pairs) were drilled to measure the airflow pressure drop
across the array, which are shown in Figure 3.4.6. The pressure drops across the tube
array (Aparay) were measured along the pressure tap pairs of A-A’, B-B', and C-C' using
the same manometer as used in air velocity measurement. As discussed in section 5.1.5,
the data along taps B-B’ was used in the analysis. The uncertainty in the pressure drop

measurement across taps B-B’ was estimated to be within £9.0% of the measured value.

Dummy half-tube
(Array top) Vgl’ater Outlet
N = Pt -] <.3/
SEE . = |
i Y Ai = 1 A
Air Inlet E g E 5] § 9
— = i
Vo — y Y ,{?M B = i B
—— rs = |
/ C. = iCI
A4 = ~
<
=
Inlet measuring point (M): | |~ 160 mm » \\ Water Inlet
Va, = (by Pitot Static tube) | [~ 200 mm —7—> (19 tube of array)
& T,,; (by Thermocouple) | 250 mm > \
— 300 mm g Dummy half-tube
— 410 mm —> (Array bottom)
— 510 mm -
\) Apnrray
(by Manometer)

Figure 3.4.6 Experimental domain with pressure measurement taps (drawn not to scale)
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3.43 Waterside Mass flow rate (,,) and Velocity (V) Measurements

Measurement of Waterside Mass flow rate (,,)

The water mass flow rate inside the tubes of the array was measured several times
during each experimental run. The mean of the repeated measurements was taken

according to the following relation,

, = lZ[Ln;”!-] , where n =3 to 4 repeats. (3.4.6)
‘ J

Here m,, is the water mass (kg) collected in time ¢ second. The total uncertainties in the

measurement of water mass flow rate, including some fluctuations in the water supply
line, were approximately £1.5% of the measured values for both cooling and heating

experiments.

Estimation of Water Velocity (Vy)
The mean velocity of water inside the tube was calculated from the mass
conservation principles as follows
m

Ve = p ;”1 s (3.4.7)

where A ; is the inner tube cross sectional area.
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CHAPTER 4

THEORETICAL CONSIDERATIONS AND DATA REDUCTION
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4. THEORETICAL CONSIDERATIONS AND DATA REDUCTION

The experiments were performed depending on the available testing facilities and
the existing limitations and on some considerations as described below. The reduction of
the data was based on the analysis of theoretical background of heat transfer and fluid

flow, which are explained in the following subsections.

4.1  Evaluations of Thermophysical Properties of the Air and Water

If not mentioned otherwise, the thermophysical properties for both air cooling and
heating tests were taken at film temperature (7%,) for air and at bulk temperature (T, p) for
water. Considering a linear variation of temperature between the outer surface of the
tubes and the approach air, the air film temperature was deduced as follows

_ Ta,i +Ts,o

4.1.1
fa 5 ( )

Similarly, the bulk temperature of the flowing water inside the tubes was defined as the
arithmetic average of the water inlet and outlet temperatures as

To,: + T
Typ =_W12*W° (4.1.2)

To deduce the airside heat transfer rate using Eq. (4.5.2a), not shown yet, the air
property was evaluated at bulk temperature. Some of the literatures referred in this thesis
also evaluated the airside properties at bulk temperature. Thus, where appropriate, the air

properties were evaluated at airside bulk temperature, which was defined as follows

(4.1.3)
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4.2  Assumptions made in the Experiments and Data reduction

The following situations were considered during the experiments and data
reduction.

1. Steady state airflow inside wind tunnel. To ensure this assumption,

before conducting each experimental phase the wind tunnel was run for

approximately 30 to 40 minutes until the airflow reached to the desired

temperature at the inlet of the wind tunnel test section.

2. Negligible conductive heat transfer between the room and the tube
array (qeonduction = 0). The test section walls were constructed with thick
Plexiglas material having very low thermal conductivity of 0.19 W/m.°C,

which justifies this assumption.

3. No or negligible radiative heat transfer between the room and the
test section wall. This assumption was valid because the room temperature
was the same as the outside temperature of the test section walls, which
results virtually no temperature difference and hence no radiative heat

transfer.

4. Negligible radiative heat transfer between the air and the outside

surface of the tubes.

5. No condensation effect on airside heat transfer.

The validity of the assumptions 4 and 5 have been quantified and explained in

Section 4.5 below.

43 Key Dimensionless Parameters
Heat transfer and fluid flow to and from any object or surface are essentially
dependent on some dimensionless key parameters. This heat transfer rate is generally

represented by a non-dimensional heat transfer coefficient, which is termed as the Nusselt
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number (Nu). The Nusselt number, defined as the ratio of the convection to the
conduction heat transfers, is dependent on at least two independent key parameters such
as the Reynolds number and the Prandtl number. Before defining Nu in greater details,
the independent key parameters, on which Nu depends, need to be defined first. The
Reynolds number (Re) determines the flow velocity and characterizes the nature of the
flow and the Prandtl number (Pr) describes the development of boundary layer thickness
over the surface, which is the barrier to the heat transfer. There are other two important
parameters involved in current study. One is the Grashof number (Gr) that identifies the
existence of natural convection, and the other is the Pressure Coefficient (Cpress), which is
used to quantify the airflow pressure drop across the tube array. The Nu is defined in
greater detailed in section 4.4 below and the independent key parameters are defined first

in this section.

Reynolds Number (Re):

The Reynolds number, named after Osbourne Reynolds - a British engineer and
physicist, is defined as the ratio of the inertial force to the viscous force within the
flowing fluid. It is used in momentum, heat, and mass transfer to account for the dynamic
similarity and to characterize the nature of the flow and is normally defined in the

following form

_ Inertia Force _ Mass x Acceleration _p4 y2 _pPVZ _VZ

~ Viscous Force  Shear Stress x Area ﬂK 4 M v’ (4.3.1)
VA

Re

where the characteristic length, Z, was replaced by the streamwise outer major axis length
of the tube, i.e. 2a, for airside and by the inner hydraulic diameter of the tube, i.e. Dy, for

waterside. Typically, viscous stresses within a fluid tend to stabilize and organize the
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flow, whereas excessive fluid inertia tends to disrupt organized flow leading to chaotic
turbulent behavior. Thus, Reynolds number governs the flow regime in forced
convection. The estimation of the airside Re using Eq. (4.3.1) is for a single tube in an
array or bank. It is a common practice in heat exchanger design to call a column of tubes
(i.e. vertical stack of tubes) as a single row of tubes. So, for a single row of tubes the Re

can be estimated as follows (Brauer 1964; Sparrow and Ramsey 1978; Gnielinski 1985)

Ve max Z
Re, array = —a—’“;ﬂi (4.3.2)
a

where V, max is the mean airflow velocity at the narrowest gap between two adjacent tubes

in the array, which is deduced as follows

S St +2b
Va,max = S_cVa = ( 1 2 )Va =yV,. (4.3.3)
T

The characteristic length in Eq. (4.3.2), Z,, depending on the comparable correlations in
the literature, can be taken to be either 2a, or the maximum perimeter that directly faces
the airflow, which in the case of current study is Po/2 (Zukauskas, et al. 2002). In current
study, the characteristic length for airside was used as 2a,. The Reamax given in
Eq. (4.3.2) was not used in current study, however, it can be used to compare the heat

transfer and fluid flow data of a single tube row with the similar one in the literature.

Prandtl Number (Pr):

It is named after Ludwig Prandtl — a German scientist who pioneered the concept
of boundary layer in 1904 and significantly contributed to the field of boundary layer
theory. The Prandtl number, Pr, is defined as the ratio of the momentum diffusivity to the

thermal diffusivity. It is generally defined in the following form
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Momentum Diffusivity v % Hcy
Pr= LWV Yo e D p (4.3.4)
Thermal Diffusivity o £

For the heat transfer in general and free and forced convection analysis in particular, the
convection heat transfer rate anywhere along the surface of any body is directly related to
the temperature gradient at that location. The fluid flow velocity has a strong influence on
the temperature profile, and hence the development of the velocity boundary layer
relative to the thermal boundary layer has strong effect on the convection heat transfer.
For the laminar flow, the relative thickness of the velocity and the thermal

boundary layers is best described by the Prandtl number in the following form

l

Pr= (%ﬂf (4.3.5)
6thermal

where the exponent n is taken to be 1/3 and the velocity boundary layer thickness, Svelocitys
is obtained in terms of local Re and corresponding to the local distance from the leading
edge (Incropera and DeWitt 2002). For laminar flow, Pr provides a measure of the
relative effectiveness of momentum and energy transport by diffusion in the velocity and
thermal boundary layers. The larger the free stream velocity, the thinner the velocity
boundary layer is. Compared to the momentum, the heat diffusion is quicker in fluids
with Pr << 1, and slower in fluids with Pr >> 1 (Cengel 2003). Consequently, relative to
the velocity boundary layer, the thermal boundary layer is thicker for fluids with Pr << 1
and thinner for fluids with Pr >> 1. In turbulent flow, the boundary layer development is
influenced strongly by the random fluctuations in the fluid and not by the molecular
diffusion, and hence, the relative boundary layer growth does not necessarily depend on
the value of Pr. In such cases, Sielocity ® Ghermal, and the turbulent Prandtl number in the

form of the ratio of energy of fluctuating components is used.
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Grashof Number (Gr):

The Grashof number is defined as the ratio of the buoyancy force to the viscous
force acting on the fluid. For forced convection the Reynolds number dictates the flow
regime and for natural convection the Grashof number governs the flow regime. For a
flow, it determines whether the forced convection or the natural convection is dominant
and is given by

_ Buoyancy Forces _ g(Ap)(Volume) _ gPAT(Volume) g pPAT. Z3

Gr ) 43.6
Viscous Forces pv? v? v2 (43.6)
- —_ ] -1 — — o 7
where, =0, -M [K7'], AT =AT, —’Ta,i ~T; 0| [°C], and Z= Z, = 2a, [m]
. . 1
for airside and B=f8,=———[K"'], AT =AT, =T ~T.;| [°C], and
ﬂ :Bw Tw,b +273.15 [ ] W-$ l w,b T 4s,i [ ]

Z = Z,= Dy; [m] for waterside.

Pressure Coefficient at Airside (Cpress):

According to Brauer (1964), Merker and Hanke (1986), and Gaddis and
Gnielinski (1997), the pressure coefficient (Cpress) is generally described by the ratio of
the static pressure drop of the airflow across the tube array (Aparay) to the dynamic
pressure of the flowing air. For the current experiment, the following non-dimensional

expression defines the airflow pressure drop coefficient for a single tube in the array

(Khan et al. 2004a)

C AParray _ AParray

press = = >
APpitot N1 % P V2N,

(4.3.7)
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Equation (4.3.7) is used to determine the pressure coefficient for a single tube in an array
or tube bank. However, to deduce the pressure coefficient for a single row of tubes (i.e.
the column of tubes perpendicular to the airflow), the following relation was used in the

calculation (Brauer 1964; Sparrow and Ramsey 1978; Gnielinski 1985)

C _ Aparray
press,array — 1——Vz_— s (4.3.8)
) Pa¥ amax

where Vymax is taken from Eq. (4.3.3). This pressure drop coefficient determines the
power required to pump the air across the array at the desired flow rate. The lower the

pressure coefficient the less the power requirement is.

4.4 Repi‘esentation of Heat Transfer — the Nusselt Number (Nu)

A convenient method of quantifying the heat transfer to and from any object or
surface is through a dimensionless parameter, the Nusselt Number (Nu). This is a
dimensionless form of the heat transfer coefficient (#) and was named after Ernst Kraft
Wilhelm Nusselt who is one of Germany’s notable heat transfer luminaries. As said
before, the Nusselt number is the ratio of the convection to the conduction heat transfer
rates. In other words, it is the ratio of the fluid layer resistance to the convective
resistance and is generally represented by

_ Fluid layer resistance _ Z/k _h Z

Nu : - = =
Covective resistance 1/hA k

, (4.4.1)

where k is the thermal conductivity, % is the convection heat transfer coefficient of the
participating fluid, and Z is the characteristic length depends on the shape and orientation

of the heat transfer surface. In the current study, this Z was replaced by the streamwise
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major axis length of the tube, i.e. Z, = 2a,, for airside (external flow) analysis and by the
inner side hydraulic diameter of the tube, i.e. Zy, = Dy;, for waterside (internal flow)
analysis. If the heat transfer coefficient, A, is known, the Nusselt number can be readily
estimated using Eq. (4.4.1). In real world applications, however, different body shapes
and heat transfer surfaces are used. In such cases, 2 may not be known priori and in most
cases, it is estimated by experimental investigation (e.g. from the heat balance) or from
other suitable observation or from available correlations. In present study, the A for
airside and waterside were deduced from the heat balance and the Nu for airside and
waterside were estimated separately using Eq. (4.4.1). The heat balance analyses are
described and presented in Section 4.5 below. The nature of dependency of
experimentally estimated Nu on other parameters was also compared in the light of
available correlations.

From the established literature in this area, it is well known fact that the heat
transfer either for a single tube, a tube in a row or bank, or for a tube row is influenced by
the flow velocity, thermophysical properties of the fluid, heat flux intensity, heat flux
direction, and the arrangement of the tubes. Thus most of the heat transfer correlations
available are in the form of dimensionless heat transfer coefficient, i.e. the Nu with its
functional dependency on the influencing parameters such as the Reynolds number (Re),
Prandtl number (Pr), thermophysical properties, and tube arrangement. As per
Zukauskas (1972), for the current experimental situation, the dimensionless relation can

be represented by

C
Nu=f|Re, Pr, 4, £ 2 £ S Z| (4.4.2)
Hs kg cps ps Z0 L
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In current study, for the external flow at airside the arrangement of the tubes, i.e. the
factor S./Z, was fixed, that means the effect of the variation of S¢/Z on Nu was not
included. Also for the internal flow at waterside, the effect of the variation of the
geometric factor, Z/L, on Nu was excluded. This is because the factor Z/L accounts for
the effect on local Nu, whereas the overall mean Nu was estimated in current study,
which covers all the local effects. Thus, from the dimensional analysis, it is found for the
forced convection heat transfer, that, the overall mean Nu depends mainly on the flow
velocity represented by Re and the boundary layer thickness, which is taken care of by
Pr. For the generalization of experimental data, taking main factors into account, the
following power law relationship is commonly used for the case of fluid flow over

cylinder (Zukauskas and Ulinskas, 1988)

P
Nu = yRe™ PrP [Pﬂj , (4.4.32)
I.S

where y is the coefficient and m, n, and p are the exponents, the values of which are
determined by experimental analysis and curve fitting. Depending on the character of the
temperature profile in the thermal boundary layer determined by the Pr, usually n = 1/3 is
used as the exponent of Pr in Eq. (4.4.3a). However, for a variety of flow conditions,
from an intensive study of different tubes in cross flow of various kinds of fluids,
Zukauskas (1972) proposed the Pr exponent n in Eq. (4.4.3a) to be 0.37 for Pr < 10 and
0.36 for Pr > 10. The factor Pry/Pr; is introduced in Eq. (4.4.3a) to account for the effect
of the direction of heat flow (i.e. the heating or cooling of the fluid) in the case of
temperature-dependent fluid properties. For the case of air as a gas flow where the Pr is
less than unity and almost constant for the range of temperature considered in the

experiment, the factor Pr,/Prs turns to unity and can be ignored. Thus for the external
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flow, i.e. the air flow over the tubes of the array in the case of current study, the relation

in Eq. (4.4.3a), with reasonable accuracy, can be further simplified to give

Nu = yRe™ Pr", (4.4.3b)

where again the exponent of Pr in general is taken to be n = 1/3 in most cases.
The factor Pry/Prs in Eq. (4.4.3a) increases with the increase of temperature head.

The effect of the variation of thermophysical properties of a viscous liquid in the thermal

c
boundary layer of a tube is sometimes accounted for by the ratios of ﬁ, —k—, -2 I

My kg Cps
moderately viscous fluid flow like water, it is mainly the viscosity that changes with
temperature across the boundary layer, and therefore in such case the factor Pry/Prs in
Eq. (4.4.3a) can be replaced by the facior /1t (Zukauskas and Ulinskas 1988). For the

internal pipe flow, i.e. the water flow inside the tubes in the case of current study,

Eq. (4.4.3a) can be re-written as follows

p
Nu = yRe™ Pr? (./ib.J , (4.4.4a)
Hs

Without much error, Eq. (4.4.4a) can also be simplified to give

Nu = yRe™ Pr" (4.4.4b)

where again the exponent of Pr here is taken to be n = 1/3 in general. Equation (4.4.4b) is
the form of generalized Dittus-Boelter Equation (Dittus and Boelter, 1930) for internal
liquid pipe flow as reviewed and explained by Winterton (1998), where, for water flow,
the exponent n is recommended to be 0.4 for heating the water and 0.3 for cooling the

water. Although the main focus of current study was to deduce the airside Nu-Re
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relationship, the waterside Nu—Re relationship is also of interest to know, and thus from
the experimental data, the correlation for both airside and waterside was developed in the

following form

Nu = yRe™ Prl’3. (4.4.5)

To compare the results of current study with that of the literature, the values for Re and
Pr and the factors Pry/Pr, in Eq. (4.4.3a) and z4/44 in Eq. (4.4.4a), however were replaced
by the respective airside and waterside experimental data and the comparable correlation

from literature were compiled in the same form as of Eq. (4.4.5).

4.5  Airside and Waterside Heat Transfer Rates () and Coefficients (/)

A heat balance on the test section control volume was made in the following form

9overall = 9conduction T 9convection T Gradiation T 9condensation 4.5.1)

The waterside and airside heat transfer rates were estimated as,

dw = mwcp,w (Tw,o - Tw,i) = mwcp,wATw (4.5.22)
and
da =15 p 2 (Tai =T o) = 1i1aCp a AT, (4.5.2b)

where the positive g, and g, signify air-cooling process and negative gy and g, portray

air-heating  process. The temperature differences, AT, =‘Tw,o —Tw’i‘ and

AT, = ITa,i - Ta,o

, were directly measured using the thermometer’s differential function

and from several readings the mean was taken for the analysis. The heat transfer rates at

waterside were compared with that of the airside. For all the experimental runs, the heat
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rate values obtained from Egs. (4.5.2a) and (4.5.2b) generally agreed within £6%. Thus
in the analysis, the overall heat transfer rate, g, was set to the arithmetic average of the
airside and waterside heat rates in the following form (Rugh et al., 1992)

= s +qw)

: (4.5.3)

q

The radiation heat trémsfer between the room and the test section wall was
neglected due to negligible temperature difference between them. The temperatures of the
inner walls (Twai, inner) Of the test section were assumed to be equal to the temperature of
the flowing air inside the test section (7%i), that is Tyau, inner & Tai- Based on Stefan-
Boltzmann law, the radiation heat transfer between the inner surfaces of the test section

walls and the outer surface of the tubes could be calculated as follows

radiation = Aaverage€T (7 wi ~Tioh) = AaveragePrad Tai —T50) 5 (4.5.4a)
where the radiation heat transfer coefficient (/,,4) is estimated as,

g =0 (Ty" + T30 W T + 1) (4.5.4b)

For commercial copper tubing with an emissivity of £~ 0.15, a conservative estimated of
the maximum A,q for cooling and heating processes were found to be 0.95 and
0.80 W/m2.°C. In both processes, Mg was no more than 1.0% of the respective airside
convective heat transfer coefficient (%,). Thus, the influence of radiation heat transfer
between the tube surface and the surrounding environment inside the test section was also
ignored (i.€. Gradiation = 0).

The effect of natural convection on the heat transfer at airside was neglected. The

maximum Grashof number, Gr,, attained in the experiment was approximately 15400 for
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cooling and 18300 for heating tests respectively. The Gr, to Re,? ratios (buoyancy effect
indicator) were about 0.000143 (i.e. <<1) for cooling and 0.000154 (i.e. <<1) for heating,
which according to authors such as Lloyd and Sparrow (1970), Incropera and DeWitt
(2002), and Cengel (2003) justify the omission of natural convection for both cooling and
heating processes. Similarly, the effect of natural convection on the heat transfer at
waterside could also be neglected. The relative humidity (RH) during all tests was
measured to be at 27+5% during cooling and 75+5% during heating tests. Due to the
choice of the operating temperature range of air and water inlets, the dew point
temperature (74 ,) of air was found to be always lower than the outer surface temperature
(Ts,0) of the tubes. As a result no condensation on the tube surface was observed during
the tesfs (i.€. Gcondensation ® 0). Thus, based on the assumptions listed in Section 4.2, the
heat transfer between the air and the water was mainly due to the forced convection
mechanism. Therefore, by setting the overall heat transfer rate, Goverall, t0 the average heat

transfer rates at waterside and airside, Eq. (4.5.1) can be rewritten as

9 = 9overall = convection - (4.5.5)

The airside and waterside convection heat transfer rates for Eq. (4.5.5) were calculated

using Newton’s law of cooling, which is described below.

