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ABSTRACT

Several well-known equations are available in ditere that can be used to determine the heat
transfer coefficients of smooth tubes in the tuebtilflow regime. When comparing the results of
these equations they vary over a considerable rahifgough in many cases it is assumed that the
Gnielinski equation is one of the most accuraté &the most recently developed correlation, the
uncertainty of this equation has not be quantifiedet. Many of the equations have been developed
using the data that was obtained from experimaetging as far back as 80 years ago. As more
accurate instrumentation is available, it shouldpossible to collect more accurate data during
experimental testing. The purpose of this study whagefold: to take accurate heat transfer
measurements and to quantify the uncertaintieh®fNusselt numbers as a function of Reynolds
number; to compare the measured data with existmgelations and to develop an accurate Nusselt
number correlation from the data. Experiments veereducted on two smooth circular tubes with a
heat transfer length 3.75 m with inner tube diamseté 8.3 mm and 14.2 mm using water over a
Reynolds number range of 10 000 to 220 000 andaad®r number range of 3.2 to 4. Surface
roughness analysis was also performed to ensurduties can be considered as smooth tubes.
Pressure drop measurements were also taken owelddngths of 4.1 m as a function of Reynolds
number. The experiments were conducted using aitubée heat exchanger with the hot water in
the inner tube and the cold water in the annulusraing in a counter flow configuration. The
friction factor values were determined from pressdrop measurements and the heat transfer
coefficients were determined from the Wilson Platthod using temperature and mass flow rate
measurements. The average uncertainties of thefritactors and Nusselt numbers were both less
than 3%. The results were compared to the exifitergiture and it was found that at lower Reynolds
numbers the Nusselt numbers deviated slightly tsehof Gnielinski with the results comparing
more closely with increasing Reynolds number. Tigtién factor results correlated well with that
of Blasius. A new Nusselt number correlation, whisha function of Reynolds number, Prandtl
number and friction factor, was developed. The #@gnapredicted all the measured values within
3%. The equation is, however, limited in not takimgo consideration large variations in fluid
properties.
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1. INTRODUCTION

1.1 Background

In the modern world, there is a continuous drivwars an improvement with regards to
energy efficiency and the reduced use of limitedomeces. As the earth’s population
continues to grow, so do the requirements to livek therefore excessive demand is placed on
the natural resources to meet these requiremehts.ificludes the requirement to convert
fossil fuels to energy to drive industries to maatdire products required for consumption by
an ever increasing world population. In additiontihe need for energy to enable these
processes, another by-product of these processesoarbustion products which negatively
impact the environment and add to the devastatifegtethat global warming is having on
our planet. It is due to these factors that resesrongoing to determine a more efficient way
to produce energy and to minimise the damagingtffef the process of doing so.

Heat transfer is a physical phenomenon that ooebenever there is a temperature gradient
between two mediums i.e. solids, liquids or gast=at transfer has the ability to work in a
positive or negative manner whenever any physioatgss occurs. Positively, it allows for
heat to be transferred enabling a reaction thatires| heating i.e. saving energy by re-using
existing energy/heat that is in an exhaust streesm fa previous reaction. It impacts
negatively when temperatures rise and heat neetie #xhausted at a higher rate but the
physical limits do not allow for it i.e. heat pramhd by microchips in computing applications.
It is due to this that continued research is cotetlito determine the most optimal solution
within the physical boundaries that exist in heamsfer.

Many of the processes in industry operate in thieulent flow regime to obtain higher heat
transfer rates and therefore higher energy recokates. Turbulent heat transfer has been
well researched and documented over the past 1@6s.y&any correlations have been
developed and data has been recorded but theik asconsiderably large discrepancy in the
agreement of these studies and correlations to edoér. Dittus and Boelter (1930)
performed their experiments with the aim of prodgca single equation to accurately predict
the heat transfer in both heating and cooling appibns using the data of McAdams and
Frost (1922) and Morris and Whitman (1928). Thaultesg equation utilised an exponent to
predict the heating and cooling separately whicibéed good agreement to the previous data
sets obtained.