Airside Convection Heat Transfer rate (¢convection, a):

For airside convection heat transfer rate, Eq. (4.5.5) was rewritten as
q=hyds o (To; —T50) =l A o AT, (4.5.6)
where again the positive ¢ indicates the air-cooling process and the negative g signifies

the air-heating process. From Eq. (4.5.6), the airside heat transfer coefficient, /,, was

estimated as,
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__q
hy = AoATey 4.5.7)

Finally the airside Nusselt number, Nu,, was estimated using Eq. (4.4.1) as

= haZ, - ha(zao) )
ka ka

Nu, (4.5.8)

Waterside Convection Heat Transfer rate (¢convection, w):
For deducing the waterside convection heat transfer rate, the tube inner side
surface temperature needs to be calculated first. The average inner-surface temperature of

the tubes was deduced as follows

()|

Iy, =T, o +
sl = s T4 27kiybe Ly

(4.5.9)
Equation (4.5.9) is based on the radial conduction through circular cross-section. As
proposed by many authors and as used in many heat transfer textbooks, this equation was
employed in current study for the non-circular cross-section (i.e. elliptical tube in current
study) by replacing the tube’s inner and outer side diameters with the respective
hydraulic diameters. For all the experimental runs, the difference of temperatures
between the outer (7s,) and inner (75 ;) sides of the tube was observed to be no more than
0.03°C, since the tubes are made of copper with very thin wall (i.e. only 0.825 mm thick).
Therefore, for the ease of analysis, the inner and outer surface temperatures of the tube
could be assumed to be the same. Thus the inner surface temperature was set to the outer

surface temperature as

Tyi ~ Ty (4.5.10)
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For the waterside convection heat transfer rate, Eq. (4.5.5) was rewritten as
g =hyAsj(Typ —T5) = hy 4 jA Ty, (4.5.11)
where again the positive g indicates the air-cooling process and the negative ¢ signifies

the air-heating process. From Eq. (4.5.11), the waterside heat transfer coefficient, Ay, was

estimated as,

q
by =———. 4.5.12
450, (t43.12)
The waterside Nusselt number, Nuy, was estimated using Eq. (4.4.1) as
D .
Nu,, = Po Dni (4.5.13)
Ky

Thermal Resistance (R,):

Based on the assumption in Eq. (4.5.10), total thermal resistance (Ry) for the heat
transfer between the water and air sides was estimated as follows

Tw,b -

_T .
Ry, =——q—""‘—=Rth,w + Rip tube + Rina (4.5.14)

__1 (Dh,o/Dh,i)+ S SR S
ths,i 27kl ha As,o ths,i ha As,o

The airside thermal resistance is given by

1
ha AS,O ’

the waterside thermal resistance is given by

Ripa = and (4.5.15a)

Ry = 45.15b
Y hy A ( )
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5. RESULTS AND DISCUSSIONS

The principal focus of current study was to obtain the airside side Nusselt number
(Nu,) and Reynolds number (Re,) relationship. The experiments on air-cooling and
heating processes were conducted in four phases depending on the operating conditions
as specified in Table 3.3.1.

Two types of temperature loading were executed. The air and water inlet
temperatures were maintained constant in the first type for the experimental Phase-I and
Phase-II, and the difference between the air and water inlet temperatures were kept
constant in the second type for the experimental Phase-III and Phase-IV. In Phase-I (air
cooling process), hot airflow across the tube array was maintained at 7,; = 41.5+1.5°C
(for 10000 < Re, < 33200) and cold water entering inside the tubes was kept at
Twi=6.5£1.0°C (for 1100 < Re,, < 3500). Phase-II was an air heating process, where
cold airflow was kept at T,; = 17.5£1.5°C (for 10600 < Re, < 33506) and hot inlet water
entering the tubes was maintained at 7y; = 38.8+0.8°C (for 1500 < Re, < 7300). For
Phase-III (air cooling process) and Phase-IV (air heating process), the temperature
differences between the mean approach air and the inlet water was maintained at
(AT,w=|Tai - Twi = 15.7£1.5°C. For Phase-Ill (air cooling process), the air inlet
temperature changed between 27.5 and 37°C in the range 10300 < Re, < 33500 and the
water inlet temperature varied from 13 to 21°C in the range 3300 < Rey, < 6100. During
Phase-IV (air heating process), the air inlet temperature varied between 6.5 and 10°C in
the range 10800 < Re, < 36000 and the water inlet temperature changed from 23.5 to
25°C in the range 4000 < Rey < 7100. The experimental results, e.g. the effect of

Reynolds number on the heat transfer rate, and the Nusselt number for both air-cooling
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and heating processes are discussed in the following sections. It is worth mentioning that
some of the results and observations from each experimental phase are disseminated and
documented in the form of journal publication, conference presentations and transaction
publications as Khan et al. 2004a (Phase-I), Khan et al. 2004b (Phase-II), and Khan et al.

2005 (Phase-III and Phase-1V).

5.1 Airside Analysis — both Air-cooling (7,;> 75> Ty;) and Air-heating
(Ty; < T < Ty,;) processes
From all the experimental phases, the effects of Re, on the heat transfer rate (g)
and Nusselt number (Nu,) were analyzed. In addition, the variation of airflow pressure
drop across the tube array (Cpyress) With respect to Re, was also observed. All of which are

discussed in the following subsections.

5.1.1 Effect of Reynolds number on the Heat Transfer rate (4—Re, relationship)
The heat transfer rate (q) was calculated using Eq. (4.5.3), while the airside
Reynolds number (Re,) and waterside Reynolds number (Rey) were deduced from
Eq. (4.3.1). From the analysis, the uncertainty in ¢ was found to be in the range 3 — 12%
for all the tests, depending on the temperature loadings and the air and water flow rates.
To observe the effects of airside Reynolds number on the heat transfer rate, the g
as a function of Re, was plotted in Figures 5.1.1 to 5.1.4 for both cooling and heating
tests. A number of curve fits were executed to optimize the manner of g-Re, relationship.
Although the variation of g with Re, apparently looks linear, the power law curve fit

covered data very well with high R? values in the following form
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q=C Reac2 , for 10000 < Re, < 36000. (5.1.1)
The curve fit coefficients, C; and C,, and the coefficients of determination (R2 values) for

each curve fit are listed in Table 5.1.1.

Table 5.1.1 Curve fit Coefficients and R’ Values for Eq. (5.1.1) and Figures 5.1.1 to
5.1.4 (9 — Re, variation)

Experimental !)l.lases and test Re, C; (Watt) G R
conditions

PHASE-I: Air Cooling 1100 27.94 0.365 0.93
(T,; and T,,; maintained constant) 1800 10.43 0.478 0.98
2600 6.64 0.530 0.99
3500 4.65 0.570 0.96
PHASE-II: Air Heating 1500 62.46 0.240 1.00
(7,; and T,,; maintained constant) 3400 13.67 0.410 0.99
5300 591 0.490 0.99
7300 9.38 0.440 1.00
PHASE-III: Air Cooling 3300 9.18 0.413 0.99
(AT,., maintained constant) 6100 6.48 0.457 0.99
PHASE-IV: Air Heating 4000 9.78 0.410 0.99
(AT,.» maintained constant) 7100 492 0.484 0.96

In genefal, it is seen from Figures 5.1.1 to 5.1.4 that, for a given Rey, the g/Rey,
ratio increases and the g/Re, ratio decreases with the increase of Re, which is
qualitatively and quantitatively similar for all the tests. Except for some scatters in the
data mostly in the range 27000 < Re, < 34000 that are attributable to the experimental
errors, the change in ¢ per unit change in Re, (dg/dRe, ratio) generally decreases with
increasing Re,. This diminishing effect could be best represented by the obtained g — Re,
power law relationship as given in Eq. (5.1.1). As observed in the analysis, the airside

thermal resistance (Ru.) was relatively higher at lower Re, for all the cases, which
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degreased with increasing Re,. In the analysis for all the experiments, the Ry, ; was found
to vary between 95% (at Re, ~ 10000 and Rey, =~ 7300) and 83% (at Re, = 33000 and
Rey, =~ 1100) of the total thermal resistance, Ry. The diminishing character of g/Re, with
increasing Re, can be explained that the increasing airflow in the range
10000 < Re, < 20000 somewhat stirs up the fluid layer on the tube surface, which resists
the boundary layer formation and thus increases the value of q. With further increase in
Re,, the boundary layer does not alter significantly and this situation slows down the

increase in g with further increase in Re,.

1900p—r—

1 r 1 1 ] [ 1 T I I ) 1 i ‘ I 1 ¥ | t L T 1 1 T _]

1800 .

* Re,,=1100 -

1700 o Re,, = 1800 ]

1600 A Re,, =2600 =

Re,, = 3500 3

1500 -

E 1400 _:

= 1300 =

1200 3

1100 3

1000 3

900 3

sooF- " Experiment PHASE-I (Air Cooling): g vs. Re, Plot 3

.

700E1—— T SN T NN Y N T AN T OO O T WO OO R TR YO M B O T e
8000 12000 16000 20000 24000 28000 32000 36000

Re,

Figure 5.1.1 Change of ¢ with Re, for different Re,, (Phase-I: Air-cooling Test)
(Note: g = 1269 W at Re,, = 2600 and g = 1268 W at Re,, = 3500 overlap each other)
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Figure 5.1.2 Change of g with Re, for different Rey, (Phase-II: Air-heating Test)
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Figure 5.1.3 Change of ¢ with Re, for different Re,, (Phase-III: Air-cooling Test)
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Figure 5.1.4 Change of g with Re, for different Re,, (Phase-IV: Air-heating Test)

The increase in g per unit increase in Rey, dg/dRey, also increases with increasing
Re, for both cooling and heating tests. As can be seen in Figures 5.1.1 to 5.1.4, the
dg/dRey, increases comparatively rapidly at lower Re, in the range 10000 < Re, < 20000
beyond which the change of dg/dRey, is relatively slower up to Re, = 36000. This is
because of the total Ry, which is relatively large at small Re, and thus, any decrease in
Ry, may it be from the waterside or the airside, can lead to significant increase in g. At
higher Re,, the total Ry, is relatively smaller and hence, decreasing Ry via increasing
Re,, lead to a smaller percentage increase in q. Figure 5.1.2 shows an important
phenomenon for the variation of ¢ with Rey, especially in the higher range of Re,,, where
the data points for g-Re, curves at different Re,, are much closer. That means the increase

in g with increasing Re,, is not prominent at higher Re,,. For a given Re,, as observed in
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other experiments, the increase in ¢ with increasing Rey, is significant in the lower range
of Rey, from 1500 to 3400, but in the higher range of Re,, from 3400 to 7300 the increase
in g with Rey, is less significant. The g/Rey, ratio for a given Re, usually decreases with
the increase of Re,, indicating that at greater Re,, the effect of Rey, on g significantly
slows down due to the restrictions of the thermal resistance (Ry). In the analysis, it was
observed that for a given Ry, the Rp, was somewhat higher in the range

1500 < Rey, <3400 compared to the range 3400 < Rey, < 7300. As Rey, increases, flow

changes from laminar to turbulent regime in the range 1500 < Rey, < 3400, the laminar
boundary layer breaks and the Rpw decreases. In this circumstance the ¢ increased
significantly with increasing Re,, only in the lower range 1500 < Rey, < 3400. Although
the flow becomes more turbulent with further increase in Rey, the boundary layer
agitation at waterside approaches its saturation state, which causes the increase in ¢ with
Rey to slow down. This is true, because, the Ry in the range 3400 < Rey, < 7300 was
found not only smaller but also similar in magnitudes and in this event any further
increase in g through increasing Rey, was restricted by the higher Ry 5. This is the reason
for the Figure 5.1.2 to show the g-Re, curves much closer for Rey, > 3400.

Overall the g invariably increased with increasing Re, in the power law manner
for all the cases. However, for the case of Re,, ¢ increased with increasing Re,
significantly in the lower range of Re,, and slowed down in the higher range of Re. No
noticeable difference in the variation of ¢ with Re, was distinguished between the air
cooling and heating processes. The apparent differences are well within the estimated

uncertainty as shown in the respective figure with associated error bars.
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5.1.2 Effect of Reynolds number on Nusselt number (Nu,—Re, relationship)

The airside Nusselt number (Nu,) was deduced using Eq. (4.5.8). The average Nu,
values respect to Re, corresponding to different Re,, are given in Table B.1 and B.2 in
Appendix B. The estimated uncertainty for Nu, varied from 4 to 13% in all the
experiment phases.

To observe the dependency of Nu, on Re,, Nu, as a function of Re, is plotted in
Figures 5.1.5 to 5.1.8 for both cooling and heating tests. As expected, Nu, invariably
increased mainly with the increase of Re, for all the experiments both for cooling and

heating tests. Based on physics, one may expect to see progressively smaller Nu,/Re, and

hence dNu,

at higher Re,, beyond the tested range. Various curve fits were applied to
ea

optimize the Nu,-Re, relationship. In spite of the qualitatively linear appearance of the
Nu,-Re, relation, the power law relationship fits data very well with high R* values. The

Nu,-Re, relationship was obtained in the following form

Nu, =C; Re,“4 in the range 10000 < Re, < 36000, (5.1.2)

where C; and C; are the curve fit coefficients, which in addition to the respéctive
coefficients of determinaﬁon (R* values), are tabulated in Table 5.1.2.

In general, for a given Rey, for all the experiments, the values of Nu, increased
with the increase of Re,, which can be clearly seen in Figures 5.1.5 through 5.1.8. On the
other hand, for a given Re,, the values of Nu, for all the water mass flow rates, and hence
for. all the ReQ, were roughly the same as seen from Tables B.1 and B.2 in Appendix B.

While the g-Re, relationship is influenced by the change of Re,, especially in the lower
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range of Re,, the corresponding Nu,-Re, relationship is not expected to be so, as long as
the airside thermal resistance is much larger than the waterside, i.e. R a>> Rinw, Which is
the case here. In the experiments, depending on the nature of the total Ry, guided by the
heat transfer mechanism, the Ry, was found to vary between 0.0125 and 0.0374°C/W,
which was higher than Ry by 250 to 1750%. Thus, Nu,—Re, relationship is

approximately independent of Rey, over the ranges of conditions considered.

Table 5.1.2 Curve fit Coefficients and R’ Values for Eq. (5.1.2) and Figures 5.1.5 to
5.1.8 (Nu,—Re, variation)

Experimental phases and test

. Rey G Cy R’
conditions
1100 0.420 0.607 0.99
. . 1800 0.290 0.638 0.99
PHASE-I: Air Cooling

2600 0.228 0.661 0.99

(T, and Ty, ; maintained constant)
’ ’ 3500 0.154 0.702 0.97
1500 0.426 0.609 0.99
PHASE-II: Air Heating 3400 0218 0.674 1.00
(T, and T, maintained constant) 5300 0.134 0.719 0.99
7300 0.305 0.638 0.99
PHASEAIII: Air Cooling 3300 0.338 0.632 0.99
(AT, maintained constant) 6100 0311 0.630 0.99
PHASE-IV: Air Heating 4000 0.296 0.633 0.99
(AT,.w maintained constant) 7100 0.200 0.673 0.96
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Figure 5.1.6 Change of Nu, with Re, for different Rey, (Phase-II: Air-heating Test)
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Figure 5.1.8 Change of Nu, with Re, for different Re,, (Phase-IV: Air-heating Test)
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In Figures 5.1.5 and 5.1.6, the variations of Nu, with Re, are plotted
corresponding to four different Re, in the range 1100<Re, <3500 and
1500 < Rey < 7300 respectively. In Figures 5.1.7 and 5.1.8, the changes of Nu, with Re,
are plotted for two different Re,, in the range 3300 < Re,, < 6100 and 4000 < Re,, < 7100
respectively. All the figures covered the observable variations of Nu, with Re, for the
entire investigated range of Rey, i.e. 1100 < Re,, < 7300. As discussed below, the nature
of the variations of Nu, with Re, was found to be the same for all the ranges of Re, in all
figures.

It is observable in all figures that, for a given Rey, the ratio Nuy,/Re,, increases
with the increase of Re,, which shows that only Re, dominates the increase in Nu, with
increasing Re,. At lower Re,, the g/Re, ratio is larger and hence the Nu, is relatively
smaller, whereas, at higher Re, the q/Re, ratio is smaller that gives a comparatively larger
Nu,. Although the g-Re, relationship is somewhat influenced by the change of Re,,
especially in the lower range of Re,, (around somewhat smaller values of Ry, ,), Nus-Re,
relationship is not affected by the Rey, rather it is dictated by the heat transfer mechanism
between the air and the outer surface of the tube. This is expected because the Ry, is
much higher than the Ry, as a result Re,, cannot influence the Nu,-Re, relationship.

As seen in Figures 5.1.5 through 5.1.8 and Table B.2, very small effect of Rey, on
Nu, is observed throughout the investigated range of Re. For a given Re, the Nu, values
are in similar magnitudes for all the water flow rates in the range 1100 < Re,, < 7300. The
only exceptions are noticed at Rey, = 1100 in Figure 5.1.5 and Rey, = 3300 in Figure 5.1.7
for air-cooling tests, where the Nu, values are a little higher, although they are well

within the estimated uncertainty. In these two ranges of Rey, the Ry, were found to be
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somewhat less and the Ry a little higher compared to other ranges, which brought a
slightly lower Ry 4 and thus an increased Nu,. This is because, as the Ry, 5 is always much
higher than the Ry, increased Ry decreases the Ry, for a given Ry, which promotes
Nu, Thus, in these two situations the Nu,—Re, relation might have been slightly
influenced by the Rey. The only scatters in data are found at Re, ~ 27500 in Figure 5.1.5,
at Re, ~ 33000 in Figure 5.1.6, at Re, ~ 25700 in Figure 5.1.7, and at Re, ~ 27700 in
Figure 5.1.8. These scatters are within the expected experimental uncertainty as shown in
respective figures by the respective error bars. For all the phases of experiments
considered, however, a little higher Nu, was observed in heating tests than in cooling; on
average approximately by up to 7% depending on the Re, investigated. This may‘ have
been attributed to the nature of the development of boundary layers and relatively wider
wake in the air-heating test. In air heating, the warm tube surface may have pushed away
the cold air molecule flowing over it. This situation caused an unstable boundary layer
during air heating and thus the Nu, somewhat increased compared to air-cooling.
However, whether this variation in Nu, between air-cooling and air-heating tests is due to

the Prandtl effect is investigated next in subsection 5.1.3 below.

5.1.3 Effect of Reynolds number on Nusselt number with Prandtl effect (Nu,—Re,—
Pr, relationship)
For the determination of Nus-Re, relationship in Eq. (5.1.2) and plotting them in
Figures 5.1.5 to 5.1.8, the Prandtl effect was not included because of the constant nature
of airside Prandtl number (Pr, ~ 0.72), which suggests that the Nu, predominantly is a

function of Re, in this case. However, as the airside film temperature, Tr,, ranged
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between 13 and 34°C during the tests, the evaluation of Prandtl number also slightly
varied in the range between 0.733 and 0.727. Whatever little it may be, this variation may
have some contribution on the airside.boundary layer formation, and hence on the heat
transfer. As portrayed in Figure 5.1.9, with the negligible influence of Rey and with the
inclusion of Prandtl effects (Pry), the overall Nu,—Re, correlations separately for cooling

and heating of air were obtained in the form of Eq. (4.4.3b) in Section 4.4 as,

1
Nu, = 0.248Re’*® Prﬁ , for 9900 < Re, < 33600 (Cooling the Air), (5.1.3)
and
1
Nu, = 0.282Re%%* PraA , for 10300 < Re, < 34100 (Heating the Air). (5.14)
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Figure 5.1.9 Nu,—Re,—Pr, relationships for cooling and heating (Error bars shown)
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It is observed that the inclusion of Prandtl effect somewhat minimized the Nu,-
Re, relational differences between the cooling and heating tests but did not diminish. This
scenario indicates that the slightly higher heat transfer in heating than in cooling test is
not only due to the Prandtl effect, additionally it may be due to the Tt, effect (other than
that via Pr,) in the boundary layer and wake. In air heating test, early flow separation may
have been occurred that made somewhat wider wake compared to cooling test and this
wider wake enhanced heat transfer. The Tt, effect in the boundary layer may also include
the non-linear variation of temperature between the tube surface (7s,) and the approach
air (T,;) as contrast to the linear assumption made for the estimation of 7, Within the set
experimental limitations, however, any difference in heat transfer between the cooling
and heating tests cannot be confidently concluded from this observation, because the
results are well within the estimated experimental uncertainties (i.e. 4 to 13% for both
cooling and heating tests) as seen from the respective error bars in Figure 5.1.9. Thus,
from all the data sets, in the presence of Pr,, an overall correlation between Nu, and Re,,
which is applicable for both cooling and heating the air, could be proposed in the

following form,

Nu, =0.263Re*” Pra% , for 9900 < Re, < 34100. (5.1.5)

This overall correlation is compared with other available similar studies as described in

subsection 5.1.4 and as shown in Figure 5.1.10.
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5.1.4 Comparison of Current Proposed Nu,—Re,—Pr; Correlation with other
Available Studies
Experimentally obtained current correlations are compared with other available
studies as shown in Figure 5.1.10. Most widely referred one of such generalized
correlations is that proposed by Zukauskas (1972) and Zukauskas and Ziugzda (1985), as

referenced in Sadik et al. (1987), is

Pr

0.20
Pr,
Nu, = 0.27Re2%0 pr037 [-—‘i‘—-b-] , for 1000 < Re, < 200000, (5.1.63)
a,s

where the Prandtl number, Pr,p, is evaluated at airside bulk temperature as defined by
Eq. (4.1.3) and the Pr,s is evaluated at the tube outer‘ surface temperature (7).
Equation (5.1.6a) represents the average Nu, for forced convection heat transfer from an
elliptical cylinder at cross flow of air under both constant surface temperature and
uniform heat flux conditions. The calculation of Re, for Eq. (5.1.6a) was based on the
streamwise outer major axis length of the cylinder. By employing the current
experimental parameters and conditions, Zukauskas’ correlation in Eq. (5.1.6a) could be

reduced to

|
Nu, =0.28Red-5%4 PraA , for 10000 < Re, < 35000. (5.1.6b)

For a given Re,, this correlation predicts a relatively lower Nu, (on average by 45%)
compared to that of the current study. This is expected because the correlation in
Eq. (5.1.6a) was established for a single elliptic cylinder with a higher axis ratio

(AR = 0.50), whereas a single array of elliptical tubes with a lower axis ratio (AR = 0.30)
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was examined in the current study. However, the result from Zukauskas correlation has

very good qualitative agreement with that of the present study.
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Figure 5.1.10 Comparison of current Nu,—Re,—Pr, relationship with other correlations

Another correlation that was proposed by Ota and Nishiyama (1984) for a single
elliptical cylinder of AR = 0.33 at zero angle of attack under the condition of uniform

heat flux (electrically heated) in the following form,

Nu, =0.55Re}>4, for 8000 < Re, < 79000, (5.1.7a)

where Re, was based on the streamwise major axis length of the tube. Like before, by
employing the current experimental parameters and conditions, this correlation could be

reduced to

Mesbah G. Khan, M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

!
Nu, =0.61Re0-35 PraA , for 10000 < Re, < 35000. (5.1.7b)

Although Ota and Nishiyama (1984) used a higher Re, range compared to current study,
the correlation was compared in the range of Re, as investigated in current study. For a
given Re,, this correlation also predicts a relatively lower Nu, (roughly by 31%)
compared to current study. Their correlation, however, leads to the Nu,-Re, results,
which are in very good agreement with that of the current results as can be seen in
Figure 5.1.10. It is to be noted here that the correlation in Eq. (5.1.7) was obtained for a
single elliptic cylinder compared to current study where a single array of elliptical tubes
with AR = 0.30 was examined.