The first of these studies to make a marked impr@rd in the prediction of turbulent heat
transfer is that of Colburn (1933). Colburn was timst study to make use of the
dimensionless numbers such as Stanton, PrandtiNasdelt to reduce the number of
variables in the calculation of the heat transfeefficients. In addition to this, Colburn
recognised the effect that the wall temperaturedmashe properties of the fluid and that it
cannot be assumed that the bulk temperature iigulff to predict the properties at the tube
wall. Sieder and Tate (1936) produced both thein @lata and used existing data sets to
determine an equation which accurately accountshierdifference in temperature between
the centre of the fluid stream and that at the wualk

The next phase of heat transfer research resuitetbre work being undertaken in the field
where analytical methods were used to solve foreitpgations in an effort to predict the
turbulent heat transfer behaviour more accuratdyukhov (1970) performed a considerable
amount of analysis using existing data sets as aglproducing some data of his own to
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determine an equation which also takes into acctheneffect that the friction factor has on
the heat transfer in the system.

The work completed by Gnielinski (1976) utilise@tlof Petukhov but included the work of

Hausen (1959) to improve the ability of the coriela to predict heat transfer in both the

transitional and turbulent flow regimes. Of all $tedies conducted, Gnielinski produces the
best accuracy with the results, lying within 20% tbibse previously recorded, when

compared to existing data sets.

1.2 Problem Statement

In general it should be assumed that the Gnieliaskl Petukhov equations are the most
accurate as they were the most recently developddte other older equations developed
should be used less and should be phased out. ldowaesearch (January 2015) on Scopus
showed that the older equations are being actived. The citations to these equations are
Dittus and Boelter (1930) equation 117 times, tldb@n (1933) equation 262 times, the
Chilton-Colburn (1934) equation 345 times, the 8reand Tate (1936) equation 722 times,
the Petukhov (1970) equation 479 times and the l@sie (1976) equation 87 times. It
therefore seems as if the Sieder and Tate equagitilee most utilised equation based on
citations. Although it is assumed that the Gniddirend Petukhov equations are the most
accurate of the existing theory, many researchdfrsuslise the historical equations when
verifying smooth tube experimental data, for exan@olburn (1933) and Sieder and Tate
(1936). The citations accredited to Gnielinski &&dukhov are most probably not accurate as
a large amount of their initial work was publisiadhe German and Soviet literature and in
textbooks. The work of Gnielinski (1976) for examplvas published in 1976 in the journal
of International Chemical Engineering with permissifrom the VDI-Verlag GmbH,
however this paper is not on the Scopus databdses, There is no clear evidence from the
literature (based on citations) which one of thenyaquations in general are the most
accurate.

In Figure 1, the Nusselt numbers are calculatech @randtl number of 7 using the
correlations of Dittus and Boelter (1930), Sieded arate (1936), Petukhov (1970) and
Gnielinski (1976). The coefficient used in the D#tand Boelter equation is= 0.3 for
cooling applications. The Gnielinski and Petukhavrelations compare very well to each
other and are within 5% of one another. However Reynolds number of 10 000, there is a
maximum deviation of over 50% between the Sieder Bate and Petukhov equations. At a
Reynolds number of 200 000 there is a deviatiof086. The reasons for these deviations are
not clear.

Furthermore, in the period of 1922 to 1936, wherstmad the physical experiments were

conducted that formed the basis of the work of msghpolars in terms of improvements and
refinements, the execution of uncertainty analyg®s not a requirement in scholarly journals.
Therefore, the uncertainties of convective heatstier equations in smooth tubes which are
widely published in heat transfer textbooks tha ased for verification and comparison

studies are in general not readily available. Witbre accurate measuring instrumentation
available today than almost a century ago, it shdid possible to conduct more accurate
experiments and derive a more accurate correlatitin a quantified uncertainty. These

results can also be used to evaluate the accufaocysting equations.
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Figure 1: Theoretical comparison of heat transfeprelations for turbulent flow over a Reynolds
number range of 10 000 to 250 000 at a Prandtl nienbf 7. The coefficient used in the Dittus and
Boelter equation is n = 0.3 for cooling applicatisn

1.3 Purpose of Study

The purpose of this study was threefold: to takeueste heat transfer measurements of a
circular smooth tube and to quantify the unceriagmof the Nusselt numbers as a function of
Reynolds number; to compare the measured dataistngxcorrelations and to develop an
accurate Nusselt Number correlation from the data.

The focus was on the turbulent flow regime. Thasri@onal flow regime (Meyer and Olivier
2011) and lower end Reynolds number regimes (Gsikili2013) were excluded as work on
these regimes was recently conducted.

In terms of the time limitations for a master’'s sdigation and available experimental
facilities and equipment, the experiments weretiachito two smooth circular tubes with flow
in the horizontal flow direction. Experiments wa@nducted on two tube diameters and the
testing fluid was water only. Experiments were amtdd on a Reynolds number range of 10
000 to 230 000 over a Prandtl number range of 842 The work was also limited to exclude
the investigation of large variations in fluid pespes.

Although pressure drop as a research outcome wabhedocus of this study, pressure drop
measurements were also taken as several of théngxexjuations such as Gnielinski and
Petukhov make use of the friction factor obtainednf pressure drop measurements.
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1.4 Organisation of this Dissertation

This dissertation consists of a total of seven t#rap Chapter 2 gives an overview of the
existing literature applicable to the study. In Qtea 3 the experimental set-up and test
section construction is described and informatiorihee testing process is presented. The data
reduction methods used to evaluate the experimeatal can also be found in Chapter 3. In
Chapter 4 the uncertainty calculation on the expental data and the results thereof are
discussed. Chapter 5 details the results obtaiwed the experimental testing. In Chapter 6,
the conclusions from the study are described anapt@h 7 contains the references used.
Appendix A contains detailed information on how thecertainty of the friction factor and
Nusselt Number were calculated. Appendix B contaiseimple of the data recorded during

experimental testing.
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2. LITERATURE STUDY

2.1 Background

The purpose of this chapter is to describe theiagitieat transfer theory related to turbulent
flow. The theory and properties related to the uiebt flow regime are described. The heat
transfer and friction factor theories are addresSgecific detail on the most important and
widely used heat transfer correlations are desdnibeich include the studies of: Dittus and
Boelter (1930), Colburn (1933), Sieder and Tate36)9 Petukhov (1970) and Gnielinski

(1976). The most important experimental data setshHave been utilised in the development
of heat transfer correlations are also mentioned.

2.2 Turbulent Flow Regime

The Reynolds numbeRg@ is a dimensionless number used to representicehtéd flow
characteristics. Developed in 1883, the Reynoldsbar represents the ratio of the inertial
forces of a fluid to the viscous forces of a fluidhis can be represented in equation (1)
(White 2003) which relates the two fluid forcesetach other.

_pVL VL
==5=

Re 1)

Laminar flow occurs for Reynolds numbers from Oafgproximately 2 300. The flow that
occurs in this regime is characterised by smoothsa@ady flow patterns. Flow in the laminar
region is also referred to as streamlined flow.

Laminar flow is characterised by smooth boundamgela with little disturbance between
these layers. When dealing with fluid dynamicswflon the laminar region contains the
following physical parameters:

high momentum diffusion
low convection heat transfer
velocity independent of time
pressure independent of time

Transitional flow occurs as laminar flow becomebtilent. The Reynolds number range is
approximately 2 300 to 10 000 for the transiticifalv regime. Transitional flow depends on
many factors, these including the surface roughrgps of tube inlet, Reynolds number or
fluctuations that may occur in the fluid inlet stne. While numerous data has been collected
on the transitional flow regime, the theory regdite better understand the behaviour of the
fluid while in this regime remains limited.

Turbulent flow occurs for Reynolds numbers in excesapproximately 10 000. Turbulent
flow has fluctuating and agitated flow patternstidtly flow will display occasional natural
disturbances as the flow moves through the tramstietween the laminar and turbulent flow
regimes. These fluctuations, which are found inldbendary layer, become more frequent as
the flow gets closer to being fully turbulent. Atsufficiently large Reynolds number, the
flow fluctuates continuously with eddies and vasdorming. Important to note is that this
disorder is not just chaotic motion, it has a dédirspatial structure and can be described
using the following characteristics (White 2006):
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= Fluctuations in pressure, velocity and temperat\Midocity fluctuates in all
three directions.

= Eddies that intermingle and fill the shear layer.

= Random fluid property variations.

= Self-sustaining motion by producing new eddies Whieplace those lost by
viscous dissipation.

= Mixing that is much stronger than that found in ilaan flow due to the eddies
moving in three directions. The movement causesusidn of mass,
momentum and energy.

Due to the consistent tripping and breaking of bimeindary layers, considerable mixing
occurs in the turbulent flow regime. It is due liéstthat the heat transfer is enhanced and as a
result, the pressure drop over the flow lengtHss ancreased.

The physical properties of the turbulent flow regiare:

* |ow momentum diffusion

= high convection heat transfer

= velocity variations in space and time
= pressure variations in space and time

The turbulent and laminar flow regimes display tdistinct variations in heat transfer and
pressure drop trends. These trends are discus$edhar detail in section 2.3 and 2.4.