It is also interesting to see how the current results compare with that of the heat
transfer correlations for flat plate (AR = 0) and for circular tubes (AR =1). In this view, in
addition to the above correlations (Ota and Nishiyama 1984 and Zukauskas 1972), the
correlations for circular tubes and flat plate are also plotted in Figure 5.1.10. To compare
the current result with circular and flat plate situations, the elliptical tube dimension from
current study was theoretically transformed into representative circular tube (i.e. same the
perimeter) giving an AR of 1 and into equivalent flat plate tube (i.e. the half the perimeter
of the elliptic tube) giving an AR of approximately zero. For the single circular tube at
constant surface temperature, the correlation (proposed by Hilpert 1933 as mentioned in
Incropera and DeWitt 2002) Nu, = 0.193 Re,*®'® Pr,'” in the range 4000 < Re, < 40000
was compared. For the flat plate tube at constant surface temperature condition, the
correlation (Cengel, 2003) Nu, = 0.664 Re,'” Pr,' in the range 0.6 <Pr, <10 and
Re, < 10° was compared. The outer diameter of the transformed circular tube was used as
the characteristic length to deduce the Re, and Nu, for circular tube case while the half of
the perimeter of elliptical tube (i.e. in the direction of airflow) was used as the

characteristic length for the transformed flat plate case.
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The effect of AR on heat transfer can be clearly seen in Figure 5.1.10. Heat
transfer increases with the decrease of AR in the range 1 > AR > 0. As seen, the heat
transfer for a flat plate or for an elliptic tube is always higher than the circular tube. Also,
heat transfer is seen higher for an elliptic AR of 0.33 (Ota and Nishiyama 1984)
compared to the AR of 0.50 (Zukauskas 1972) and the current result with an AR of 0.30
is further higher. It is seen that the difference of heat transfer with respect to AR between
current study (AR =0.3) and Ota and Nishiyama (AR = 0.33) is significantly higher
compared to the difference of heat transfer between the studies of Ota and Nishiyama
(AR = 0.33) and Zukauskas (AR = 0.5). In current study, in addition to smaller AR, an
array of tubes was used that might have resulted this higher heat transfer. Although the
heat transfer increases with the decrease of AR, there is however a critical AR value
beyond which increase in heat transfer is insignificant. In contrast with current elliptical
tube array situation, it is observed that the equivalent flat plate provides higher heat
transfer only at lower Re, in the range 8000 < Re, <20000. At higher Re, in the range
20000 < Re, < 36000, the elliptic tube array provides higher heat transfer compared to
that of the equivalent flat plate.

In short, even though there are some variations in the experimental results from
one study to another, the trends of current results satisfactorily converged with those of
others. Other than the variation in elliptic AR, part of the quantitative variations from
study to study is attributable to the large spectrum of different conditions, which include
the tube bundle arrangement, internal-external flow regimes, characteristic lengths used,

boundary conditions etc.

5.1.5 Pressure drop across the Tube Array (i.e. Cyress — Re, relationship)
The procedures for the measurements of airflow pressure drop across the tube

array (Apamay) are described in Section 3.4.2 and the measuring pressure taps are shown in
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Figure 3.4.6. The pressure drops, Aparay, were measured for both air-cooling and -heating
tests as well as for condition of no heat transfer. The pressure drop across the taps A-A’
and B-B’ were found to be similar in magnitudes, within +3%, for respective cooling and
heating tests. The Aparay values measured across the tap C-C’ were 11 to 37% higher than
the values measured across the taps A-A’ and B-B’. This phenomenon is possibly due to
the near wake location of the C-C’ pressure taps. As the Aparay values across the pressure
tap A-A' and B-B' were similar, the Aparay values measured across the taps B-B’ were

used in this study.
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Figure 5.1.11 Case-I: Variation of Cpress array With Re, for the whole array of elliptical
tubes (Error bars are shown)

‘From the measured Apqray values, the dimensionless forms of the pressure drop,

i.e. the pressure coefficients (Cpress), as defined in Section 4.3, were estimated using
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Eqgs. (4.3.8) and (4.3.7) for the whole array of tubes (Case-I) and for a single tube in the
array (Case-II) respectively. The average Cpress Values for each setting of the air velocity
are plotted against the Re, in Figure 5.1.11 for Case-I and in Figure 5.1.12 for Case-II,

where the value of the flow obstruction medium for all cases is Ny = 18.

032 LN LN LA AL LN B B A B
030 _ -
- O Cpresst Air Heating Test (ie. Ty ; < Ty < Ty ) .
0.28}- ~2—Cpress? Air Cooling Test (i.e. Ty ;> T, > Ty, ) -
0.26 —_ H’i\ =0~ Cpress: Without heat transfer (ie. Ty;» Ty = Ty ) _—
024 ] -
Lo :
0.20- —
0.18}- ~
0.16}— CASE-II: Single Tube in the Array —
0.14 | AN TN TN NN T T U T T OO T T OO N N O N N A Y B ]

8000 12000 16000 20000 24000 28000 32000 36000

Re,

Figure 5.1.12 Case-II: Variation of Cyess with Re, for a single elliptical tube in the array
(Error bars are shown)

The obtained pressure coefficient values for both cases and at different Re, are
tabulated in Table 5.1.3 with their respective uncertainties. As seen in Figure 5.1.11 (for
Case-I), the maximum Cyess array Value for the in-line single-array heat exchanger reached
to 0.76 at Re, ~ 10100 in cooling tests, 0.67 at Re, # 10650 in heating tests, and 0.63 at
Re, ~ 10100 without the heat transfer. On the other hand, for Case-II (as seen in

Figure 5.1.12), the maximum Cjress value for a single tube in the in-line single-array heat

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

exchanger attained 0.27 at Re, ~ 10100 in cooling tests, 0.24 at Re, # 10650 in heating
tests, and 0.22 at Re, ~ 10100 without the heat transfer. In both Case-I and Case-II, the
values of the pressure coefficients sharply decreased in the range 10100 < Re, < 19100 in
cooling tests, 10600 < Re, < 19900 in heating tests, and 10100 < Re, <20300. After these
ranges of Re,, the pressure coefficient remained nearly unchanged (with slight lowering
tendency) with further increase in Re, up to 36000. As the total drag is a combination of
friction and pressure drag, at the low Re, range, the Cpress Was slightly higher and possibly
was dictated by the friction drag. With an increase in Re,, the relative influence of
viscous forces decreased while that of the inertial forces increased. As the flow shifted to
more turbulent region, the separation point also traveled farther downstream, reducing the
size of the wake and the magnitude of the pressure drag. This presumably caused the
Chress Value to decrease with increasing Re, initially and to remain constant at about 0.54
(for the whole array) and 0.19 (for single tube) beyond Re, ~ 20000, that is, no significant
changes in separation point location.

Even though it is within the estimated uncertainty, the Cpress curve for heating test
is found slightly higher than the curves for cooling and without heat transfer tests, as seen
in both Figures 5.1.11 and 5.1.12. However, if this were true, it may be due to the
variation of fluid properties, which in this case is the airside density (p,). The air density
decreases with the increase of temperature. Air heating means to heat up the cold air,
which initially possesses a little higher density. Thus the p,, evaluated at air film
temperature (7t,), was relatively higher in heating test than in cooling test. In the
estimation of Cyyress, the approach air velocity (V) in Eq. (3.4.4b) was calculated based on

this p,, which may have caused a slightly higher Cpess in heating than other tests. The
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percentage increase of Cpress for heating tests than cooling and no heat transfer tests,
however, were similar for the whole array (Case-I) as well as for the single tube in the
array (Case-II).

The individual effect of the air cooling and heating processes on Cpyress could not
be ascertained due to the fact that, for a given Re, the Cprss values for all the tests fall
within the estimated experimental uncertainty. Thus it is concluded that the pressure
drop, and hence the Cys, is a function of Re, alone and it is not influenced by the nature
of the heat transfer mechanism. To obtain an overall Cyress Versus Re, relationship for the
current experimental configuration, all the available experimental data were unified in
Figure 5.1.13 for curve fitting. The inverse power law curve fitted data well (with an
average R’ value of 0.85) than any other curve fittings. The variation could be
represented as follows

C 170 for the whole array (Case-I), (5.1.8)

press,array = Re 0.263
a

and

2.70

press = 0.263
Re,

C for a single tube in the array (Case-II). (5.1.9)

From the analysis, it is observed that the normalized pressure drop for the whole array is
about 2.8 times higher than that of the pressure drop for a single tube in the array. The

results are compared with other available studies as shown in Figure 5.1.13 (Case-III).
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Figure 5.1.13 Case-III: Comparison of current Cyress—Re, relation with available studies

The values of Cpress from other studies, such as the one by Brauer (1964) and
another one by Ota et al. (1987), are plotted in Figure 5.1.13 for comparison with current
experimental results. The curves obtained in current experiments are in good qualitative
agreements with that of Brauer (1964) for a single tube in a bundle of in-line oval finned
tubes with an AR of 0.56. The Cyss values presented by Brauer appear to deérease
asymptotically to 0.38 beyond Re, of 32000. The result is higher than that of the current
study for Case-II (single tube in the array), significantly in the lower range of Re,, which
is anticipated since Brauer used finned oval tubes with a higher AR. The pressure drop is

mainly driven by the Reynolds number and somewhat by the flatness factor (i.e. the AR

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

in this case) of the tube. It is well established fact that, for a circular cylinder at cross
flow of air, the flow separation occurs somewhere around 80° from the front stagnation
point and that for an elliptical tube it is further down at around 95 to 100° depending on
the nature of the flow and the axis ratio (AR). Early separation of flows, may it be due to
low Re, or higher axis ratio, makes a wider wake behind the cylinder, which causes a
larger pressure drop. The less the size of the wake the less the pressure drop is. The study
by Ota et al. (1987) shows that the Cpr remained approximately at 0.32 in the range
22000 < Re, < 33000 for a single elliptical cylinder having an AR of 0.33 and at zero
angle of attack. Compared to current study for Case-I, this value is also higher. This is
also rational, because Ota et al. used an elliptical axis ratio (AR = 0.33), which is slightly
higher than the one used in the current study (AR = 0.30). The results of both Brauer and
Ota et al. for single tube are lower than current study for the Case-II, where the whole
array of tubes was presented. This is also expected because the pressure drop for an array
or for a bank is always higher than that of a single tube due to the presence of more flow
obstruction medium. Other than some data variations at the beginning that are well within
the experimental uncertainty, present result, both for cooling and heating processes,

satisfactorily agreed with the trends of Brauer and Ota et al. studies.
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Table 5.1.3 Values of Airside Pressure Coefficients (Cpress) at different Re,

C or UCpress or
Cases Analyzed Test conditions  Re, press
Cpress,array U C (%)
press, array
10129 0.67 10.81
, . 19104 0.58 438
Air cooling
26816 0.55 3.34
33124 0.54 3.15
10645 0.76 10.77
Case-1 . . 19935 0.54 4.52
‘ Air heating
(Whole array of tubes) 29076 0.54 3.39
34242 0.50 3.15
10079 0.63 12.08
Without heat 20302 0.55 4.24
transfer 28311 0.53 333
32738 0.51 3.19
10129 0.27 10.69
o 19104 0.19 432
Air cooling
26816 0.19 3.12
33124 0.18 2.87
10645 0.24 10.73
Case-II o 19935 0.20 4.19
_ _ Air heating
(A single tube in the array) 29076 0.19 3.08
34242 0.19 2.88
10079 0.22 12.00
Without heat 20302 0.19 4.02
transfer 28311 0.19 3.06
32738 0.18 2.96
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5.2  Waterside Analysis — both Air-cooling (T,;> T;> Ty;) and Air-heating
(T, < T < Ty,i) processes
As mentioned before, the main focus of the current study was to deduce the Nu,—
Re, relationship. However, the Nuy-Re, variation is also of interest and hence, is
estimated and presented here. Th¢ effects of variations of Re,, on the heat transfer rate (g)
and waterside Nusselt number (Nuy,) were analyzed. All of which are discussed in the

following subsections.

‘5.2.1 Effect of Reynolds number on the Heat Transfer rate (3—Re,, relationship)
The heat transfer rate (q) was calculated using Eq. (4.5.3), while the waterside
Reynolds number (Rey,) and airside Reynolds number (Re,) were deduced from
Eq. (4.3.1). From the analysis, the uncertainty in ¢ was found in the range 3 — 12% for all
the tests depending on the temperature loadings and the air and water flow rates. To
present the variation of g with Rey, the g as a function of Re,, are plotted for two
representative cases in Figures 5.2.1 and 5.2.2 for both cooling and heating tests. Various
curve fits were verified to observe the nature of ¢-Rey, relationship. It was seen that the
data sets fit quite well with the power law curve fit with comparatively high R* value in

the following form
g =Cs Rel* , for 1100 < Re, < 7300. (5.2.1)

For a given Re, the curve fit coefficients, Cs and Cg, and the coefficients of

determination (R* values) for each curve fit are listed in Table 5.2.1.
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Table 5.2.1 Curve fit Coefficients and R’ Values for Eq. (5.2.1) and Figures 5.2.1 and

5.2.2 (¢—Rey, variation)

Experimental phases and test

- Re, Cs (Watt) Cs R
conditions

Phase-I: Air Cooling 10000 493 0.074 0.97

(T,; and T,,; maintained constant) 19800 148 0.268 0.94
27300 159 0.292 0.96

33200 176 0.283 0.99

Phase—II: Air Heating 10600 514 -0.010 0.02*
20600 308 0.111 0.70

(7,; and T,,; maintained constant) 30200 253 0.151 0.85
33500 233 0.168 0.77

* This lower R-squared value is due to non-changing g with respect to Re,,.
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Figure 5.2.1 Change of g with Re,, for different Re, (Phase-I: Air-cooling Test)
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Figure 5.2.2 Change of ¢ with Re,, for different Re, (Phase-II: Air-heating Test)

In general, the g increases with the increase of both Rey, and Re, for both cooling
and heating tests, which is expected. The increase in ¢ with increasing Rey, is slow
compared to the increase in g with increasing Re,. This trend shows that the increase in ¢
is greatly dominated by the Re,. The increase in g with respect to Re, is clearly portrayed
by the changing values of Cs and Cq. The effects of Re, on g are discussed in greater
details in Subsection 5.1.1. Corresponding to four different Re,, Figures 5.2.1 shows the
variation of ¢ with Rey, in the range 1100 < Rey < 3500 and Figure 5.2.2 shows the
variation in the range 1500 < Re,, < 7300.

The nature of the variation of g with Re,, was found to be the same for all the
ranges of Rey, as seen in Figures 5.2.1 and 5.2.2. The q/Re,, ratio and hence the increase

in g per unit increase in Rey, dg/dRey, decreases with increasing Rey,. This is consistent
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with the power law effect of Re on ¢, that is, the effect of Re diminishes at large Re. The

Aq ratio is almost constant for different Re,, but the Ag

q ARe,,

ratio for any given Re, is

smaller for smaller Re,. Since the total thermal resistance Ry, is larger for smaller Re,, the
q and hence the Aq are smaller for smaller Re,.

For a given Re,, it is seen that the value of ¢ significantly increases with
increasing Re, in the range 10000 < Re, < 27300 in Figure 5.2.1 and in the range
10600 < Re, <30200 in Figure 5.2.1 after that the g is less influenced by the change of
Re,. This can be clearly seen by the closeness of the g-Rey curves in the range
27300 <Re, <33200 (Figure 5.2.1) and in the range 30200 < Re, < 33500 (Figure 5.2.2).
This is may be due to the perturbation of boundary layer with increasing Re, in the lower
range of Re,, which is described in Section 5.1.1. On the other hand, for a given Re,, ¢
was less influenced by the change of Rey, in the range 5300 < Re,, < 7300 for the air-
heating test (Figure 5.2.2). This slow down of ¢ is due to the restrictions of the total
thermal resistance Ryp,. The Ry w in the range 5300 < Re,, < 7300 was found to be smaller
compared to Re,, less than 5300, nevertheless any further increase in ¢ through increasing
Re,, was restricted by the higher Ry ,. There were some scatters in data attributable to the
experimental error, which are within the estimated uncertainty as shown by the error bars

in respective figures.
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5.2.2 Effect of Reynolds number on Nusselt number (Nuy, — Rey, relationship)

The waterside Nusselt number (Nu,) was deduced using Eq. (4.5.13). The
average Nu,, values with respect to Re, corresponding to different Re,, are given in
Tables B.1 and B.2 in Appendix B. The estimated uncertainty for Nu,, varied from 4.5 to
13.5% in all the experiment phases. To observe the variation of Nu,, with Re,, Nuy, as a
function of Re,, are plotted in Figures 5.2.3 and 5.2.4 corresponding to four different Re,.
Several curve fits have been examined and the power law fit in the following form was

found to cover data better than others with reasonably high R? values,

Nu,, =C; ReS? in the range 1100 < Re, < 7300, (5.2.2)

where C3; and C, are the curve fit coefficients, which in addition to the respective

coefficients of determination (R? values), are tabulated in Table 5.2.2.

Table 5.2.2 Curve fit Coefficients and R’ Values for Eq. (5.2.2) and Figures 5.2.3 and
5.2.4 (Nuy—Re,, variation)

Experimental phases and test

Re, G GCs R’
conditions
10000 1.636 0.206 0.98
Phase-I: Air Cooling 19800 0.919 0.286 0.93
: 27300 0.477 0.381 0.99
(T4 and Ty, ; maintained constant) 33200 0.529 0.365 0.99
10600 1.366 0.233 0.82
Phase—II: Air Heating 20600 0.824 0.296 0.96
(T, and T\, ; maintained constant) 30200 0.984 0.275 0.87
33500 1.446 0.224 0.84
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Figure 5.2.3 Change of Nu,, with Rey, for given Re, (Phase-I: Air-cooling Test)
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Figure 5.2.4 Change of Nuy, with Re,, for given Re, (Phase-II: Air-heating Test)
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Two representative cases, one for cooling (Phase-I) and the other for the heating
(Phase-II) test, are presented here. Figure 5.2.3 shows the variation of Nu,, with Rey, in
the range 1100 < Rey, <3500 and Figure 5.2.4 in the range 1500 < Rey < 7300. The trend
of the variation of Nuy, with Rey, is found to be similar for both cooling and heating tests
for all the Rey, investigated. That means, except for the few scatter data, for a given Re,,
the Nuy, increased with the increase of Re,,.

From Figures 5.2.3 and 5.2.4 and Table B.2, it is seen that as Re, increases, the
dg/dRe,, and dNu,/dRey, also change. For a given Re,, the dg/dRe,, ratio is large at low
Re, where 7, is much lesser than A,. That is, at Re, ~ 10000 for cooling test: /, ~ 84 as
compared to Ay =~ 391 and at Re, » 10600 for heating test: 4, ~ 93 as compared to
hy = 523. On the other hand, for the larger Re,, the dg/dRe,, ratio is relatively smaller and
h, is relatively closer to A. For example for cooling test at Re, ~ 33000, 4, ~ 183 as
compared to Ay ~ 426 and for heating test at Re, ~ 33500, A, ~ 182 as compared to
hy, = 426.