2.3 Pressure Drop and Friction Factors in the TurbulentFlow Regime

The pressure drop that occurs during the flow steous fluids is usually referred to as an
irreversible pressure losgP. This comes from the term head loss which is agtsmt with
fluid mechanics theory. The pressure loss (Cen@@bRis described by equation (2):

L pV,
AP :f—p avg (2)

2
where the terrﬁ% is the dynamic pressure of the system faredthe Darcy friction factor
which is defined as:

_ 8y,
PVig

f 3)

The Blasius equation is used to determine the at@briction factor for smooth tubes
(White 2006). This is defined in equation (4) as:
Cr = 0.0791Re ™% 4)

When using the friction factor definition, the etjaa transforms to:

f = 0.3164Re~025 (5)

The Petukhov equation (Petukhov 1970) for smodbledus described in equation (6).
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f = (1.82logRe — 1.64)2 for 3000 < Re < 5 x 10° (6)

Equation (6) is used in conjunction with the CmHiGolburn analogy to determine the
Nusselt numberNu). This is discussed in section 2.4.

Another equation which was developed for the twebulflow regime is the Colebrook

correlation. This correlation is based mainly operxmental data and is applicable for flow
with Reynolds numbers in excess of 4 000. Thisticrlaled to the development of the

Moody chart which is used to determine the frictiaotor for pipe friction with smooth and

rough walls. The chart can be used for various gpemetries and for open channel flows.
The study has proved very valuable in fluid mectsuaipplications and when calculating the
pressure loss of a system.

The Colebrook equation (Colebrook 1939) is an inipéquation as stated in equation (7):

&/Dy, 151)

1
ﬁ = —2l0g10 (W + Reﬁ

(7)

There is an alternative formula developed by Hahl@d®83) which can be used but it is only
found to vary by 2% from the Colebrook correlation.

In Table 1, a summary of friction factors usedha turbulent flow regime can be found.

Table 1: Friction Factors for Turbulent Flow

CORRELATION

EQUATION

Blasius (1913) equation

Petukhov (1970) equation

f = 0.3164Re™ 025

f =(1.82logRe — 1.64)7?

Colebrook (1939) equation 1 e/Dp 251

ﬁ = —2logqg <? + W)

Haaland (1983) equation 6.9 e/Dp\*M

S -

2.4 Heat Transfer in the Turbulent Flow Regime

The Nusselt number is a dimensionless number wisialsed to describe the relationship
between the convective heat transfer and the covduceat transfer that takes place on the
surface of an object.

The Nusselt number is defined to be a function leé heat transfer coefficient)(
characteristic length_j and thermal conductivityk) of a fluid.
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The equation used to describe the Nusselt numhsrg€ 2006) is:

Convective Heat Transfer

Nu = Conductive Heat Transfer
hL
Nu = — 8
u=— (8)

Many studies have been undertaken to describedaettansfer that occurs as a result of the
flow of a fluid, known as convective heat transfeiis would lead to the mass flow rate of a
fluid being used in relation to the Nusselt numb&he Reynolds number is used to

characterise the flow of the fluid as it is a simplimensionless number which takes into
account the flow rate, density and viscosity of fh&d. The studies that have been

undertaken have mostly been to describe the haafar that occurs in either the laminar or
turbulent flow regimes.

Another factor which needs to be considered inulerit heat transfer is the effect that the
Prandtl number has on heat transfer. The Prandibeu has little effect on heat transfer in
the laminar flow regime but has a significant eff@ben in the turbulent flow regime.

The Prandtl number is used to relate the moledifarsivity of momentum to the molecular
diffusivity of heat. For example, heat diffuses we@uickly in liquid metals which have a
Prandtl number of much less than one. In contreestt diffuses very slowly in fluids such as
oil which has a Prandtl number of much larger tbae.

The Prandtl number is defined as (Cengel 2006):

Pr=—=— (9)
a

For turbulent flow, there are numerous correlatitimst can be used to calculate the heat
transfer that occurs. Each of the correlations wilitbe investigated are widely recognised
and employed when calculating heat transfer caeffts in the turbulent flow regime. It is
found that there is a clear variance of resultsnmb@mparing the heat transfer coefficients
calculated by these correlations. This indicatégegree of inaccuracy in the development of
these correlations and therefore a more accuraigieq needs to be investigated to correctly
predict these values and experimentally validagestkisting theory.