For cooling test in Figure 5.2.3, the negligible effect of Re, is observed in the
range 1100 < Re,, < 1800 whereas for Re,, > 2600 much scatter is found, possibly due to
the instability in the water flow. It is also noticed that for Re > 20000 the Nuy-Rey
relation is not affected by Re,. On the other hand, for air heating test in Figure 5.2.4, the
negligible effect of Re, is observed in the range 1500 < Rey < 3400 whereas for
Rey, > 5300 many scatters are found, possibly due to instability in the water flow. These
scatters in data are however within the expected uncertainty, which are shown in

respective error bars in each of Figures 5.2.3 and 5.2.4.
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Although the water mass flow rate was kept similar for both cooling and heating,
in the analysis, in heating test a higher Nuy, (approximately by 20% higher than cooling
tests) is found depending on the Re,, investigated. This higher heat transfer may have
been attributed to the nature of the boundary layers, because hot water inside the tube
possibly may have an unstable boundary layer causing the heat transfer to increasé. As
far as the variation of heat transfer due to the variation of fluid property is concerned, it is
the viscosity at waterside that plays the major role. In heating test, the waterside bulk
temperature was higher and hence the viscosity was smaller compared to the cooling test.
For this reason, for a given water mass flow rate, the value of Re,, was higher in air
heating than in air cooling test, causing the flow to become more turbulent and hence the
increased heat transfers in heating test. Even in the same range of Rey, the heat transfer
was higher in heating process, which may have been attributed by the nature of

development of the thermal over velocity boundary layer.
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Figure 5.2.5 Nuy—Re,—Pry, relationships for air cooling and heating (Error bars shown)
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For the determination of Nuy-Rey, relationship in Eq. (5.2.2) and plotting them in
Figures 5.2.3 and 5.2.4, the Prandtl effect was not included. As the waterside bulk
temperature, 7y, varied between 5.5 and 38°C during the tests, the Prandtl number also
considerably varied, i.e. from 4.5 to 11. This variation was taken into account by
introducing the Pry in the Nuy-Re,, relationship. As shown in Figure 5.2.5, wifh the
inclusion of Prandtl effects (Pry), the overall average Nuy-Re, correlations were

obtained for both cooling and heating in light of Eq. (4.4.5) in Section 4.4 as follows

) .
Nu,, =0.60 Regv-2451>rv? , for 1100 < Re, < 3500 (Cooling the Air), (5.2.3)
and
5
Nu,, =0.76Re%243 Pr;3 | for 1500 < Re, < 7300 (Heating the Air). (524

The results were compared with other available similar studies as described in

subsection 5.2.3 and as shown in Figure 5.2.6.

5.2.3 Comparison of Current Nu,—Re,~Pr,, Correlations with other Studies

The waterside Reynolds number investigated was in the range 1100 < Re,, < 7300,
which indicates that the flow was both in the laminar, transition and turbulent regimes. In
addition to this, the tube bends, flow fluctuations from supply line and structural
vibration might have added some extra turbulence in the flow. In reality the flow
probably was neither fully developed laminar nor fully developed turbulent one. To
check this, experimentally obtained current correlations are compared in Figure 5.2.6
with other available similar studies and correlations that relate the Nusselt number with

Reynolds number. These correlations can be very useful in determining the Nusselt
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number for flow inside a tube, especially when the tube surface temperature is not known
or difficult to quantify.
One such correlation proposed by Sieder and Tate (1936) for laminar flow inside
a single straight circular tube at average tube surface temperature is
%
Re,, Pr, o
. =186 ( i J , for 0.48 < Pr,, < 16700,

My
/)hl ’

where 4, ;s is taken at the tube surface temperature. The use of the above equation was

(5.2.5a)

v
X

recommended by Whitaker (1972) for X > 2. In current experiment X was always greater
than 2 and the waterside Prandtl number ranged from 4.5 to 11. For non-circular cross
section, the hydraulic diameter, Dy; is used in Eq. (5.2.5a). By introducing other

parameters and conditions from the present experiment, Eq. (5.2.5a) can be modified to

|}
Nu,, =0.28Ref312 Prvé , for 4.5 < Pr, < 11 and 1100 < Re,, < 7300. (5.2.5b)

This correlation leads to results, which though slightly lower, are quantitatively and
qualitatively in satisfactory agreement with current results as shown in Figure 5.2.6.
Another correlation for fully developed laminar flow inside smooth straight
circular duct under constant wall heat flux proposed by Shah and London (1978) and
Shah and Bhatti (1987) (for Y > 100) is
%
Re, Pr, D, ;

Nu,, =|1.953 ————L——— . (5.2.6a)

t
—_—
Y
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Figure 5.2.6 Comparison of current Nuy~Re,—Pry, relationship with other correlations

Employing the conditions and parameters from the present experiment,

Eq. (5.2.6a) can be re-written as

1
Nu,, =0.25Ref32 Pr‘é , for 4.5 <Pr,, <11 and 1100 < Re,, < 7300. (5.2.6b)

For the current study, Y values were less than 100. Nevertheless, results predicted using
this correlation agreed reasonably well with the current values.

For the case of fully developed turbulent flow inside circular tube under constant
heat flux condition, Gnielinski (1976) recommended a correlation for the range of

2300 < Rey, < 10000 under constant heat flux condition as follows,
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(f /2)(Re,,—~1000) Pr,,

Nu .
1+12.7(f12)2Pr, B —1)

w = (5.2.7a)
The pipe friction factor in Eq. (5.2.7a) is evaluated from the following relation as cited by

Sadik and Hongtan (2002):

f=(158InRe, -3.28) (5.2.7b)

Sadik and Hongtan also mentioned that the effect of thermal boundary conditions can be
neglected in turbulent forced convection and Eq. (5.2.7a) can be used for both constant
wall heat flux and constant wall surface temperature conditions. Like before, under the

current experimental conditions, Eq. (5.2.7a), could be reduced to

1
Nu,, =0.0025Rel} Prvé , for 4.5 < Pry, < 11 and 1100 < Re,, < 7300. (5.2.7¢)

From Figure 5.2.6, it is clear that Gnielinski’s correlation for turbulent flow highly over-
predicted the waterside Nusselt number in contrast to the current experimental results.
This is expected, because turbulence lowers the thermal resistance and hence increases
Nu and dNu/dRe is much larger for turbulent flow.

In terms of both qualitative and quantitative comparison, the current experimental
results agreed well with the correlations proposed by Sieder and Tate (1936), Shah and
London (1978), and Shah and Bhatti (1987) but not with the correlation of Gnielinski
(1976). The present Nu, values are somewhat higher, which is expected because in
addition to the flow itself the flow was also disturbed by tube bends (similar to the effect
made by tube entrance). However, it is obvious that the Reynolds number is a key factor

to the heat transfer for the waterside too.
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6. CONCLUSIONS AND RECOMMENDATIONS

Cooling and heating heat transfers of air flowing over an elliptical tube array heat
exchanger were studied experimentally to investigate the effect of Reynolds number on
Nusselt number. The cross flow heat transfer experiments, divided into four phases, were
conducted in a closed-loop thermal wind tunnel, where air was flowing over the surface
of the tube array and water was passing through inside of the tube array.

Two types of temperature loadings were applied. In first two phases (Phase - I and
Phase - II), the inlet temperatures of the approach air and the entering water were
maintained constant. In details they were Tpi~ 41.5+1.5°C and Tyi~ 6.5£1.0°C in
Phase - I (air-cooling) and Tyi~ 17.5t£1.5°C and T,,; ~ 38.8+0.8°C in Phase - II (air
heating) respectively. In the other two phases, Phase - III (air-cooling) and Phase - IV (air
heating), the temperature difference between the approach air and the entering water was
kept constant at AT, = 15.7+1.5°C. The inner hydraulic diameter and the mean flow
velocity of water inside the tube were used to determine the waterside Reynolds number
(Rey), and Nusselt number (Nuy) while that of the streamwise outer major axis length of
the tube and mean free stream air velocity at the test section inlet were used to estimate
the airside Reynolds number (Re,) and Nusselt number (Nu,). The airside Reynolds
numbers investigated were in the range 10000 < Re, <36000 for all the experimental
phases. The investigated waterside Reynolds number, on the other hand, was in the range
1100 < Rey, < 7300 in Phase - I and Phase - II, and in the range 3300 < Rey < 7100 in
Phase - III and Phase - IV. From the experimental and analytical observations, the

following conclusions and recommendations are summarized from current study.
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6.1 Conclusions

As the main objective of the current study was to investigate the Nu,-Re,
relationship, the conclusions from the current study for airside analyses are presented

below.

Airside Analysis

e Overall, the Reynolds number was found to be the key factor affecting the heat
transfer mechanism. The Re, dominated the increase in Nu,. Also, the airside thermal
resistance was found to be much higher, i.e. between 83 and 95% of the total thermal

resistance, which dictated the overall heat transfer.

e The heat transfer rate (¢) increased with increasing Re, in a power law relationship
and the increment was relatively faster at lower Re, in the range 10000 < Re, < 20000
and slower afterwards up to Re, = 36000. Increase in g with increasing Re, was larger
compared to the increase in g with increasing Re,,. Although the g-Re, relationship was
somewhat influenced by Re,, especially in the lower range of Re,, it was however less

affected by Rey, in the higher range of Rey,.

o The Nu, invariably increased with increasing Re, and the variation followed a power
law relationship over the range and conditions considered. Expectedly, the Nu,-Re,
relationship was found to be nearly independent of Re, because of the higher airside

thermal resistance.

e The direction of heat flow (i.e. the air cooling over heating) appeared to influence the

Nu, slightly. That means, for a given Re,, the Nu, was a little higher in air heating than in
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cooling process over the range of Re, investigated. However, within the experimental
limitations énd the estimated uncertainty; the difference of heat transfer between air-
cooling and air heating tests could not be concluded. Thus, from all the tests, with
negligible influence of Rey, an overall unified Nu, versus Re, correlation was obtained in

the presence of Pr, as follows

Nu, = 0.263 Re®* Pr/? for 10000 < Re, < 36000. (5.1.5)

The correlation indicates that the incremental change in Nu, per unit change in Re,
decreases with increasing Re, and this diminishing trend is consistent with the power law

relationship between Nu, and Re,.

e The current idealized experiment satisfactorily agreed with the qualitative results
found in the literatures except a few scatters in data, which in most cases were within the
estimated experimental uncertainties. Quantitatively current results predicted a higher
Nu,, which is expected because the results reported here are based on a very specific set
of conditions tested, e.g. a relatively lower axis ratio, an array of tubes instead of a single

cylinder and a unique characteristic length used to determine the Re and Nu.

o The dimensionless airflow pressure drop (Cpress) across the tube array decreased with
increasing Re, and remained almost constant at 0.54 (for the whole array) and at 0.19 (for
a single tube in the array) in the range 20000 < Re, < 36000. The Cpress was found to vary
with Re, in an inverse power law manner. Within the experimental constraints, set
conditions, and the locations of the pressure drop measuring taps used, the Cprss-Re,

correlations were obtained in the range 20000 < Re, < 36000 as follows
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7.70
Coressamay = R0 (Case-I: for whole array), (5.1.8)
and
2.70 . .
C . = —= (Case-II: for a single tube in the array). (5.1.9)

Tess 0.263
P Re,

The Cpress-Rea was compared with available literatures and very good qualitative and

quantitative agreement was noticed.

Waterside Analysis
While the main focus of current study was on airside heat transfer characteristics,
the analysis of waterside is also of interest. Thus, within the experimental set conditions

and limitations, the following conclusions for waterside are summarized below.

e The Reynolds number was found to be the key factor influencing the heat transfer at
waterside as well. Waterside thermal resistance was found to be relatively smaller i.e.

between 5 and 17% of the total thermal resistance.

o The heat transfer rate (g) increased with increasing Rey, in a power manner. That is,
the increase in g per unit increase in Re,, decreased with increasing Re,,. This diminishing
effect is consistent with the power law relationship between g and Re,. The increase in ¢
with increasing Rey, could be observed to be significant in the lower range of Re,, and
slow in the higher range of Rey, which is expected because the airside thermal resistance

(R ) is higher and that it does not increase with increasing Re,,.
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e The Nuy, increased with increasing Rey, in a power law relationship over the range of
conditions considered. The Nuy-Re,, relationship was less influenced by Re, in the lower
range of Rey, i.e. 1100 < Rey, < 1800 for air cooling and 1800 < Re,, < 3400 for air
heating. Unlike the airside, the direction of heat flow (i.e. the air cooling over heating)
clearly influenced the Nuy,. That means, for a given Rey, the Nu,, is always higher in air
heating (approximately by 20%) than in air cooling process over the range of Re,
considered. The inclusion of Prandtl effect (Pry) somewhat minimized the Nuy-Rey
relational differences between the air-cooling and air-heating tests but did not diminish.
Thus, introducing the Pry, the following Nuw-Rey relationships for air-cooling and air-

heating processes were obtained separately in the form,

Nu,, =0.60 Re’** Prv% (air cooling for 1100 < Re,, < 3500), (5.2.3)

and

Nu,, =0.76Re%** Prw% , (air heating for 1500 < Rey, < 7300). (5.2.4)

e Although predicted somewhat higher Nuy, the current result satisfactorily agreed with

the results found in the literature.

o There were some scatters in data; however, in most cases they were found to be

within the estimated experimental uncertainties.

6.2 Recommendations
The observations from the current study might help carrying forward further study

and work in this subject area. The obtained correlations may be useful in real field

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

applications, where the heat exchanger configuration and the set operating conditions are
similar to that of the current study. Nevertheless, present result can be verified and
improved by further study with a broad spectrum of internal and external flow regimes
and heat transfer conditions and by changing the shape, orientation, and spacing of the
tubes in the array.

The current study can further be extended in at least the following ways, which

the author strongly believes and recommends to be worthy are:

o Comparison of current results with those of the circular ones within the

similar set conditions,

o Investigation of the current in-line single array heat exchanger by introducing

fins,

o Numerical investigation using current geometric configuration, parameters,

and the set operating conditions, and

o Use of a long pipe at the waterside inlet to eliminate the entrance effect on the

experimental results.

If the existing experimental facility has to be used in further any such study, the
following replacements and/or addition to the test rig are sincerely recommended, which
the author believes will greatly help the experimenter to carryout efficient experimental
works as well as will help improve the experimental results through the data collection

accuracy.
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1.  Replacement of the current bucket-stopwatch-balance method for measuring
water mass flow rate with any easily controllable device such as a flow

meter or a mass flow controller,

2. Building of water supply and reservoir system, which is capable of

controlling and supplying smooth water flow with a variety of temperature,
3.  Replacement of the thermocouples with RTDs,

4. Installation of hot-wire anemometer or digital Pitot static tube (with

traversing mechanism) for air velocity measurement,

5. Arrange a pressure measuring device to measure the absolute and

differential pressures inside the test section,

6. Making sufficient pressure taps in the test chamber to measure the airflow

pressure drop at a variety of locations,

7.  Addition of a humidity sensor capable of controlling and monitoring the

airside humidity inside the test section, and finally

8. Introduction of a data acquisition system for automated data collection for

most of the associated parameters.

It is noted here that among the above-recommended experimental facilities, item 3

and 8 are already acquired, which can be used in any future studies on this area.
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APPENDIX - A:  UNCERTAINTY ANALYSES AND ERROR ESTIMATIONS

An experimental investigation and the subsequent analyses may involve several
parameters of various kinds. The experimental errors may originate from many sources,
which influence each of the measured independent parameter. The errors from individual
and independent parameters then propagate into the dependent parameters and finally
into the end results according to the parametric relationships involved in the analysis.
Each of the error sources may have two components, one is the bias and the other is the
precision. For identifying the error limits, different assumptions and considerations were
made and some logics and judgments were applied depending on the overall experimental
situation. The issues were dealt in light of the ASME Journal of Heat Transfer Editorial
(1993) and by consulting some other notable works on experimental uncertainty
including Kline and McClintock (1953), Abernethy et al. (1985), Kline (1985), Lassahn
(1985), Moffat (1985), Coleman and Steele (1989), and the ASME Journal of Fluids

Engineering Editorial (1991).

A.1. Procedures of Addressing Uncertainty Issues

In current study, two kinds of key parameters were identified one is the
independent and the other is the dependent parameters. The independent parameters are
the basic fundamental parameters that were measured directly using instruments before or
during the experimental runs. In this study, these were generally the basic dimensions of
the tubes and the array such as 2a, 2b, a, b, L, and St and the basic experimental variables
such as T, AT, p, Ap, m,, and t. The dependent parameters, on the other hand are
functions of the independent parameters and/or the thermophysical properties. The

dependent parameters were not be measured directly. They could be calculated from the
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measured independent parameters according to their functional relationships. The
dependent parameters in current study were the dimensions of the elliptical tubes (i.e. L,
A, P, Dy, and Ay), and the experimental variables (i.e. Tta, Twp, 7, g, h, V, Ap, Cpress, NU,
Re, Pretc.).

For the independent parameters that were directly measured from single sample
measurements, the various bias (B) and precision (P) errors were calculated by using the

root sum square (RSS) method as follows:

B=4+B>2+By% + oo +B2, (A.L1)

and

P=4P?+P% o +P2, (A.12)

where, x = total number of error sources. The combined 95% confidence uncertainty (U)
of all the errors were estimated by joining the individual elemental errors according to the

following relation

U=+VB*+P". (A13)

To find out the 0™ order and also the 1% order uncertainty, the instruments’ resolution and
accuracy were considered as the bias errors and from the known and judged sources of
information other associated error components (both bias and precision) were quantified.
For the independent parameters, which were directly measured as multiple sample
measurements (i.e. the population is more than one); the bias errors (B) were taken to be

the same as single measurement but the precision errors (P) at 95% confidence limit were

calculated from statistical method using the standard deviation of the sample mean (SE)

and z-distribution value as Pr; = (f5_1,95¢,)(S7) -
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For the dependent parameters that were calculated from measured independent
parameters, their uncertainties (U) were estimated by following the root sum square
(RSS) method based on their functional relationships. Let us assume a dependent
parameter, H, which is a function of other independent parameters such as Hy, H,, Hs ...

etc. Then their relationship can be represented by,
H = f(Hy, Hy, Hj......) (A.1.4)

and the absolute uncertainty can be estimated as,

on . Y (ou . Y (o, Y
UH: (SI{TUHIJ +[§I—1—2UHZJ +[a—fi—3—UH3j T o ’ (AIS)

O0H oH oH
OH, 0H, 0H;

where the partial derivatives ( ..... ) are derived from the functional

relationship as given in Eq. (A.1.4) and the uncertainties of the independent parameters

U H Uy . U Hs> ...) are obtained from Eq. (A.1.3). As the uncertainty for any parameter,

H, is generally represented by H + Uy, for clarity the sign for estimating uncertainty of
the individual parameter is ignored in the analysis. The relative uncertainty is generally

estimated as follows,

NTH —U ——Ug. | +eereenn
Uy =\/(3H1 UHIJ +(3H2 H"J +(8H3 ”J * (A.1.6)

H f(H{, Hy, Hy.......)

In the current study, there were as many as 48 individual experimental runs. The
uncertainty analysis for each test case, for all the parameters involved in the experiment,
was carried out explicitly and independently. However, without any preference, the
sample uncertainty calculations of one typical run for air heating test was chosen to
present in this thesis. The data of the typical run is given in Table A.1.1. The sample

parametric calculations are presented below at the end of each subsection.
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Table A.1.1 Sample Data for Air-heating test (T ;> Ts > Ty;) — Measured and
Calculated Values (Operating conditions: r,, = 0.06 kg/s and V, = 9 m/s)

Parameters Mean value Parameters Mean value Parameters Mean value
Tai 6.97 °C AParray 181.00 Pa Pr,, 6.45
Too 7.52°C Cress 0.2073 Ve, 0.3382 m/s

T, — T 0.55 °C my, 18.7674 kg Re,, 4232
Tyo 19.52°C 7 293.10 sec qw 562.67 W
Tra 13.25 °C iy, 0.0641 kg/s a2 559.40 W

T a,max 14.09 °C Twi 24.10 °C q 561.04 W
Tt a.min 12.64 °C Too 22.00 °C hy 116'23 0
’ W/m*°C

Teo —Tai  1255°C  Ty;-Ty,  2.10°C Nu, 150
Cpa  1006.55J/kg°C  Typ 23.05 °C hy 443 Wim*C
— 0.02463
k, W/meC w,b,max 23.10°C Nu, 8.31
0a 1.2326 kg/m* T bmin 23.00 °C Teol 21.03 °C
— 1.455x 107 —

vV, o Ty; 19.53 °C Ti0.2 19.90 °C
Pr, 0.7328 Top ~Tsi 3.52°C Too3 19.80 °C
AP itor 48.50 Pa Cow  4183.031/kg°C  Tyo4 19.65 °C
Vv, 8.92 m/s ky 060383 W/m°C Tyos 18.95 °C
Re, 19292 Ow 997.55 kg/m’ Toos 18.90 °C
N 1.011 kg/s Ve 9'33;2’;10-7 Toor 18.40 °C
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A.2. Instrumental and Measurements’ Uncertainties — Independent Parameters
Each of the instruments used in the study and the related individual measurements
have errors associated with them. The way of addressing these errors are described in the

following sections and subsections.