In Table 2 a summary of all the most important data setswhae produced and utilised in
other studies can be found. Included in the tadleéhie testing fluid that was used, the heat
transfer application and which of the importantdsts utilised these data sets for
mathematical manipulation or comparisons to thb@wstown data set. This gives one a clear
representation of what work was undertaken andlwiviarks can be compared to each other
and where caution should be exercised when Prandiber differences should be noted due
to the varying fluids tested.
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Table 2: Summary of Data Sets Employed in Heat Trasfer Studies

AUTHOR(S) TEST MEDIUM APPLICATION MAXIMUM PRANDTL EMPLOYED BY
REYNOLDS NUMBER RANGE
NUMBER
TESTED
McAdams and Frost (1922) | Water 223 200 Dittus and Boelter (1930
Morris and Whitman (1928) | Water Heating 38 800 Colburn (1933)
Gas Oill Heating 30 000 Dittus and Boelter (1930)
Gas Ol Cooling 44 200 Sieder and Tate (1936)
Straw Ol Heating 12 700
Straw Oil Cooling 45 300
Dittus anc Boelter (193C Oil 25 00(
Water 20 000
Sherwood and Petrie (1932) Water Heating 113 000 Colburn (1933)
Acetone Heating 113 000 Sieder and Tate (1936)
Benzene Heating 86 700
Kerosene Heating 31 800
n-Butyl Alcohol Heating 32 500
Petukhov (1970) Petukhov (1970)
(Collection of data)
Allen and Eckert (1964) Water - 110 000 8
Dipprey and Sabersky (1963)Water - 150 000 1.2-59
Yakovlev (1960) Water - 140 000 2-12
Malina and Sparrow (1964) Water, Oil - 100 000 3,48, 75
Sterman and Petukhov (1965Monoisopropyldiphenyl | - 260 000 12-35
Hamilton (1963) Water and water solutiors
of Glycerine and Metaxyl| - 100 000 430 - 16
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Table 3: Summary of Heat Transfer Correlations

CORRELATION

EQUATION

REYNOLDS NUMBER
RANGE

PRANDTL
NUMBER RANGE

EXPERIMENTAL DATA
SOURCE

1 6
Chilton-Colburn Analogy Nu = 0.125fRePrs 3000 < Re <5x10 0.7 < Pr< 160 McAdams and Frost (1922)
wheref is the friction factor from the Morris and Whitman (1928)
first Petukhov equation
1
— 0.8 %
Colburn Equation (1933) Nu = 0.023Re%8Prs Re > 10000
2500 < Re < 10° 0.7 < Pr< 120 McAdamsanc Frost (1922

Dittus and Boelter
Equation (1930)

Nu = 0.023Re%8Pr"where
n = 0.3 for cooling
n = 0.4 for heating

Morris and Whitman (1928)

Sieder and Tate (1936)

1 0.14
Nu = 0.027Re®8Pr3 <£)
Us

Re > 10000

0.7 < Pr< 17600

Clappanc Fitzsimmon (1928
Keevil and McAdams (1929)
Morris and Whitman (1928)

Sherwood and Petrie (1932)

Second Petukhov Equatio
(1970)

n (ﬁ) RePr

Nu =

1.07 + 12.7 (g)o'5 (Pr§ ~1)

10%* < Re < 5 x 10°

0.5 < Pr <2000

Allen and Ekert (1964
Petukhov and Roison (1963)
Sterman and Petukhov (1965)
Yakovlev (1960)

Gnielinski (1976)

2

ey

1+12.7(§)0'5(Pr§—1 L

Nu =

where

Pr 0.11
K=(—
(Prw)

3% 10% < Re <5 x10°

0.5 < Pr <2000

Clappanc Fitzsimmon (1928
Keevil (1930)

Lawrence and Sherwood (1931)
Morris and Whitman (1928)
Sherwood and Petrie (1932)
Sieder and Tate (1936)
Hufschmidt (1966)
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Important to note is the maximum Reynolds numbbeg tvere tested in the studies. If one
compares the Reynolds numbers ranges of the moshoaly used heat transfer correlations in
Table 2, one can see that most of the experimeatal has never exceeded a Reynolds number
of 260 000. It is to be noted that the highest R&s numbers were never tested using water.
The highest Reynolds number tested using watera88s000 by McAdams and Frost (1922).
The correlations that were developed used mathesnatid extrapolation to develop the limits
of the correlations and therefore there is roonfidather experimental investigation into higher
Reynolds number ranges.

In Table 3, a summary of the most important heatdfer correlations can be found along with
the Reynolds number and Prandtl number rangesateaaipplicable to the specific correlation.
Included in the table are the data sets that haen hutilised in the development of the
correlations.

Although there are many heat transfer correlatithred have been developed over the past
century, the ones mentioned in Table 3 are thosehwliere proven to be pioneering for their
time and those which made a significant differetoacthe development of heat transfer theory.

2.4.1 The Dittus-Boelter Equation

The first study to change the way heat transfefficoents were calculated was completed by
Dittus and Boelter (1930). The study was completgidg a radiator to transfer heat from water
to the atmosphere. The study introduced the “Olv@rahsfer Factor” which has becoming the
Overall Heat Transfer Coefficient] that is used today. This is utilised when workith the
method of representing the heat transfer that gctua system as resistance terms, similar to
the theory used in electrical circuits. It was fduhat in turbulent flow, most of the heat is
transferred from the liquid to the tube wall byded convection, and that in the laminar flow
regime heat is transferred mainly by conduction.

Dittus and Boelter used the data from previous istudf McAdams and Frost (1922) and
Morris and Whitman (1928) to compare their restidts From the results, it was found that
previously, there were two separate groups of gatats, one for heating of liquids and the
other for cooling. It was attempted to plot the theansfer factors as a function of the various
thermal properties of the fluid, using the film teenature instead of the bulk temperature to
obtain consensus between the two operating conditidfter doing this, it was found that no
agreement was found between the studies when assiggle representative equation. It was
after this, that a suggestion was made to inclusieparate exponent for heating and another for
cooling. When using this new method and compaieghieat transfer coefficients to Morris and
Whitman’s (1928) published data, agreement wasddagiween the studies.

In addition to determining the coefficients for hé@ansfer, an entrance correction factor was
proposed by Dittus to eliminate turbulence dueritrasce and exit disturbances as little was
understood regarding the effects of entrance cimmditon heat transfer at that time. McAdams
and Frost proposed to use an entrance correctiborfeo calculate their heat transfer results but
this was rejected by Morris and Whitman (1928) loa basis that there was not sufficient data
to determine a single accurate correction factor.

The correlation developed by Dittus and Boeltatascribed by equation (10).
Nu = 0.023Re%8pr™ (10)

wheren =0.4 for heating applications and=0.3 for cooling applications.

11

© University of Pretoria



2.4.2 The Colburn Correlation

While there were many initial attempts to charasteheat transfer as a function of flow rate,
few studies were found to make a meaningful coutitim in predicting heat transfer
coefficients. One of the first studies to contribwb heat transfer in the turbulent flow regime
was by Colburn (1933). Colburn found that whilseth were many equations available
at that time, every equation was dependent eitheyges of apparatus, flow conditions or
the fluids used. Colburn determined that there waseed for a single equation that could
describe heat transfer independently of all thesg¢ofs. The purpose of Colburn’s paper was to
simplify the forced convection field by providingggneral method of correlating heat transfer
data which could be used for the entire flow rarogeng from laminar to turbulent.

Colburn was one of the first studies which couldnoged for fully utilising the dimensionless

numbers of Nusselt, Stanton, Reynolds and Pra@atlburn understood how utilising these
numbers simplify the calculations involved in hgansfer by reducing the number of properties
and variables, whilst still allowing for all effexto be represented in an equation.

Colburn’s development of his correlation was basedthe Reynolds analogy, which was
developed to determine the valueGtvhich is the shear stress at the wall. Colburnrdetesd
that a similar equation needed to be developedeterchine heat transfer rates during forced
convection. Derived from the non-dimensionalisednmmaotum and energy equations, the
Reynolds analogy states that the Stanton numbappsoximately one half the value of the
friction coefficient. The Stanton number is defiresl(Cengel 2006):

h Nu

St = =
pc,V  RePr

(11)

This is, however, only valid for fluids with Pr 1 and therefore a more useful analogy was
needed to predict heat transfer coefficients tbatdcbe applied to fluids with a wide range of
Prandtl numbers. Therefore, Colburn added an é&daadtl number factor and developed what
is known as thg-factor. The Prandtl number is used as a corredtiothe differences between
the temperature and velocity distributions in thedf Thej-factor is defined in terms of either
the overall temperature change of the system artesat transfer coefficient. This is represented
by (Colburn 1933):

j = StPrs (12)
(0.6 < Pr < 60)

The proposed method of presenting the data waguhelp the values of the heat transfer was
shown to be a direct function of the temperaturange in a heat exchanger and the effect of
varying the velocity of the flow on the exit temamre was immediately indicated.