A.2.1. Measurement Uncertainties — Basic Independent Geometric Dimensions of

the Tubes and the Array (H = 2a;, 2b;, 2a,, 2b, St, or L)

All the dimensions of the elliptical tubes were measured for 18 populations using
a DiGIMATIC 500-321 digital caliper. The caliper has an instrumental error (i.e. the
accuracy) of Baccuracy = Br= 0.0254 mm = 0.0000254 m and an instrumental zero-order
bias limit (i.e. the resolution) of Bresolution = Bo = 0.0127 mm = 0.0000127 m. According to
Eq. (A.1.1), the total 0™ order bias error, which is fixed for other dimensional

measurements in this series, was estimated to be,
B = Bimension =V B + B =2.8398x10” mm =2.8398x10° m (A2.1)

For each of the tubes, three to four repeated measurements were taken for every

dimension and the data was recorded according to Eq. (A.2.2), where H is any parameter.

n
Hj= 1 > H; , where n =3 to 4 repeated measurements and j=1 ... 18. (A.2.2)
Ri=1

The measured dimensions are tabulated in Table A.2.1. The sample mean ( E) and the

sample standard deviation (S ) of total 18 similar tubes were calculated as,

—_ N
H= —]1\7 > H i where N = sample size or the total population = 18, (A.2.3)

=1
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and

Sy =5 (m —E)z (A2.4)
H N _ 1 j=1 _] . ke
The standard deviation of the mean (S5 for the sample was deduced using the

following relation,

S———EH— A25
7=y (A.2.5)

Table A.2.1 Tubes’ independent dimensions, H, as measured by the digital Caliper

Inner sides of the tubes Outer sides of the tubes Tube-to-tube Spanwise
_ . each tube
Major Axis, Minor Axis, Major Axis, Minor Axis, §ap/81133<3:mg, length, L

2a;x 10° (m) 2b; x 10° (m) 24, x 10° (m) 25, x 10> (m) ST X 10° (M) x 10° (m)
29.98 7.68 31.66 9.50 6.14 304.20
29.60 8.05 31.62 9.58 6.32 304.00
29.53 8.08 31.73 9.74 6.58 303.80
29.68 8.18 31.48 9.67 6.41 303.50
30.00 7.83 31.42 9.62 6.40 302.00
29.73 7.50 31.68 9.56 6.42 303.00
29.88 8.06 31.60 9.78 6.37 300.50
29.66 7.85 31.65 9.62 6.26 302.80
29.50 7.64 31.78 9.67 6.31 303.90
29.60 8.12 31.63 9.64 6.22 301.60
29.93 8.16 31.60 9.76 6.34 300.80
29.99 7.85 31.72 9.60 6.30 304.10
30.10 7.55 31.52 9.48 6.20 304.30
30.05 7.80 31.64 9.52 6.25 303.80
29.95 7.90 31.75 9.50 6.45 302.00
29.97 7.66 31.70 9.70 6.34 301.40
29.85 7.78 31.58 9.68 6.52 302.50
29.67 7.60 31.74 9.55 6.28 300.90
29.82* 7.85% 31.64* 9.62%* 6.34* 302.73*

* Mean value of the sample, i.e. H
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Now using the student-t distribution at 95% confidence interval for N-1 degrees of

freedom, the overall precision error limits, Pgimension fOr all the dimensions were

accounted as,
(A.2.6)

Pr = Piimension = {(N-1), 95% S

The overall uncertainties (absolute and relative) in dimensional measurements of

the elliptical tubes and the array were calculated from the following relation
(A.2.7a)

\/( E)Z + (P— )2 m, (absolute uncertainty),

Uﬁ = U gimension =% H

and
2 2
U= U, . B— P
_H dimension _ _+ || .| 4| | (relative uncertainty). (A.2.7b)
H  mean dimension H H
SAMPLE CALCULATION - Uncertainty in Tube Outer Major Axis (H = 2a,):

A sample calculation process is presented here for the overall uncertainty in the

measurement of tube major axis length at outer side, 2a,. For the measurement of this

dimension, the followings were calculated:
The bias error limit (Eq. A.2.1), which was fixed for all other dimensional

measurements:
By =B; - = JB? +B2 =2.8398x102 mm=2.84x10" m. (A2.8)
The sample mean, H = Ea_o (Eq. A.2.3):
18
(A.2.9)

z (2a,); =31.64x10° m
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The standard deviation of the sample, Sy = §,, (Eq. A.2.4):

T 2 1 18 2 S
Sy =S, = F_—lg((%zo)j —2a0) = m;((zao)j -—2a0) =963x10°m.  (A.2.10)
j= j=

The standard deviation of the sample mean, Sﬁ =S Y (Eq. A.2.5):
(0]
S -5
S = S5 =2 L 2O XI07 ) 595105 m. (A2.11)
% N V18

For N -1 =18 - 1 = 17 degrees of freedom, the t-distribution value at 95%

confidence interval could be taken to be 2.11 (Coleman and Steele 1989). Thus the

overall mean precision error limits, PE = Pz—a— , was calculated by,
(8}

Py = Py = 117,059, S35 = 2.11x (2.27 10°)=4.79x10"m. (A.2.12)

The overall uncertainties in the measurement of tubes’ mean outer major axis

length was estimated using Eq. (A.2.7) and values from Eqgs. (A.2.8), (A.2.9), and

U+ (%) =Uz— (%) =
7 (%) = Uz, (%) [2%

(A.2.12) as,
B N i AN L AN _ -5
Uy =Uss = \/(Bz%)z + (P27)2 =5.58%105m, (A.2.13a)
in absolute value, or
2 2
U- Ui B~ P—
H 26 24 24 =1.76x107, (A.2.13b)
H  2a, 2a, 2a,
in relative term or
24 ]x 100 = (1.76 x107 )x 100=0.18 % , (A.2.13¢c)

in percentile form.
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The overall measurement uncertainties of the other basic and independent
dimensions of the tubes and the array such as H = 2a;, a;, 2by, b, a,, 2b,, by, St, and L;
whose calculations are not presented here; were estimated in the same way and are listed

in Table A.2.2.

Table A.2.2 Uncertainties in Tubes’ Basic Independent Dimensions (measured)

Mean Precision Absolute Relative (%)
Tubes’ Dimensional Value, Bias En;or, Error, Uncertainty, Uncertainty
Parameters 7 x10°m By x10"m Pﬁxlos m Uﬁxlos m U%XIOO

Major Axis, 2q; 29.82 2.84 9.60 10.01 0.34
é Semi-major Axis, a; 14.91 2.84 4.80 5.58 0.37
g Minor Axis, 2b; 7.85 2.84 10.85 11.22 1.43
Semi-minor axis, b; 3.92 2.84 543 6.12 1.56
Major Axis, 2a, 31.64 2.84 4.79 5.57 0.18
-'j’-; Semi-major Axis, a, 15.82 2.84 2.39 3.71 0.23
j“g Minor Axis, 2b, 9.62 2.84 4.58 5.39 0.56
© Semi-minor axis, b, 4.81 2.84 2.29 3.65 0.76
Tube-to-tube gap, St 6.34 2.84 5.57 6.25 0.99
Length of a single tube, L 302.73 2.84 64.57 64.63 0.21

A.2.2. Measurement Uncertainties — Airside Pressure Differences (H = Appit,t and

AP array)

The dynamic pressure (Appior) at the test section inlet by means of a Pitot static
tube and the airflow pressure drop (Aparay) across the tube array were measured to be the

fundamental independent parameters to the calculations of the air velocity (V,) and the

airflow pressure coefficient (Cpress). In both the measurements, a digital manometer
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(Dwyer series 475 Mark III) was used, which measures pressures directly in Pa. The
manometer has an accuracy of +1.5% of the reading in Pa, giving an instrumental error of
Baccuracy = Br = 1.5% of Appitr = 0.015 Appicor. In absence of the resolution, this

instrumental error could be considered to be the total O™ order bias error

By o = Bunanometr =V BY + B3 =/BF +0 =B, =0015Apy0 Pa.  (A2.14)

Due to different physical settings of the above two measurements, the associated bias (B)
and the precision (P) errors, and hence the uncertainty (U) were estimated separately as

described in the following sections.

Uncertainty in the Airside Dynamic Pressure at the Test section Inlet (H = Apjo ):

The Pitot-static tube has to be right-alligned for accurate measurement. Practically
this may not be the case always, and in such situations some misalignment errors should

be considered. To account for this error, an installation bias error of +1% of the measured

Apyitor Was introduced (Coleman and Steele 1989) leading to a 1* order bias error of
B'i]—’l = Binstallation = 0.01 Appitot Pa. (A.2.15)

From Egs. (A.2.14) and (A.2.15), the total bias errors for this measurement were

estimated to be,

2 2 2 2
By = BAPpitot B Bﬁ,o + Bﬁ’l - \/Bmanometer+ Binstatain =0.01803Appiiy Pa.  (A.2.16)

Based on the responses of the last digit of the manometer, a digital error (response
of last digit) of Pgig = 0.5 Pa was introduced as a precision error. In addition to this, a

readability error of Preaging = £1 Pa was considered as a precision error. Thus the total

precision errors were estimated as
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Py =Py = VPRt + Plhing =05+ (D) =1.12 Pa. (A2.17)

The overall uncertainty in Appi,x measurement was estimated from Eq. (A.2.16)

and (A.2.17) as

U-=U :\/32 + P2 =\/(O.01803Appimt)2+1.25 Pa. (A.2.18a)

H Appitor Appitot Appitor

SAMPLE CALCULATION - Example experimental data Table A.1.1 (H = Appitot):

For the mean airflow dynamic pressure at the test section inlet,

Appitor = 48.50 Pa, the absolute uncertainty were calculated from Eq. (A.2.18a) as

Uz =U = (0.01803 x 4850 +1.25 =142 Pa, (A.2.18b)

Ap pitot

and the relative uncertainty as

Ui  Uopm 14194

H Appitot 48 50

= 0.0293 =2.93%. (A.2.18c)

Uncertainty in Airflow Pressure Difference across the Tube Array (H = Apyq,, )2
Based on measurement settings, the connecting tubes between the manometer and
the pressure measuring taps were needed to open and refix several times during
measurements, which may cause some error in instrumental readings. A tube fixation bias
error of £1% of the measured Ap.ray Was introduced to account for this error, giving a 1%

order bias error of
Bﬁ,l = Biybe fixation = O'OIAparray Pa. (A.2.19)

From Eqgs. (A.2.14) and (A.2.19), the total bias errors for this measurement were

estimated to be,
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2 2
B'ﬁ =B AParray = \/Bmanometer + Bive fixation = 0-01803 Aparray Pa. (A.2.20)

In this measurement, the readings of Apary were fluctuating especially in the
lower range of air velocity. The digital error (response of last digit) of the manometer, as
explained above in the Appix measurement section, is thus suppressed by this fluctuating
nature of Apamy readings. Thus an unsteadiness error of 5 Pa was considered as a
precision error rather than the digital error. In addition to this, a readability error of
Preading = 1 Pa, including the effect of the pressure tap locations, was also considered as a

precision error. Thus the total precision error was estimated to be

Pp=Fp—= \/ Plhctuation + Proading =V(9)? +(D? =5.10 Pa. (A.2.21)
array

The overall uncertainty in Apa;.y measurement was estimated from Eq. (A.2.20)

and (A.2.21) as

B ) 2 _ 2
Uy =Ugs =B + P _J(o.01803Apmay) +26 Pa. (A.2.222)

SAMPLE CALCULATION - Example experimental data Table A.1.1 (H = Aparray):

For the mean airflow pressure difference across the tube array,

AP array =181.00 Pa, the absolute uncertainty was calculated from Eq. (A.2.222) as

U= = U =+/(0.01803 x 181)* +26 =6.05 Pa, (A.2.22b)

H AParray

and the relative uncertainty as

U+ Um
Ay 605392 haay 3349, (A.2.22¢)
H  Apumy 18100
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A.2.3. Measurement Uncertainties — Temperatures (H = T and AT)

As mentioned in subsection 3.4.1, all the temperatures were measured using a
hand-held OMEGA HHS506R digital thermometer and type-T thermocouples. The
thermometer has an accuracy of +(0.05% of the reading + 0.2)°C and a resolution of

0.05°C. Each of the thermocouple probes has an accuracy of £1°C and a resolution of

0.025°C. The total elemental errors originating from the thermometer as well as from the

thermocouples were considered separately as described below.

Errors associated with the digital thermometer alone:

The thermometer has two instrumental bias error components from its accuracy
limit, WhiCh are Baccuracy’ 1= BL 1= 0.0005—7: OC and Baccuracy, 2 = BI, 2= O.ZOC and the

instrumental zero-order bias limit (i.e. the resolution) of Biesomtion = Bo = 0.05°C.

According to Eq. (A.1.1), the total 0™ order bias error was estimated to be,

B = Biermometer = B2t + B2, + B2 =4/(0.0005T)2 +0.0425.  (A223)

The temperature readings sometimes were fluctuating. There may also be an error
associated with the recording of readings (human error). These sources of errors were
considered to be the precision error. To account for these sources, an unsteadiness factor
of 0.05°C and a readability error (usually the half of the least scale division of the

thermometer) of 0.05°C were introduced. The total precision error was calculated as

Pﬁ = Phermomete = \/ A f%uctuatim + r%adabiliy = \/ (0-05)2 + (0-05)2 =0.07°C. (A.2.24)

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

From Egs. (A.2.23) and (A.2.24), the total uncertainty at the thermometer end was

estimated to be

= / 2 2 — 2 2
Uﬁ - Bﬁ + Pﬁ = U thermometer = \/Bthermometer + Pihermometer > (A.2.25)

= 4/(0.0005T)? +0.0425 + (0.07)2 =+/(0.0005T)2 +0.047 °C.

Errors associated with the thermocouple probes and wires:

For the thermocouple probe, an instrumental bias error (i.e. the accuracy) of
Biccuracy = Br = 1°C and an instrumental zero-order bias limit (i.e. the resolution) of
Bresoltion = Bo = 0.025°C were considered. As many as 10 thermocouples were used in the
experiment and each had a long wire to connect to the thermometer for reading
temperature. The lengths of the wires were not the same and there may exist some probe-
to-probe variations. To account for these errors, a factor for probe of Byope = 0.1°C was

introduced. Following Eq. (A.1.1), the total 0™ order bias error for the thermocouple

probes and the wires was estimated to be,

Brz = Bipermocoupte =4 B + B + Blgpe =12 +(0.0297 +(0.)? =1.00SC. (A2.26)

The thermocouple probes were placed at various locations in the test setup
especially noticeable for the tube outer surface locations. This spatial variation may cause
some precision errors in the reading for which a spatial error of Pgyia = 0.05°C was
considered. Also, due to the measurement limitations (i.e. the usage of a single
thermometer for recording all the temperatures) the terminals of these wires at
thermometer end were repeatedly connected and disconnected, which may cause some

errors. A temporal precision error of Piemporal = 0.05°C was considered. The conduction
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along and the radiation from the leads were considered to be very less and thus were

neglected and the total precision error at thermocouple end was calculated as

P: = Prermocouple =y Patial + Paporat =(0.09)2 +(0.05)2 =0.07°C.  (A2.27)

From Egs. (A.2.26) and (A.2.27), the total uncertainty at the thermocouple end

was estimated to be

— / 2. 2 _ 2 2
Uﬁ =4B H + Pﬁ = Uthennocoup le — \/ Bthermocoup e t P thermocoup le * (A'2'28)

=/(1.005) +(0.07)® =1.01°C.

Uncertainty in the non-differential Temperature Measurement (H = T):

From Eqgs. (A.2.25) and (A.2.28), the overall uncertainty in temperature

measurement together with the thermometer and thermocouple was estimated as

2 2
Uﬁ = U? = \[ U thermomete r T Uthermocoup le » (A.2.29)

= 4/(0.0005T)2 +0.047 + (1.01)2 =4/(0.0005T)? +1.06 °C.

Uncertainty in the differential Temperature Measurement (H = AT):

The thermometer had a differential reading function by which, where applicable,
the temperature differences such as ATy, = |Tyw; — Two| and AT, = |Tyi — Taol, were
measured directly. This correlated measurement helped damped out the bias errors

leaving only some precision errors, which were accounted from Egs. (A.2.24) and

(A.2.27) as

Uz =Uszr = /Permometer + Permocouple =v(0:07)% +(0.07)% =0.10°C. (A.2.30)
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A.24. Measurement Uncertainties ~ Water mass and collection time (H=m,, & t)

For the calculation of water mass flow rate (), the fundamental parameters
measured were the water mass (m,,) and the time (#) required to collect this mass in the
flow. As mentioned in Section 3.4, the stopwatch-bucket-balance method was used for

this measurement. The uncertainty associated with each component of the method are

estimated separately as explained below.

Uncertainty in Recording the Time using a stopwatch (H =):

The stopwatch has an instrumental bias error (i.e. the accuracy) of
Baccuracy=B1=10.5 sec and an instrumental zero-order bias limit (i.e. the half of the
resolution) of Biesoluiion = Bo= 0.125 sec. Any digital instrument may have a kind of digital
error, which is usually taken as one half times the least digit of the instrument and is
treated as bias error. For this stopwatch, the digital error was Bgig: = 0.05 sec. Following

Eq. (A.1.1), the total bias error associated with the stopwatch was estimated to be,

By = Byopwatch =y BE + B +Blg =10.52 +0.1257 +0.052 =0518 sec. (A231)

The error associated with readability, taken as one half times the least scale
division of the stopwatch (i.e. 0.05 sec), was considered as precision error. A stopwatch
handling precision error of 1 sec was also introduced to account for the errors in
switching the stopwatch on and off in proper time during the collection of water mass.

These gave a total precision error at the stopwatch end of

Prr = Pygpuaten =+ Pading * Pinding = (0052 +12 =1.001 sec  (A2.32)
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From Eqs. (A.2.31) and (A.2.32), the overall uncertainty in recording time using

the stopwatch was estimated as

Uz =U; = | Bopuatch + P =¥(0518)2 +(L00D? =113 sec.  (A233)

Uncertainty in Water Mass Measurement using bucket and balance (H = m,,):

The balance used in the experiment is graduated in pound scale (Ib) to read any
weight. The accuracy of the balance was taken to be equal to the least scale division of
the balance (i.e. 0.1 lIb = 0.046 kg) giving an instrumental bias error of
Baccuracy= B1=0.046 kg. The resolution of the balance was taken to be half of the
accuracy (i.e. 0.05 1b = 0.023 kg) that gave an instrumental zero-order bias limit of
Bresoltion = Bo = 0.023 kg. The bucket itself had no bias error involved. So, the total bias

error for the balance was estimated according to Eq. (A.1.1) as

Bz = Byglance = \/BIZ + BZ =4/(0.046)% +(0.023)2 = 0.0514 kg. (A.2.34)

There were some errors involved in relation to bucket handling, which were
treated as the precision errors. To account for this error, a precision error of
Prycket= 0.2 1b = 0.092 kg was introduced. There may be some paralax error (human eyes)
in recording the reading. To account for this error, a precision error equal to the least
scale division of the balance was considered, which was Preaging = 0.1 1b = 0.023 kg.
During the entire experiment, the water flow from the supply line was not always
uniform. The fluctuating flow might have generated some errors in the process. A

precision error for this fluctuation, equal to the least scale division of the balance, was
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also considered. This error was Pfyctuation = 0.1 Ib = 0.046 kg. The total precision error for

bucket and balance was estimated as

— — 2 2 2
Pﬁ = Poucket -balance = \/ Pucket * P reading + Piiictuation (A.2.35)

= J (0.092)% +(0.023)% +(0.046)% =0.1054 kg .

From Eqgs. (A.2.34) and (A.2.35), the overall uncertainty in measuring the water

mass using the bucket-balance was estimated to be

2 2 2 2
U =Us = 3 Blatance + Pscketbatance =V0.05147 +0.1054* =0.1173kg.  (A.2.36)

All the uncertainties estimated above in subsections A.2.2, A.2.3, and A.2.4 are

tabulated in Table A.2.3 below.