The well-known Chilton-Colburn analogy uses the uRkbv friction factor described in
equation (6) to determine the heat transfer usiuggon (13):

1
Nu = 0.125fRePr3 (13)

The Colburn equation is a slight mathematical modifon of equation (13) and includes the
friction factor in the equation which is (CengeDB(:

1
Nu = 0.023Re%8Pr3 (14)
(0.7 < Pr < 160, Re > 10 000)
12
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It is important to note that all the system projesrtare evaluated at the bulk mean fluid
temperature which is the average temperature bettreeinlet and outlet temperature of the
fluid. This is represented by:

Tin + T,
L = in > out (15)

2.4.3 The Sieder and Tate Study

The next of the heat transfer studies that werghttpe modern theory was that conducted by
Sieder and Tate (1936). In addition to developingeatremely accurate and useful correlation
to predict heat transfer, the data that was meddwas been used extensively by other authors to
develop new heat transfer correlations with a @ersible degree of accuracy.

During the development of the correlation, two meantributions can be noted. Firstly, the
correlation that is developed takes into accouatviscosity gradient of the fluid in the tube by
means of a viscosity ratio in the forfm,/1w) wherey, is the viscosity at the bulk temperature
andpyis the viscosity of the fluid at tube wall temperat This observation is of considerable
importance as it was the first study to investighte temperature profile in the radial direction
of the tube. Up until this particular study, thenmeerature profile in the axial direction of the
tube was seen to dominate the effect of the profildeat transfer. It was found that due to the
magnitude of the radial temperature gradient, gelanscosity gradient is found in the radial
direction and this is what leads to the differeimceiscosity at the centre and wall of the tube. It
is due to this that the effect of the viscositydigat needs to be taken into account and therefore
the correlation developed by Sieder and Tate (1986dlted in a far greater accuracy than
previous work in heat transfer theory.

The previous correlations fell into two classesne avhich used mainstream properties and the
other using film properties with these being dedifgy the temperature which was used to
determine the system properties. When using thegiloperties, one cannot use one correlation
to predict heat transfer in heating and coolingliappons. If one uses the main stream
properties, the temperature difference betweenube wall and fluid are not sufficiently taken
into account. Sieder and Tate recognised this lagitore sought to develop a solution to these
two problems.

Using their own experimental data and other dats, $®m Morris and Whitman (1928) and
Sherwood and Petrie (1932), a correlation was deeel to predict the heat transfer in the
turbulent flow regime for liquids. This equationsisown in (16):

1/ \014
Nu = 0.027Re%8Pr3 (u_> (16)
w
(0.7 < Pr < 17600, Re > 10 000)

The results of the experimental data for testintp wiater have a deviation of 10% when
compared to the theory examined.

2.4.4 The Petukhov Correlation

More complex equations such as the second Petuldl8?0) equation or the Gnielinski (1976)

correlation aimed to improve the accuracy of thevimus heat transfer studies. It was realised
that fluid physical properties greatly dependedamperature. It was due to this phenomenon,
that heat transfer was so poorly predicted in previstudies as this was not fully taken into

13
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account. It was therefore necessary to performnatysis of the flow and heat transfer with the
dependence of physical properties on temperatkentato account.

Due to the transient nature of turbulent flow, m@s change continuously with time. It is
these fluctuations that make turbulent flow soidifit to predict. The difficulty in predicting
heat transfer in turbulent flow comes from the iligbto determine expressions for the
turbulent diffusivities of heat and momentum forighale physical properties.

The Petukhov study uses numerical methods of piedidhe heat transfer by using time
averaged velocities, densities, enthalpies, tenypexs and pressures. Using the energy,
momentum and continuity equations, these valueseametermined. The solution of turbulent
flow is to use expressions for turbulent diffusest coupled with the analysis of averaged
equations for temperature, density and pressul@sfi®etukhov restricted his analysis to heat
transfer and fluid flow analysis in circular pipeevoid of entrance effects. Petukhov
determined that when dealing with large Prandtl bers, the main temperature change occurs
in the vicinity of the tube wall and therefore stvery important to take this phenomenon into
account.

To determine the heat transfer with constant playgcoperties, Petukhov considers a solution
for fully developed flow in a circular tube with mstant heat flux at the tube wall. The heat
transfer coefficient was calculated for Reynoldmbers ranging from f@o 5 x 16.