Table A.2.3 Uncertainties in Independent Experimental Parameters (measured)

Independent / fundamental Representing Absolute Uncertainty, U
*YH

Parameters Equation

Airside pressure difference by Pitot

—\2
static tube at test section inlet, U- (A.2.182) \/ (0-018 Appitot) +1.25 Pa

APpitot

Airside pressure difference across the

(4222 0018034, +26 Pa

elliptical tube array, U-

Aparray
Non-differential temperature, Uz (A.2.29) \/(0_0005 %—)2 +1.06 °C
Differential temperature, U (A.2.30) 0.10°C
Time for water mass collection, U; (A.2.33) 1.13 sec
Water mass, Um—w- (A.2.36) 0.1173 kg
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A.3. Uncertainties in the Evaluation of Thermophysical Prioperties of Air and

Water (H =c,, 4 v, Pr, p)

All the thermophysical propertiers, if taken from any table, can be considered to
bias error limit even they may have some precision error. Thus the uncertainty for
thermophysical property is normally taken as the bias error. According to the Editorial of
ASME Journal of Heat Transfer (1993) and Coleman and Steele (1989), the uncertainty
for respective thermophysical property may be 0.25 to 0.5 times the absolute value or
even higher. If not mentioned otherwise, the evaluations of the thermophysical properties
were based on air film temperature (7t,) for air and water bulk temperatures (Ty) for
water. As mentioned by Eq. (3.4.1) in Section 3.4, for a given operating condition,
several times the temperatures were measured to give different population. From this
populations, the mean, maximum, and minimum value could be obtained as required. As
mentioned in Sections 4.2 and 4.5, the conduction and radiation heat transfers were
ignored as such their effects in the evaluations of Tt, and T, were also neglected. The
uncertainties in thermophysical properties of air and water at atmospheric pressure were

estimated for airside as,

1
Uproperty A E‘ (P roperty @ Tt max — Property @ Tt a, min )‘ , (A3.1)

and for waterside as,

1
U property , = 5[ (Property @Ty b, max — Property @Ty, 1, in )’ . (A3.2)

For evaluating fluid properties, the Tt, and Ty, need to be calculated first and so

their uncertainties. To calculate the uncertainties in Tt,, the uncertainties in T, needs to
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be estimated first. In the following subsections, the calculations of uncertainties in Ty,

T ,, and T, are presented.

A.3.1. Uncertainties in Tube Outer Surface Temperature Measurements (H = T ,):

As mentioned in Section 3.4.1, seven thermocouple probes were placed on seven
suitably chosen tubes in the array. The variation of tube outer surface temperature from
its inlet to exit were fairly linear as observed in the experiment. Thus the arithmatic
average of these seven temperatures were taken to be the average tube outer surface
temperature for all the analysis. The uncertainty associated with tube outer surface
temperature, as a result of this linearized average, was dealt statistically as described
below.

The total bias errors were taken from Eqs. (A.2.23) and (A.2.26) to be

BE=B

- 2 2 o
Tso \/ B thermometer T B thermocouple C (A.3.3)

or, By— = {J(0.0005T, ;)2 +0.0425 + (1.005)? =,/(0.0005T,)* +1.012 °C.

The estimation of precision errors is as follows. For each of the seven tubes, three
to four repeated measurements were taken for every operating condition and the data was

recorded according to

n
H; =(T,); =%'21(TS’O)i ,wheren=3to4and j=1...7. (A3.4)
1=

The mean of the samples (7’;;) and the sample standard deviation (S ) were

calculated as,
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- — 7
H=Ty=1%,),=13 T, where N = sample size = 7, (A3.5)
> N_] 1 7]:1 >
and
=S, = (7, _)2— LS (@ F")z A3.6
5w =5n = £ ) =R T @99
The standard deviation of the mean (S ) was deduced using the following
relation,

S =5 =2he L 3 (To);- )2 : (A.3.7)
H Tso \/]_\7- 42J | Tso

Now using the student-t distribution at 95% confidence interval for N-1 = 6

degrees of freedom (i.e. t = 2.447), the overall precision error limits was estimated as,

2
P7 =Pr— =15 959 S5~ = (2. 447)(\/42 > (( 0)j~ so) J (A.3.8)
s 0 j=

The overall uncertainties, absolute and relative (or percentage), were estimated

from Eqgs. (A.3.3) and (A.3.8) as,

PE °C (absolute uncertainty), (A.3.9a)

and

U~ U= B-Y (B=Y
H 5,0 5,0 5,0 . .
= (%)= = (%)= = + x100% (relative uncertainty). (A.3.9b)

$,0
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SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = T,):

The mean tube outer surface temperatures 7501, 1502, ----- 15,07, Were measured to

be 21.03, 19.90, 19.80, 19.65, 18.95, 18.90, and 18.40°C respectively. The mean of these
seven temperatures were calculated from Eq. (A.3.5) to be E=7_"s;=19.52°C. The
sample standard deviation (Sy) can be calculated from Eq. (A.3.6) to be

Sy =STS . =(.863°C. The standard deviation of the mean (Sﬁ) is calculated from

Eq. (A.3.7) to be S+ =8 =0.326°C. So, the precision error can be calculated from

Eq. (A.3.8) to be Pz = P— =0.798°C. By taking the bias error from Eq. (A.3.3), the

5,0

absolute uncertainty can be estimated from Eq. (A.3.9a) as

U= \/B%; +P£; = /(0.0005x19.52% +1.012+(0.799)% =129°C,  (A3.10a)

and the relative uncertainty from Eq. (A.3.9b) in percentile form as

2 2
U- Uz Bi_ IT
H Do _ 20 | 4| =2 | = 0.0666=6.66%. (A.3.10b)
H Ts,o Ts,o TS,O

A.3.2. Uncertainties in the Determination of Airside Film Temperature (H = Tt,):
The airside film temperature (Tt,), generally used to evaluate the thermophysical

properties of air, is defined as

— — T, +T
H=Tg, =_“_"_2_& °C (A.3.11)

and its partial derivatives are

ana 1 ana 1
—— = — and ==, A3.12
oT. 2o 2 (A3.12)

a,i S,0
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The uncertainty associated with this film temperature is given by

_— 2 —_ 2
0T, Tt, 1 2 2o
UE :'-UE = [——_—UT_] +{5T=UE ZEJ(UK) +(UE) C, (A.3.132)

S,0

where the partial derivatives are taken from Eq. (A.3.12). The uncertainty components;

Ur—1s taken from Table A.2.3 or Eq. (A.2.29) and Ur— from Eq. (A.3.9). The relative

uncertainty (in percentage) was estimated to be

U— UT 1 2 2

H fa

= (%) = (%) = ——— (U—) +(U——T ) x 100%. (A.3.13b)
H T,; +T;,

al
fa

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = Tt ,):

For the example experimental run, the mean air inlet and tube outer surface

temperatures are listed in Table A.1.1 as T,; =6.97°C and TSO =19.52°C respectively.

The absolute uncertainty in the tube outer surface temperature is obtained from

Eq. (A.3.10a) to be U7— =0.97°C and the absolute uncertainty in the air inlet

temperature is estimated from Table A.2.3 or Eq. (A.2.29) as

Ug =Uz = \[(o 00057,;)* +1.06 =\/(0.0005x6.97)2 +1.06 =~1.03°C.

H

From Eq. (A.3.13a), the absolute uncertainty in T}, is calculated to be

1 1
Ug =Ur =5\/(Uﬁ)2 + U =E‘/(1'O3)2 +(129)% =0.82°C, (A3.13¢)

and the relative uncertainty is estimated from Eq. (A.3.13b) to be

_ U=
d Tt \/(U——) +(U—) ~0.0623~6.23%. (A.3.13d)
H T, T,;+T.,
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A.3.3. Uncertainties in the Determination of Waterside Bulk Temperature (H=T, )
The waterside bulk temperature (Typ), generally used to evaluate the

thermophysical properties of water, is defined as

Ty:+T
Zwi T Iwo on (A3.14)

H:Tw,b: 2

and its partial derivatives are

(A.3.15)

The uncertainty associated with this bulk temperature is given by

— 2 - 2
aTWb aY‘Wb 1 2 )
7 U ==V —=U—| ==, [U+ )2 o A3.16
UH UTWb [aTWi UTW&J +[aTw,o UTW’O ZJ(UTWi) +(UTw,o) C, ( a)

where the partial derivatives are taken from Eq. (A.3.15) and the uncertainty components;

U;——_ and U

w,i Tw,o

are taken from Table A.2.3 or Eq. (A.2.29). The relative uncertainty (in

percentage) was estimated to be

U— Uz~ 1 2 2
() = 22 (%) = e (U%—J +(UT ) x 100%.  (A.3.16b)
H Tw,b Tw,i + Tw,o ! "o

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = Ty)):

Table A.1.1: T_W_1 =24.10°C and Ty, , = 22.00°C. The absolute uncertainties in

theese two temperatures are obtained from Table A.2.3 and Eq. (A.2.29) to be

7 =Uz- = /(0.0003T,,;)? +1.06 =¢/(0.0005x 24.10)% +1.06 ~1.03°C
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and

Uy =Uz— = | (0.0005T,, ;)% +1.06 =/(0.0005x 22.00)> +0.562 = 1.03°C.

The absolute and relative uncertainties in waterside bulk temperatures are estimated

from Eqgs. (A.3.16a) and (A.3.16b) as

1 1
U =Ur; =5 U= + U7 =?/(1.03)2 +(1.03)> =0.73°C,  (A3.16c)
and
- Ut
TR TR (UL +W72)” =00315=316%.  (A3.16d
H Tw,b Ty +Tw,0 ! "e

A.3.4. Sample Calculations of Uncertainties in Thermophysical Properties

H=cp, 4 v, Pr, p):

Over the experimental duration, the atmospheric pressure inside test section might
have varied. Considering the location and time of the experiments and weather conditions
of each experimental day, the variation was observed to be very little, e.g. 0.5 kPa. This
variation was within the estimated uncertainty. Nevertheless, the fluid properties was
evaluated at the actual pressure measured inside the test section inlet during experiment.
So, the effect of variation of atmospheric pressure needed not to be considered. For the
mean, maximum, and minimum airside film and waterside bulk temperatures, as given in
Table A.1.1, the airside and waterside thermophysical properties at atmospheric pressure
and hence the respective uncertainty components were estimated according to

Egs. (A.3.1) and (A.3.2) as follows.
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AIRSIDE PROPERTIES

As presented in Table A.1.1, the mean value was taken at ff_a =13.25°C, and the
uncertainties in absolute and relative terms were within the range of Tg, .., =14.09°C,

and Ty min = 12.64°C:

Specific Heat at constant pressure (a =1006.55J/kg°C):

J
Absolute: U— = %‘ (Cp,a @Tf o max ~Cpa @Ik, min) l = 0.0107351;TC- ;and  (A.3.17a)
pa g.

U

& _ 0.010735

Cpa 100655

Relative: =1.0665x10” =~1.0665x 10 %. (A.3.17b)

Thermal Conductivity (k, = 0.02463 W/m°C ):

Absolute: Us- =%1 (ky @T; 4 o — ko @Tig min)| = 5:434x10° _lc and  (A3.182)
a ’ > m.°

U— 5
Relative: = 3434X107 _ 1 009906 Wim°C =0.221% . (A.3.18b)
k, 0024632

Density (o, =1.2326 kg/m?):

k
Absolute: U =-;—’ (pa @T; o max — Pa @Y}’a,nﬁn)l =3.1177x107 —% , and (A.3.19a)
a m

U— 5
Relative: Lo = 27 X107 _5 5910 202539 (A.3.19b)
o, 1232631
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Kinematic Viscosity (v, =1.455x10™ m?/s):

1 g m?
Absolute: U~ = 5] (Va @ Ty max ~Va @ Tt in )| =6.5x10° ~—and  (A3208)
U— -8
Relative: —2 =—S9X107 34 468107 0447 %. (A.3.20b)
v, 1.4548x107
Prandtl Number ( Fr; =0.7328):
(A.3.21a)

Absolute: Uf’r_a = —;—’ (Pra @Tty max —Pra @7y min )’ =1.96x10*, and

U— 4
Relative: —2 = 120X10° 5 7410 ~0.028% . (A.3.21b)
Pr, 0.7328
WATERSIDE PROPERTIES

As listed in Table A.1.1, the mean value was taken at Ty, = 23.05°C, and the

uncertainties in absolute and relative terms were estimated within the range of

Tobmax = 23.10°C and Ty, in = 23.00°C:

Specific Heat at constant pressure (¢ pow =4183.031/kg°C):
1 :
Absolute: Uz— = (¢ prw @Touty max =€ pow @Trp min)| =135x10° —— (A3.220)

U— 3
S135x107 5 53x107 =323x10%5 % (A.3.22b)

Cp,w

Relative: =
Cpw 4183.03
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Thermal Conductivity (E =0.6038 W/m°C):
,and  (A.3.23a)

Absolute: U = %y (ke @Tyyp max — K @Tiyp min)| =8.68x10° "
(A.3.23b)

U— -5
Relative: — = 8.08x107 _ 0.0001438 W/m°C =0.014 % .
0.6038

kW

Density (0, =997.55 kg/m?):
kg
= ’( w @Ty b max — Pw @Tw,b,min)l =O.012——3, and (A.3.24a)
m

Absolute: U— =—
Py 2
(A.3.24b)

U___
Relative: <22 = 2012 1003410 ~0.0012 % .
0w 997.55

Kinematic Viscosity (Z =9.338x 1077 m?/s):
2

]=1x10'9m—,and
S

(A.3.25a)

%” (Vw @ Tw,b, max ~Vw @ Tw,b, min )

Absolute: U o
(A.3.25b)

U— 9
X107 1 07x10% =0.11%.

Vw

Relative: =% = 5
Vy 0.338x10°

Prandtl Number (E =6.45):
(A.3.26a)

~Pr,, @T,y , min )| =848 x 107, and

Absolute: U P = %l (Prw @Ty b, max
Uz -3
Relative: —= = 8.48x10 =1.31x102 =0.13%. (A.3.26b)
Pr,, 6.45
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A4. Propagation of Uncertainties from Independent to Basic Dependent

Parameters

The uncertainties of the basic independent parameters, as measured and estimated
above, propagate into other dependent parameters (i.e. the basic experimental parameters
to current study) according to their corresponding relationships. The uncertainties
associated with these dependent parameters are discussed and estimated in the following
subsections. The elliptical tubes were drawn from circular tube by pressing to the shape
of an axis ratio of 0.3. Although every attention was paid to make each tube a perfect
elliptical tube, in reality there might have at least a little variation. To account for this
variation, every dimension of each tube was several times measured by a digital caliper
and the mean values were used in the analysis. In this view effect of tube shape was not

considered in the uncertainty analysis.

A.4.1. Uncertainties in Tube’s Basic Dependent Dimensions — (H = L, Acj, Ac,o Pis

Py, Dy, Dy o, A OF Agp):

The dimensions of the dependent parameters of the tubes such as the total length,
cross-sectional area, perimeter, hydraulic diameter, and the surface area were calculated
from their functional relationship with that of the above measured basic independent
dimensions. The uncertainties associated with the mean values of these dimensions were

estimated also from the same functional relationship as stepped below.

Uncertainty in the total Length of the elliptical tubes (H =L, ):

The total length of the tubes, excluding square bends at both ends, was calculated

as, the numbers of tubes in the array times the length of each tube in the array. This total
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length was used in the experimental analysis. For 18 numbers of tubes, the mean tube

length was,

H=L, =18L=18x(302.73x103) m = 545m. (A4.1)
The associated uncertainty was estimated as,

- 5 —_—
9L ) _9L, (A4.22)

—J] — — trr—
U';I'—ULt— (a—L—-—UL

JdL
where, from Eq.(A.4.1), a—zt =18, and from Table A.2.2, UZ =64.63x107 m.

The absolute uncertainty is thus,

Uz =Ur =18x(64.63 x10°)m=11.63 x10° m,
t

H
(A.4.2b)

and the relative uncertainty is

UL 11.63x107
L, 5.45

=2.13x107, giving UZ(%)=(2.13x10'3)x100=0.21%. (A.4.2¢)

Uncertainty in the Inner-side Cross-sectional Area of the elliptical tubes (H = A_;):

The mean inner cross-sectional area of the elliptical tube was calculated to be,
H=A, =ma; b, =wx(14.91x107)x (3.925x107) = 1.8385x10*m?,  (A.4.3)

where, “_i and Zi are the mean inner major and minor axis lengths of the tubes the values

of which are tabulated in Table A.2.2.
The overall absolute uncertainty associated with this inner cross-sectional area

was estimated as,
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A e 2
Ums=U— = Slp— | 4+ =Sy~ | | (A4.4)
e \/( da; “"] ( by "

where, the partial derivatives and their magnitudes were derived from Eq. (A.4.3) as,

dAc; — dAci  —
=7b; =0.012345 m and Y 7a; =0.04684 m.

aai bi

Now the absolute uncertainty was found from Eq. (A.4.4) to be,

Ug=Uz;~= \/(”EUZ)Z " (”ZUE)Z

2
=\/((0.012345)(5.58x10'5)) +{(0.04684(3.92x10%) =1.961x10°® m?.

The overall relative uncertainty was calculated as,

. T \? —r_\° N2 N2
7 _ U Ao _ T bi_Uﬁ . /4 al_U o | U_a_i . U 5 (A4s)
T ai bi ai bi

—I}_ AC,i T a; bi

S

which, after using values from Table A.2.2, gave uncertainty in percentage form as,

C,1

2 2
U+ U+ -5 5
H (q) = A (%) = 5.58x10 |+ 6.12)(103 <100 = 1.61%
H 1491 x10° 392 x10°

Uncertainty in the OQuter-side Cross-sectional Area of the elliptical tubes (H = A;,):

The mean outer cross-sectional area of the elliptical tube was calculated to be,

(A.4.6)

H=A, =mayb, =7 x(15.82x107)x (4.81x10%) = 2.39x10* m?,
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where, a and l_ao are the mean outer major and minor axis lengths of the tubes. The

values are tabulated in Table A.2.2. The following partial derivatives and their

magnitudes, necessary for uncertainty analysis, were derived from Eq. (A.4.6) as,

04, — 0Ac, —
a_; =7nb, =0.01511 m and —==7ma, =0.0497 m.
aO

(o]

The overall absolute uncertainty associated with this outer cross-sectional area

was estimated like the same way as for the inner-side (A.;) estimated in previous

section. The calculations are as follows:

— 2
U‘ﬁ =Ur,0 =\/[a£lc_f) Uzl;] +[%IZ=C;SUB;J =\/(”b_0—UZ;)2 +(ﬂaUZ;)2 (A4.7)

= \/ (0.015113.71x10° ))2 ! ((0.0497)(3.65 x107 ))2 =1.899x10° m?.

The overall relative uncertainty (in % form) was calculated as,

U— |[(U=Y (U-Y 5 )2 52
Aol | o | < 2TIID ) FIOXIO |y 00-0.50%, (A4.8)
A, by 15.82x10 4 81x10

Uncertainty in the Inner Perimeter/Circumference of the elliptical tubes (H = P ):

The mean inner-side perimeter of the elliptical tube was calculated to be,

— 22 + (b )2
=P =27z,f£‘L;@— =6.494x102 m. (A4.9)

The overall absolute uncertainty associated with this perimeter was estimated as,

T
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_u—- |[2Py (or, Y (A.4.10)
Ua=Ua=\log =) 5577 ) - -
1

1
where, the partial derivatives and their magnitudes were derived from Eq. (A.4.9) as,

OB __ V27ai 42960 ang QP o _Y27bi

oa; f(a)? + ()’ 0t f@)?+ )

Now the absolute uncertainty was found from Eq. (A.4.10) to be,

=1.1297.

2
Ug =Us :\/((4.29686)(5.58x10'5))2+((1.12969D(3.92x10'5)) =2438x10™ m.

The overall relative uncertainty (in % form) was calculated as,

2 2
U— U'_, U— Uf
2 (%) =D = 1 2B <100, (A41D)

2 (a)2 +(b;)2 %— /b—

2 2
1 558x107 6.12x107

= +
1491x10°)2 +(3.92x107)2 }/
(( ) ) ) }{4.91;(10'3 3.92x107

x100 = £0.38%.

Uncertainty in the Quter Perimeter/Circumference of the elliptical tubes (H = F,):

The mean inner-side perimeter of the elliptical tube was calculated to be,

o —2 72 3.2 332
H=F;)=27z/a° ;bo =?ﬂ\/(15.82xlo ) 2+(4.81x1o ¢ om10Pm, (A412)

The following partial derivatives and their magnitudes, necessary for uncertainty

analysis, were derived from Eq. (A.4.12) as,
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_ - — _ _
0F, _ 274, — 4251 and 2Fo - V2 b =1.292.

9, f(ag)? +(by)? 9 \Jag)? + ;)

The overall absolute uncertainty associated with this outer perimeter was

estimated in the same way as for the inner perimeter (E) estimated above. The

calculations are as follows:

— 2 p— 2
UﬁzUp—z\/(gff’_Ua—j +(8P_° L_J ,using Table A 2.2,  (A4.13)
o ao 1] 0

= (4250371210 + (1292365 x10%)f =1.66x10% m.

The overall relative uncertainty (in % form) was calculated as,

2 2
U— U~ U— U—
H () = Lo () = L a9 | 4l b | 4100, (A4.14)
H P, (@)% + (b, )? /_ /_
aO bO
2 2
1 3.71x107 365x10°

x100=0.24%.

.I_
15.82x107)2 +(4.81x1073)? / /
(0582x10%)* +481x10°)?) 15.82x10°3 4.81x10°

Uncertainty in the Inner-side Hydraulic Diameter of the elliptical tubes (H = Dy ;):

From the definition, the mean inner-side hydraulic diameter of the elliptical tube

was calculated to be,

— — 4A. N
H=Dy;=—-= tx (18385 x 1,? ) - 1132 %102 m. (A.4.15)
P, 6.495 x 10°

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



141

The overall absolute uncertainty associated with this parameter was estimated as,

9D > (9D 2
UF=U“= h’lUr -|— __EIUP— , (A.4‘.16)
h,i aAc,i c,i oP i

where, the partial derivatives and their magnitudes were derived from Eq. (A.4.16) as,

dD, oD,, 4A,;
il =i—=———4—-——2=61.586 m? and —4 =— —5=—0.1743 .
0A,; P 64949 x10° oP, (7)

Now the absolute uncertainty was found from Egs. (A.4.4) and (A.4.10) to be,

Uz =Uz— —\/(6158 1.961x10°)) +{(-0.17433(2.4382¢10" )2—128 10
H_l%,i_('@(' )] +{(=0. 3. )] =1.28x m.

The overall relative uncertainty (in % form) was calculated as,

_ 2 2

U— U+ U U~

(%) = Db (%) = Aei |l 25| k100, (A4.17)
H D A

c,i

2 2
-6 -4
_ 1.961x10 |+ 2.4382x10 | x100~1.13%.
1.8385x10° 6.4949 x 10°

Uncertainty in the OQuter-side Hydraulic Diameter of the elliptical tubes (H = Dy, ,):

From the definition, the mean outer-side hydraulic diameter of the elliptical tube

was calculated to be,

— 4A 4
H=Dp,=—22= 4x 23905 x1070) _ 4 395 x 102 m. (A.4.18)
: P 6.971x10°2

(o)

The following partial derivatives and their magnitudes, necessary for uncertainty

analysis, were derived from Eq. (A.4.18) as,
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9D oD 4A
“ho 4 4 57381 m? and 0 = _Z%e0 _ (19682 .
A, P, 6.971x1072 0P, (70)2

The overall absolute uncertainty associated with this outer hydraulic diameter was

estimated in the same way as for the inner hydraulic diameter (Dy; ) estimated above.

The calculations are as follows, where Eqs. (A.4.7) and (A .4.12) were used)

oD > (3D 2
Uz =Us— = || =20+ | +|—=LU5 | , (A.4.19)
h,0 aAC,O c,0 aPO [}

= \/((57.381)(1.899 x10° ))2 + ((— 0.1968)(1.6603 x 10"‘))2 =1.14x10"% m.

The overall relative uncertainty (in % form) was calculated as,

2 2
U— U U U—
() = =210 (%) = oo | 4| Lo | x 100, (A.4.20)
H h,o A P

2 2

-6 -4

_ 1.8987 x 10 |« 1.6603 x 10 _ <100 = 0.83 % .
2.3905 x 10° 6971 x10°

Uncertainty in the Inner-side Surface Area of the elliptical tubes (H = A;; ):

From the definition, the mean inner-side surface area of the elliptical tube was

calculated to be,

H =4, =P, L, =(6.495x102)(5.45) = 035398 m?. (A4.21)

The following partial derivatives and their magnitudes, necessary for uncertainty

analysis, were derived from Eq. (A.4.21) as,
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The overall absolute uncertainty in this inner surface area was estimated as,

S 2 2
dA,; 0A,;
U—=U = S| | ==Uu— | , (A.4.22)
H AS,i \/[ aPl Pi ] ( aLt Lt

(545124382510 + (6495 x102)(11.6334x107)) =1.529x10%m.

The overall relative uncertainty (in % form) was calculated as,

2 2
U U+ U+ U—
I (%) = —a%i (g = Pl B 100 (A.4.23)
H A L,

S, 1

4\2 3)2
_ |[24382x10™ (116334 x107 | 00 0 aaq
6.495 x 1072 5.45

Uncertainty in the OQuter-side Surface Area of the elliptical tubes (H = A ):

From the definition, the mean outer-side surface area of the elliptical tube was

calculated to be,

H=A, =P, L =(6971x102)(5.45) = 0.37992 mZ. (A.4.24)

The following partial derivatives and their magnitudes, necessary for uncertainty

analysis, were derived from Eq. (A.4.24) as,

A — dA —
=0 —[,=545m and —==P, =6.971x10%2 m.
0P, oL,

The overall absolute uncertainty associated with this outer surface area was

estimated as,
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JdA g JdA 2
_ _ S,0 5,0 4.
U——H 'UAs,o _\/[—__a_ U-POJ +[—__a_t_ U—LtJ , (A.4.25)

2
=\/((5.45)(1.6603x10'4)) +((6.971x10'2)(11.6334x10'3))2 =1.215x107 m.

The overall relative uncertainty (in % form) was calculated as,

2 2
U+ u U U
H (%) = =232 () = || Lo | +| L] x 100 , (A.4.26)
H A, L,

) 2

4 -3

_ |[16603x10* )" (116334 x10 100 = 0.32.% .
6.971 x 1072 5.45

The overall uncertainties in tubes’ dependent dimensions are listed in Table A.4.1.

Table A.4.1 Uncertainties in Tubes’ Dependent Dimensions (Calculated Values)

Relative
Absolute
9 3 3 l .
Tubes’ Dependent Dimensional Mean Value, Uncertainty Uncertainty,

Parameters H , Uz X 103 Ej_jj_ x 100 (%)
H

Total length of all tubes together, L; [m] 5.450000 11.63000 0.21
Cross-sectional area, A ; [m2] 0.000184 0.00196 1.07

."§ Perimeter / Circumference, P; [m] 0.064949 0.24382 0.38
g Hydraulic diameter, Dy; [m] 0.011322 0.12803 1.13
- Surface area, A [mz] 0.353980 1.52900 043
Cross-sectional area, A; , [mz] 0.000239 0.00189 0.80

."q'é Perimeter / Circumference, P, [m] 0.069710 0.16603 0.24
§ Hydraulic diameter, Dy, [m] 0.013720 0.11374 0.83
° Surface area, Ao [m?] 0.379920  1.21500 0.32
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A.4.2. Uncertainty in the Airside Dependent Parameters — (H = V,, 7, , Rey, or ¢5):

The flow velocity (V,), mass flow rate (s, ), and the heat transfer rate (g,) are the

basic dependent parameters to this experiment for the airside. The uncertainties
associated with these parameters are estimated according to their functional relationship

with that of the independent parameters as detailed below.

Uncertainty in the Airside Velocity (H = V,):

The airside velocity, as measured by Pitot static tube in terms of pressure

difference, is defined as

S — 2Ap ——\L/ ——\-1
H=V, = p—_P“"‘ = V3 (Bpon V2 (o0 )72 s (A4.27)
a

and its partial derivatives are

v, 1 ind v, AP ot (A428)
0APyitr NZA[Appor P 9Pa N2(p) o

The uncertainty associated with this velocity was estimated to be

2 2

Ap i UA itof s

Us =Uy = |—2 oot || 2| s, (A.4.292)
2 2:03 Appitot pa

where the partial derivatives are taken from Eq. (A.4.28) and the uncertainty components;

U

Y~ is taken from Table A.2.2 or Eq. (A.2.18) and U—/—)—— from Eq. (A.3.1). The
pito a

relative uncertainty (in percentage) was estimated to be
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2 2
U Uy Vs U
A (%) = —= (%)=l Do | 4| 22| x 100% . (A.4.29b)
H Va 2 Appitot Pa

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = V,):
From Table A.1.1: Ap, =48.50Pa, V, =8.92m/s, p, =12326kg/m3. The

absolute uncertainty in air velocity is estimated using Eq. (A.4.29a) and taking values

from Eq. (A.2.18c) or Table A.2.2 and Eq. (A.3.19b) to be

2 2

Ap... UA to U_“

Ur =Up- = |2t _DPia || 7 | (A.4.29¢)
2 2,0a Appitot Pa

= \/_i's()_ [(0.0293)2 +(2.529 x 10'3)2]= 0.13 my/s,
2x1.2326

and the relative uncertainty, From Eq. (A.4.29b), is estimated to be

U- Uy
%: 17V =%\/(o.0293)2 +(2.529x103)2 =0.0147=1.47%. (A.4.29d)

a

Uncertainty in the Air Mass Flow Rate (H = 1, ):

The mass flow rate of air through the test section duct is defined as

H=m, =p, Agees Va kels, (A.4.30)
and its partial derivatives are

—2==p,V,, and a{/_?. = Pa Aduet - (A.4.31)

a duct a
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The effect of the boundary layer around the inside wall of the test section duct
was not taken into account. So, a conservative estimate of uncertainty associated with this

mass flow rate was made as

o YV ( om.  lom Y
Uz =U = | 22 U= | +| == U +| 22 U | kefs, (A432a)
my a pa Pa a Aduct Agquct aVa a

where the partial derivatives are taken from Eq. (A.4.31) and the uncertainty components;

Up— is obtained using Eq. (A.3.1), Uy is taken from Eq. (A.4.29a), and U is taken
a a

Aduct
to be zero because of the fixed cross-sectional area of the duct. The relative uncertainty

(in percentage) was estimated to be

2 2
U— U~ U— U~
—H ()= )= [l =L 4| 2| x 100%. (A.4.32b)
H T, V.

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = m, ):

From Table A.1.1: m, =1.011kg/s, V, =892m/s, and p, =1.2326kg/m3.

From Eq. (A.3.19a): Up—=3.1177x10'3 kg/m®, and from Eq. (A.4.29c):

7~ =0.13m/s . The cross-sectional area of the test section duct is: Ag, =0.09 m?2. The

a

absolute uncertainty in air mass flow is estimated using Eqs. (A.4.31) and (A.4.32a) as

Ug =Us =\/(0.09x8.92x3.118x10'4)2 +(0.09x1.233)x0.13? =0.0146kg/s, (A.4.32c)
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and the relative uncertainty, from Eq. (A.4.32b), is estimated to be

Ug _ U _

H m

J1.92x10%)2 +(0.0147)% = 0.0147 =1.47 % . (A.4.32d)

a

Uncertainty in the Airside Reynolds number (H = Re,):

The airside Reynolds number, based on the streamwise major axis length of the

elliptical tube, is defined as

H=Re, =faa_"ol_ , (A.4.33)

and its partial derivatives are

dRe, 2a, OJRe, _E_ and

dRe, _V, (2a,)
W, v, 0Qay) v, '

W,  (1,)?

(A.4.34)

The uncertainty associated with Reynolds number was estimated to be

aR 2 (3R > (3R 2
Ug =Upe = == Upr | +| 2 Us | +| =2 U |, (A4353)
% v, % 92a,) 24 . Ve

a

where the partial derivatives are taken from Eq. (A.4.34) and the uncertainty components;

Uy from Eq. (A.4.29a), U"z}T from Table A.2.2, and U~ using Eq. (A.3.1). The
a (¢] a

relative uncertainty (in percentage) was estimated to be

Ca

2 2 2
U U Us- Us— U—
—f—(%):%(%): (_V_] +[ 2"0} +[ ] x 100% . (A.4.35b)
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SAMPLE CALCULATION -~ Example Experimental Data Table A.1.1 (H = Re, ):

From Table A.1.1: Re, =19229, V, =8.92m/s, and v, =1.455x10-5 m?2/s.

From Eq. (A4.29¢): Uy =0.13m/s, from Eq. (A3.202): U5~ =5.0x10” m%/s, and

from Table A22: 2a,=31.64x103m, and Uz~ =5.57x10" m. The absolute

uncertainty in airside Reynolds number is estimated using Eqs. (A.4.34) and (A.4.35a) as

1.455x107 1.455x107
Up =Ue = =284.83 (A.4.35c)

2 3 2
1+ 8.92x(31.64x51(2) ) ¢ (6.5x10%)
(1.455x107)

3 2 2
mxo.m} B2 xsmmio)

and the relative uncertainty, from Eq. (A.4.35b), is estimated to be

U; Urs
7111: 9 =1/(00149% + (1.8x10%)? + (4468x10%)% =0.015%1.57%. (A.4.35d)
ea

Uncertainty in the Airside Heat Transfer Rate (H = g, ):

The heat transfer rate based on airside analysis is defined by

H = Z =My, Cpa I(Ta,i ~Tao 1: ity Cpa IATaI w (A4.36)

and its partial derivatives are

dq, — dq ———— dq -
—_—— = C AT, , & -=m, AT , and &-=m, c . 4.
o, pa a acp,a a a AT, a Cpa (A.4.37)

The uncertainty associated with this heat transfer rate was estimated to be

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



150

a

— 2 —_ 2 —_ 2
ey = |2y | 4|2 g | 2y | w, (a438a)
H ™ "gq, . ™ dc “pa 0AT, a

where the partial derivatives are taken from Eq. (A.4.37) and the uncertainty components;

U—- is taken from Eq. (A.4.32a), U— using Eq. (A.3.1), and U= from Eq. (A.2.30)
my Cpa AT,

or from Table A.2.3. The relative uncertainty (in percentage) was estimated to be

2 2 2
EH(%)= L (%) = [ '"} +{ C"‘“] +{ “TT] x 100%. (A.4.38b)

Cp,a

a

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = ¢, ):

From Table A.1.1: g, =559.40W , 7, =1.011kg/s, c,, =1006.55J/kg.°C, and

AT, =T,, —T,; = 0.55°C. From Eq. (A.4.32c): U= =0.0146 kg/s, from Eq. (A.3.17a):

E——=O.01074J/kg.°C, and from Table A.2.3: Uﬁ=0.10°C. The absolute

pa

uncertainty in airside Heat transfer rate is estimated using Eqs. (A.4.37) and (A.4.38a) as

(1006.55x 0.55x 0.0146)* +

G =U—= ) , =102.08W  (A.4.38¢)
* Y (1.011x0.55x (0.01074))* +(1.011x 1006.55x 0.10)

and the relative uncertainty, from Eq. (A.4.38b), is estimated to be

U; Uz 2 2
P | S \/ (0.0149)* + (1.07 X 10'5) + (@) =0.1824=18.24%. (A.4.38d)
H gq, 0.55
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A.4.3. Uncertainty in the Waterside Dependent Parameters — (H= 7, , Vy, Rey, gy):

The mass flow rate (i, ), flow velocity (Vy), and the heat transfer rate (gy) are

the basic dependent parameters to this experiment for the waterside. The uncertainties
associated with these parameters are estimated according to their functional relationship

with that of the independent parameters as detailed below.

Uncertainty in the Water Mass Flow Rate (H = 1, ):

The mass flow rate of water inside the elliptical tubes is defined by
H =1, = ks, (A.4.39)

and its partial derivatives are

om 1 om
—¥ =~ and —X =~ _“; . (A.4.40)
om,, t ot @)
The uncertainty associated with this mass flow rate was estimated to be
oy Y (omy Y
Uz =Ur = || 222 U— | +| 22 U: | ks, (A4.41a)
T om, ™ ot

where the partial derivatives are taken from Eq. (A.4.40) and the uncertainty components;

U—— and U; are obtained from Table A.2.3 or Egs. (A.2.36) and (A.2.33) respectively.

The relative uncertainty (in percentage) was estimated to be

Uz Ui U= YUY
(%)= —=2 (%) = || —= | +|—=L| x 100% . (A.4.41b)
H m m t

w w
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SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = m,, ):

From Table A.1.1: 7, =0.0641kg/s, 7=293.10sec, and m,, =18.7674kg.
From Table A.2.3 or Eq. (A.2.33), U; =1.13sec. From Eq. (A.2.36), ——=0.1173kg..

The absolute uncertainty in water mass flow rate is estimated using Eqs. (A.4.40) and

(A.441a) as
0.1173 \? 18.7674x1.13 2
Ug =U—= [ : ] - X - =470x10%* kg/s, (Addlc)
w 293.10 (293.10)
and the relative uncertainty, from Eq. (A.4.41b) as
U— U— 2 2
0 M [0‘“73J ( 1.13 ) =0.00734 = 0.73 % . (A4.41d)
H - 18.7674 293.10

Uncertainty in the Waterside Flow Velocity inside Tube (H = V,,):

The waterside flow velocity is obtained from the following relationship

— — m
H =V, = =% s, (A4.42)
Pw Ac,i
where A.; being the tube inner side cross-sectional area. The partial derivatives are
v, oV, ity v, Ty,
__iz__l__, ¥ = __m;___,and _W=—_m_w__2. (A.4.43)
amw Pw Ac,i apw (pw) Ac,i aAc,i Pw ( Ac,i)
The uncertainty associated with this velocity was estimated to be
e Y (v YV (V.. Y
Uz =Ujy = [-—_l —m—j + [——_1 U;—] (——_W_ UZJ m/s, (A4dda)
v amw v apw v C,1 !
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where the partial derivatives are taken from Eq. (A.4.43) and the uncertainty components;

U—— from Eq. (A.4.41a), Up— using Eq. (A.3.2), and U5— from Table A.4.1. The
w w 51

relative uncertainty (in %) was estimated to be

U— Uy~ U- 2 (=Y U+ 2
H ()= =2 (%)= || == | +| =22 | +]| =—=| x 100%. (A.4.44D)
W my, IOW Ac,i

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H=V,, ):

From Table A.1.1: V,, =0.338m/s, rm,, =0.0641kg/s, and p,, = 997.55kg/m3.

From Eq. (A4.41c): U— =4.70x10™ kg/s. From Eq. (A.3.24a): U— =10.012kg.
my, pw

From Table A4.1: A; =1.839x10* m? and Uy =#1.961x10° m?. The absolute

uncertainty in waterside velocity is estimated using Egs. (A.4.43) and (A.4.44a) as

4 2
4.70x10
1 +
998x1.84x10°
=0.00452m/s  (A.4.44c)

=

|
é
<
I

2
0.0641x1.961x10°®
+ 4.2
998x (1.84x107#)

} 0.0641x0.012
(998)% x1.84x10™*

and the relative uncertainty, from Eq. (A.4.44b) as

2
U; Uy 6
A (0.00734)2+(1.203x10'5) + 1'9—61—"1)-4— =0.0134~1.30%. (A.4.44d)
H V, 1.839x 10
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Uncertainty in the Waterside Reynolds number (H = Rey):
The waterside Reynolds number, based on the inner-side hydraulic diameter of

the elliptical tube, is defined as

77 —_‘zpwvw Dh,i :Wm

H =Re,, (A.4.45)
My Vw
and its partial derivatives are
Re, Dn; oRe, V, R Vo Dp;
J Ow _ Zhi a_.e_w =V=W, and Toow - W 2 g’l . (A.4.46)
Wy Vs 0Dy vy vy, (Vy)

The uncertainty associated with waterside Reynolds number was estimated to be

oR * (3R (R ?
c (V] €
Uﬁ =Uﬁe_w = [—5——- V_V-V UWJ +[———J_ Ua} +(——-— = UKJ , (Ad.47a)

W aDh,i ) aVW

where the partial derivatives are taken from Eq. (A.4.46) and the uncertainty components;

UW from Eq. (A.4.44a), Ua,i- from Table A.4.1, and U;; using Eq. (A.3.2). The

relative uncertainty (in percentage) was estimated to be

2 2 2
U~ U U— U U—
H_(0p) = o (%) = (&] J{ D‘“] +[_sz x 100% . (A.4.47b)

H Re

w

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = Re,, ):

From Table A.1.1: Re,, =4235, V,, =0.3382m/s, and v, =9.338x107 m3/s.

From Eq. (A4.44c): Uy~ =0.00452m/s. From Eq. (A3.252): Uz =1x10"m?%s.
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From Table A4.1: Dy; =0.01132m and Up— =1.28x10 m. The absolute uncertainty
A

in waterside Reynolds number is estimated using Eqgs. (A.4.46) and (A.4.47a) as

(0.01 132x 0.004522J2 N
9.338x107
Uz =Ug— = ) ,=7287  (A4.47c)
Cw -4 -9
1 0.338x1.28x10 ,[0:338x0.01132x1x10
9.34x1077 (9.34x107)?

and the relative uncertainty, from Eq. (A.4.47b) as

Uz Uges
%: RR°W = \/(0.0134)2 +(0.0113)* + (1.07 X 10'3)2 = 0.0175=1.75% . (A.4.47d)
(S

w

Uncertainty in the Waterside Heat Transfer Rate (H = g, ):

The heat transfer rate based on waterside analysis is defined by

H =y, =1ty ¢y [Tz ~ T = o [AT| W, (A4.48)

and the necessary partial derivatives are

Gy —— o 0qy dqy, — —
94w AT, Hw__ iy, AT,,, and dw_ My Cpw - (A.4.49)
p,w JAT,,

The uncertainty associated with this heat transfer rate was estimated to be

e Y (oq. . 2
9% ., Dy Dy 1,
Uy —Uqw = (a_n?; Umw] +[ — UCP,WJ +(——____ UATWJ W, (A4.50a)

OAT,

Cow w
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where the partial derivatives are taken from Eq. (A.4.49) and the uncertainty components;
U.— is taken from Eq. (A.4.41a), U — using Eq. (A.3.2), and e from
p:w

w

Eq. (A.2.30) or from Table A.2.3. The relative uncertainty (in %) was estimated to be

oy D UV (V) (Ve Y
() =L ()= [ =2 | 4| 2L | 4| x| x100%.  (A4.50b)
H 9w My, cp,w w

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = g, ):

From Table A.1.1: q,, =562.67 W, 1, =00641kg/s, c,., =418303J/kg°C, and

Ty 0 =2.10°C. From Eq. (A4.41c): UE =4.70x10"* kg/s. From Eq. (A.3.23a):

AT, = Tw,i -
U—=135x 10 J/kg°C. From Table A.2.3: Uiz~ =0.10°C. The absolute uncertainty in
W w

waterside Heat transfer rate is estimated using Eqgs. (A.4.49) and (A.4.50a) as

2
(4183x 2.10x (470510 +
=27.13W, (A4.50c)

U-—- :U——— =
H  “aqy 2
(0.064x2.10x(1.35x10'3)) +(0.064x 4183x0.10)?

and the relative uncertainty, from Eq. (A.4.50b) as

U;]_ Aw

9w

2 2 (0.10)?
=,/(0.00734) +(3.23x10'7) +(—m) = 0.0482=~4.82%. (A4.50d)
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A.5. Propagation of Uncertainties into the Representative Results

In the current study, for both airside and waterside, the experimental results were
represented in the form of dimensionless heat transfer coefficient (i.e. the Nusselt
number, Nu). The effect of Reynolds number (Re) on Nu and on the airflow pressure
drop (in terms of pressure coefficient, Cpress) across the tube array were presented. The
uncertainties from the basic dependent parameters, as estimated in section D, propagate
into these presented results depending on the relationship of representative results with
that of the basic dependent parameters. In this view, the uncertainty associated with Nu
for both airside and waterside and Cyss for airside are estimated in this section. The heat
transfer coefficient, s, and hence the Nu were calculated based on the overall heat
transfer rate, g. This g was taken to be the arithmetic average of the heat transfer rate at
airside (q,) and the heat transfer rate at waterside (gv). To proceed with, we have to first

obtain the uncertainty associated with the g and then with A.

Uncertainty in the Overall Heat Transfer Rate (H = g):

The overall heat transfer rate was considered to

H=q=219w w, (A5.1)

(A.5.2)

The uncertainty associated with overall heat transfer rate, g, is given by

— 2 — 2
S (T Ay [ T I (A.5.32)
H q aqa qa an dw
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where the partial derivatives are taken from Eq. (A.5.2) and the uncertainty components;

Uq— is taken from Eq. (A.4.38a) and Uq— from Eq. (A.4.50a). The relative uncertainty
a w

(in percentage) was estimated to be

Uz Uy 1 2 2
H () = L (%) = — _\/(U—) +(U—)? x 100% . (A.5.3b)
H q Gatqy ¥ % v

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = ¢q):

From Table A.1.1: g, =559.40 W, g, =562.67W, and q =561.04 W . From

Eq. (A.4.38c): Uq— =102.08 W, and from Eq. (A.4.50c): U;I— =27.13W . The absolute

uncertainty in overall Heat transfer rate is estimated using Egs. (A.5.2) and (A.5.3a) as

2 2
Uz =U; =\/(lx102.08j +(1x 27.13) =52.81W (A.5.3c)
4 2 2

and the relative uncertainty, from Eq. (A.5.3b) as

U_
L= ——-—1—__\/(102.07)2 +(27.13) =0.0941=9.41%  (A.5.3d)
q 559.4+562.67

4]
H

Uncertainty in the Heat Transfer Coefficient (H = h, or h,):

The heat transfer coefficient, %, is obtained from the overall heat transfer rate, g as

follows

= _7 q q
H=h=—m——=——. (A.5.4)
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and its partial derivatives are

oh 1 oh |

o q
y ==, ANd — = =, (A.5.5)
dq AJAT 04y  (A)*AT OAT A (AT)?

The uncertainty associated with the heat transfer coefficient was estimated to be

on Y (on Y (o Y
U‘I_'I' =U71 =l|l=U-1 +| —=U+| +| = UE s (A56a)
dg 1 04, OAT
and the relative uncertainty (in percentage) was estimated to be
2 2 2
Uz Us U; Uz Usr
H gy =ty = || =L | +| 2| +|=2L| x 100%, (A.5.6b)
H h q A AT

where the partial derivatives are taken from Eq. (A.5.5) and the uncertainty components;

U; is taken from Eq. (A.5.3a), UA— (i.e. A, for airside or _As—l for waterside) from
S

Table A.4.1, and U from Eq. (A.2.30) or Table A.2.3.

AT

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = h,):

From Table A.1.1: Z:umol, AT, iess0 =T o —Taj =12.55°C, and

m?.°C

21_=560W. From Table A23: U =0.10°C. From Table A4.1:

AT,

a,ies,0

Ao =03799m?, and U-— =1.215x10" m>. From Eq. (A.5.3c): U, =5281W. The

absolute uncertainty in airside Heat transfer coefficient is estimated using Egs. (A.5.5)

and (A.5.6a) as

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



160

2 - 2 2
( 7 j = q (——U : (A.5.6¢)
U_ =U‘_ - + 2,1¢8,0 S5.6¢c
H
ha Aso a1<—>so (As ) AT, a,1¢3s,0 As ATal(—)SO)

2 2
B ( 52.81 ]2+ 560x1.21x107 .| 560x0.10 110V
0.3799x12.6) | (0.37992%x12.6) {0.3799x(12.6)> " m?ec

and the relative uncertainty, from Eq. (A.5.6b) as

2 2
U— U— U- U Usg—
H ot | Za| | Ase | | “ATaiose (A.5.6d)
H n X

0.10
12.55

2
= [(0.0941)* + (3.198 x 10 | +( J = 0.0945 ~9.45 %

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = hy):

From Table A.1.1: h, =443 » and AT peysi =Ty —E=3.52°C, and

m?.°C

g =560 W . From Table A.2.3: Uz=—— =0.10°C . From Table A4.1: A; =0.354m?,

AT,

w,bées,i

and U— =1.53x10>m?. From Eq. (A.5.3c): U— =52.81 W . The absolute uncertainty

i

in waterside Heat transfer coefficient is estimated using Egs. (A.5.5) and (A.5.62) as

2 2 2
( U, ) q U—' q Y b (A.5.6¢)
Ve U = Y w ©s,i .5.6e
H
hw Agi ATy hessi (As) ATy posi w,bosi As (ATWbHSI)
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2 2
_ ( 52.81 )2+ 560x1.529x10% )" [ 560x0.10 caz W
0.35398x 3.52 (0.353989%x3.52 ) | 0.35398x (3.52)* " m?eC

and the relative uncertainty, from Eq. (A.5.6b) as

2 2
U— U— U- U U .
Ho_ M _ [_.__qj +[ As,l} 1| Llwbosi (A.5.60)
q AT

ATw,be)s,i

2
. \/(0.0941)2 +(a319x103 ) + (%%j = 0.0983~9.84 %

A.5.1. Uncertainty in the Airside Nusselt number — (H = Nu,)

Nusselt number for the airside is defined as

H =Nua = ——. (A57)

and its partial derivatives are

ONuy 26, ONug Mo g MNa __1a B40) (A58)
oh, k, 9Qa,) k, ok, (ky)?

The uncertainty associated with the Nusselt number was estimated to be

aN > (N 2 (5N ?

u u u

U— = = || —2 U~ | +| —2U—| +|—=2U-| , (A5.9a)
H "Ny, ( oh, "a] [8(2610) 2"0] ( ok "a]

a
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and the relative uncertainty (in percentage) was estimated to be

2 2 2
U— U— Us— U—
H (9p) = () = || o | 4] 2% | 4| | x 100%, (A.5.9b)
H Nu, I, 2a, k, -

where the partial derivatives are taken from Eq. (A.5.8) and the uncertainty components;

Uh— is taken from Eq. (A.5.6a), Uﬂ' from Table A.2.2, and Uk_ using Eq. (A.3.1).
a (o] a

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = Nu,):

From Table A.1.1: Nu, =150, _ﬁ; =116.30 W/m?°C, and E = 0.02463 W/m°C.

5.57x10°m. From Eq. (A.3.18a):

From Table A2.2: 2a, =0.03164m, and Uz— =

—=543x10" W/m°C. From Eq. (A.5.6c): U~ =11.12 W/m®°C.. Now the absolute

uncertainty in airside Nusselt number is estimated using Eqs. (A.5.8) and (A.5.9a) as

J— 2 - 2 f—— 2

2a, U~ h, Us— h, 2a, U+

Up =Ug— = || —— | 4] = | 4| ——=L (A.5.90)
e k ky (k,)?

5 2

-5

116.3Ox0.0316x52.43x10 ~1424
(0.02463

0.0316x11.12)? N
002463

_ ( 116.30x5.57x107
0.02463

and the relative uncertainty, from Eq. (E.9b) as

(A.5.9d)

U_.._
AR \/ (0.0945)2 +(1.76x10° | +(0.0221)° =0.0945 =9.45%

Nu,

m’bﬁ
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A.5.2. Uncertainty in the Airside Pressure Drop Coefficient — (H = Cpress)

The non-dimensional airflow pressure drop across the tube array, i.e. the Pressure

Coefficient for a single tube in the array is defined as

— Ap array 2Ap array
H =Clreqy = === T T (A.5.10)
1 pa (V)2Ny Ny p, (V)
and its partial derivatives are
aCprc:ss _ 2 _ acpress _ 24p array )
aAparray Nt p, (V, )2 00, Nt (pa)2 (Va)2
(A.5.11)
aCpre;ss __ 4 Aparray . and aCpress __ 2Aparray
aVa NTIOa (Va)3 aJVT N%pa (Va)2
The uncertainty associated with the Nusselt number was estimated to be
2 S 2
aCpress U n anress U— | +
oA parray AParraty a;; Pa
Ug=Uc = : (A.5.12a)
- 2 - 2
d Cpress d Cpress
—= U Va- 4| ———— U N—T
av, ONp

where, the partial derivatives are taken from Eq. (A.5.11) and the uncertainty

components; U from Eq. (A.2.22a) or Table A.2.3, U-p— using Eq. (A.3.1), and
a

Aparray

Uy~ from Eq. (A.4.29a). The other component, U—ATT- , is taken to be zero because the
a

number of tubes (Nt) in the array is fixed to 18. The relative uncertainty (in percentage)

was estimated to be
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2 2 2
U U Ux U—V (2U
I () = 2 () = || 2oy +(_"aj J{ Y| x 100%, (A.5.12b)
H Cpress Aparray Pa a

SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = Cpress):

From Table A.l.L: Cpe =0.207, V, =892m/s, p, =1.233kg/m® and
APyray =181 Pa. From Eq. (A.2.22b): Um=6.05 Pa. From Eq. (A.3.19a):

U;); =3.1173 x 103 kg/m3. From Eq. (A.4.29): Uﬂ =0.13 m/s. The absolute

uncertainty in airside pressure coefficient for a single tube in the array was estimated

using Eqs. (A.5.11) and (A.5.12a) as

Uﬁ - UCpress

2 U 2 T 2 T 2
S Mp;my (_Jfa + 4Ap;“_”y_UVa (A.5.12¢)
NT pa (Va)2 NT (pa )2 (Va)2 NT IOa (Va )3

:\/( 2x6.05 )2+(2x181x3.1177x103j2+( 4x181x0.13

2
=0.0092
18 x 1.233 x (8.92)? 18 x (1.233)% x (8.92)? 18 x 1.233 x (8.92)

and the relative uncertainty, from Eq. (A.5.12b) as

H - s 00334 (253 % 103) +(2 X 00147)° <0046 =446%  (A5.12d)

press

Similarly, for this typical experimental run for V, = 8.92 m/s, the uncertainty in
the pressure coefficient for the whole array was also estimated. The mean air velocity at

the narrowest gap between two adjacent tube surfaces was calculated from Eq. (4.3.3) to
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be V, max =22.48 m/s, where the mean value of the void fraction was w=252. The

mean pressure coefficient for the whole array was calculated to be Cpregs array = 0-58 .

The uncertainty in calculation of the void fraction was determined from Eq. (A.5.13a) to

be Uy = 0.0172.

= 2 o OV (U=} (2B Us=Y
Ug =U = ————EW_UW + if_—Us— = |2 | (|25 (AS13a)
v 9(2b,) “* St °T St St

The uncertainty in V, max was calculated from Eq. (A.5.13b) to be Um =0.3616 m/s.

av, 2 51 2 2 2
_ _ a,max a a,max a _ Y7 1 a — -
U7 =V = ( W ij *(T»f%] [T | asaaw

Now the relative uncertainty (in percentage) was estimated as follows,

U U 2 U=\ (2U 2
Uﬁ._._@ﬂz [m] J{_i_J +[__VLJ (A.5.13c)

C'press,array Ap array

2 2
_ \/(.@E) +(2.520 x 103)* + (Z—XM) = 0.4663 ~ 4.66%
181 22.48
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A.5.3. Uncertainty in the Waterside Nusselt number — (H = Nuy,):

Nusselt number for the waterside is defined as

H=Nu, = —_0b (A.5.14)

and its partial derivatives are

ONuy _Dhi Nuy _hy o\ Nuy _ T Du (A.5.15)
— — — -k—-—-s . oJ

ahw kw ’ aDh,i w agv- (;c-\—w_)z

The uncertainty associated with the Nusselt number was estimated to be

—_— 2 _ 2 e 2

J0Nu dNu oNu
Us =Uo— = || —¥ [U— =Y U | | —= U~ |, (A.5.16a)
S \/(ahw "wj+[aDh,i> DhJ (akw "wj

and the relative uncertainty (in percentage) was estimated to be

w

. U U— 2 U 2 U—\2
Yl 95y = (0) = & (ﬂ] +[—_—J +(_"v_vJ x 100%, (A.5.16b)
H N hy Dy

w

where the partial derivatives are taken from Eq. (A.5.15) and the uncertainty components;

U;— is taken from Eq. (A.5.6a), UD—h_ from Table A.4.1, and U,— using Eq. (A.3.2).
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SAMPLE CALCULATION - Example Experimental Data Table A.1.1 (H = Nuy):

From Table A.1.1: Nu,, =831, EW_= 443 W/m?2.°C, and E;=O.604 W/m.LC.

From Table A4.1: Dp; =0.01132m, and Up— =1.28 x 10* m. From Eq. (A.3.23a):

U= =8.68 x 10° W/m.°C. From Eq. (A.5.6e): Uy =44.33 W/m?.°C. The absolute

uncertainty in Nu,, number was estimated using Eqgs. (A.5.15) and (A.5.16a) as

hy, U— J—
Uz =Uc— = o P | ﬁﬂ_l—lzjlfi—
w kw (kw)

(A.5.16c)

2
_ (0.01132 X 44.33)2 N (443 x1.28x 10 jz L 43x001132x 17 10%* | _ o
0.604 0.604 (0.604)% '

and the relative uncertainty, from Eq. (A.5.16b) as

U- U
_ﬁi _ NNuw = /(0.0983)% +(0.01131)% +(0.0001438)? =0.099 =9.90 % (A.5.16d)
uW

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



168

A.6. Tabulation of Overall Uncertainty Data for all the Experiments

The uncertainties for all the experimental operating conditions and for all the runs

were estimated according to the procedures and calculations described above.

Table A.6.1 lists the data for the key parameters.

Table A.6.1 Overall Uncertainty Data for all the Experiments

AIRSIDE WATERSIDE
Parameters Uncertainty Parameters Uncertainty
Re, 1-4% Rey 2-4%
ha [W/m?.°C] 4-13 % hy [W/m?.°C) 4-14 %
Nu, 4-13 % Nu,, 5-14%
Cpress 3-12%
Coress, armay 3-12%

Overall for both Airside and Waterside
Parameter Uncertainty
g [Watt] 3-12%
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APPENDIX - B

TABULATION OF EXPERIMENTAL RESULTS

Mesbah G. Khan. M.A.Sc. Thesis 2004. Dept. of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

Table B.1 Heat Transfer Data corresponding to different Re, (for a given Rey)

. Waterside data Airside data
Experimental phases and test A q A
conditions Re,, [W/m‘;."C] Nu, [Watt] Re, [W/m2.°Cil Nu,
1079 341 6.65 823 9944 91.61 112
1135 340 6.54 961 19860 138.01 168
1105 346 6.65 1228 27293 179.42 217
1054 336 6.47 1244 33099 186.88 226
1826 388 7.64 869 10085 84.18 104
1905 402 7.84 1126 19942 130.99 160
Phase—I: Air Cooling 1888 410 7.99 1428 27385 169.29 206
. 1883 416 8.13 1515 33390 177.69 217
(T,,; and T, ; maintained
constant) 2527 406 8.03 882 10111 81.34 100
2616 453 8.89 1269 19944 135.96 167
2912 461 9.02 1517 27454 163.91 200
2686 456 8.97 1654 33525 179.89 220
3450 427 8.47 898 10212 80.47 100
3451 446 8.79 1268 19931 129.28 159
4033 536 10.52 1665 27727 185.74 227
3484 497 9.81 1720 33613 184.34 226
1744 422 7.68 547 10935 101.66 127
1554 390 7.10 723 20849 144.38 180
1460 390 7.12 855 30694 187.29 234
1407 382 6.98 825 34079 204.64 256
3246 525 9.51 581 10553 94.66 118
3353 536 9.72 841 20646 147.84 184
Phase-II: Air Heating 3347 522 9.48 0244 30838 189.28 235
. 3455 548 9.95 847 33247 211.34 263
(T,; and T, ; maintained
’ ’ 5469 513 9.26 560 10506 86.6 107
constant)
5305 566 10.22 790 20445 144.84 179
5133 628 11.35 943 29701 178.11 220
5371 568 10.25 948 33607 204.97 254
7348 632 11.42 591 10316 90.08 111
7386 633 11.44 777 20399 137.76 170
7100 578 10.44 1016 29679 179.16 222
7269 549 9.91 1012 33038 187.17 231
3297 531 10.22 420 10308 92.02 115
3175 534 10.28 527 18429 129.46 162
3331 535 10.29 623 26638 165.76 207
Phase-III: Air Cooling 3229 536 10.30 679 33518 194.3 242
(AT,.,, maintained constant) 5571 509 9.83 442 10302 85.63 107
5658 504 9.69 574 18300 118.25 147
6642 510 9.62 680 25709 147.34 179
6260 562 10.62 742 32479 184.43 226
4110 483 9.08 434 10857 84.51 109
3870 427 8.02 630 27895 148.6 191
Phase-IV: Air Heating 4117 494 9.28 712 35756 181.91 234
(AT,.,, maintained constant) 7012 500 9.38 437 10834 81.75 105
7206 528 9.88 614 19244 122.05 156
7235 486 9.10 651 27701 139.12 178
7075 568 10.64 812 35823 193.23 248

* Data set in the shaded row is presented in the uncertainty analysis
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Table B.2 Heat Transfer Data corresponding to different Re,, (for a given Re,)

. Waterside data Airside data
Experimental phases and test - q ;A
conditions Re,, [W/mvzl.°C] Nu, [Watt] Re, [W/m2.°C; Nu,
1079 341 6.65 823 9944 91.61 112
1826 388 7.64 869 10085 84.18 104
2527 406 8.03 882 10111 81.34 100
3450 427 8.47 898 10212 80.47 100
1135 340 6.54 961 19860 138.01 168
1905 402 7.84 1126 19942 130.99 160
Phase-I: Air Cooling 2616 453 8.89 1269 19944 135.96 167
o 3451 446 8.79 1268 19931 129.28 159
(T,; and T, ; maintained
constant) 1105 346 6.65 1228 27293 179.42 217
1888 410 7.99 1428 27385 169.29 206
2912 461 9.02 1517 27454 163.91 200
4033 536 10.52 1665 27727 185.74 227
1054 336 6.47 1244 33099 186.88 226
1883 416 8.13 1515 33390 177.69 217
2686 456 8.97 1654 33525 179.89 220
3484 497 9.81 1720 33613 184.34 226
1744 422 7.68 547 10935 101.66 127
3246 525 9.51 581 10553 94.66 118
5469 513 9.26 560 10506 86.60 107
7348 632 11.42 591 10316 90.08 111
1554 390 7.10 723 20849 144.38 180
3353 536 9.72 841 20646 147.84 184
Phase-II: Air Heating 5305 566 10.22 790 20445 144.84 179
. 7386 633 11.44 777 20399 137.76 170
(T,; and T,,; maintained
constant) 1460 390 7.12 855 30694 187.29 234
3347 522 9.48 944 30838 189.28 235
5133 628 11.35 943 29701 178.11 220
7100 578 10.44 1016 29679 179.16 222
1407 382 6.98 825 34079 204.64 256
3455 548 9.95 847 33247 211.34 263
5371 568 10.25 948 33607 204.97 254
7269 549 991 1012 33038 187.17 231
3297 531 10.22 420 10308 92.02 115
5571 509 9.83 442 10302 85.63 107
3175 534 10.28 527 18429 129.46 162
Phase-III: Air Cooling 5658 504 92.69 574 18300 118.25 147
(AT,.,, maintained constant) 3331 535 10.29 623 26638 165.76 207
6642 510 9.62 680 25709 147.34 179
3229 536 10.30 679 33518 194.30 242
6260 562 10.62 742 32479 184.43 226
4110 483 9.08 434 10857 109
7012 500 437 10834 105
Phase-IV: Air Heating 7206 528 9.88 614 19244 122.05 156
(AT,.,, maintained constant) 3870 427 8.02 630 27895 148.60 191
7235 486 9.10 651 27701 139.12 178
4117 494 9.28 712 35756 181.91 234
7075 568 10.64 812 35823 193.23 248

* Data set in the shaded row is presented in the uncertainty analysis
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