The corresponding solution is found in equatipn), which predicts the heat transfer for fully
developed flow (Petukhov 1970).

(g) RePr
u= 05 2 a7)
1.07 +12.7 (g) (Pr% _ 1)

(0.5 < Pr < 2000, 10* < Re < 5 x 10°)

It was found by Petukhov (1970) that for the memid Reynolds number range, the calculated
results had an accuracy of 5-6% when compared tserh experimental data. Whilst this
correlates well, the maximum Reynolds number tha$ @xperimentally tested to was 350 000
and the testing fluid was air. The highest Reynaldmber tested using water was 140 000.
When considering this, it is thought that it woudd beneficial to validate the heat transfer
coefficients through experimental testing.

2.4.5 The Gnielinski Study

The most recent heat transfer study to signifigactntribute to theory on turbulent heat
transfer was conducted by Gnielinski (1976). Thekatbat he evaluated was the most recent
contribution to heat transfer at that time whichswasearched by Hausen (1959). Hausen used
Sieder and Tate’s experimental data to developi@letion to describe heat transfer in both the
transitional and turbulent flow regime. The cortiela is (Hausen 1959):

d 2/3 0.14
Nu = 0.037(Re°'75 — 180)Pr°'42 [1 + (E) ] (#) (18)
w

(0.6 < Pr < 103,2300 < Re < 10°)

Gnielinski found that the work conducted by Hauseder predicted heat transfer coefficients
at high Reynolds numbers. This was found when coimgahe theoretical Nusselt numbers
calculated using the Hausen equation to the expeatsh Nusselt numbers obtained by

14
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Hufschmidtet al (1966). It was found however, that Hausen’s coti@fecorrectly predicted the
decrease in the heat transfer coefficient in thadition region between laminar and turbulent
flow for Reynolds numbers lower than 10 000. Themef Gnielinski determined that to
reproduce the experimental values from the existiteyature, an equation needed to be
developed that correctly described the decreaseat transfer coefficients in the transitional
flow regime and which, for large Reynolds numbexyld account for the dependence of the
exponent of the Reynolds number on the Prandtl mumb

Gnielinski determined that to achieve this, a gelhewalid equation should be formulated from

the basic form that was developed by Prandtl (19&#&tukhov, as previously mentioned,
developed an equation which predicted heat trarsfenrately at high Reynolds numbers. The
Petukhov equation is based on the original assomptnd correlation of Prandtl (1944). This
assumption is that due to the pressure drop, tm®rent of the Reynolds number has a
noticeable dependence on the Prandtl number. Retutdkes into account the effect of the
friction factor on heat transfer in fully developéarbulent flow in long pipes by using the

equation given by Filonenko (1954). Using the Pketik(1970) equation, it was found that in

the region of large Reynolds numbers, the valuesespond to the requirements i.e. providing
higher Nusselt numbers than the Hausen equatiespiective of the Prandtl number.

(g) (Re — 1000)Pr
u= 0.5 2 (19)
14127 (g) (Pr5 - 1)

2
Gnielinski modified the equation by add the cor@ttof 1 + (%)3 as given by Hausen to
account for the effect of the length of the tubevdich the heat transfer coefficient is being
calculated. The ratio of the Prandtl number ofaterage temperature and the Prandtl number at
the wall was added to equation (19) to accountHervariation in properties as a result of their
temperature dependence, similar to the methodeafeBiand Tate (1936) using the viscosity.

The resulting equation is (Gnielinski 1976):

wIN

f _
o (8)(Re 1000)Pr . (ﬂ) o0

14127 (g)o'5 (Pr§ - 1) L

Pr 0.11
k= (Prw>

The Gnielinski correlation was deemed to be comallg accurate as it was able to reproduce
the experimental heat transfer values for transiamd turbulent flow over a wide range of

Prandtl numbers. In addition to that, nearly 90%haf approximately 800 experimental values
taken from existing literature differed by lessrth20% from the theoretical values. However,

the uncertainties of the experimental values weteknown. Furthermore it is to be noted that
the Reynolds number range for this correlationetednined from the validity of the Reynolds

number range for the Petukhov equation. The exmariah values that are plotted in the

Gnielinski article do not exceed a Reynolds nundfe840 000. Hufschmidt (1966) produced

test results that were used by Gnielinski but bBsults covered a significant Prandtl number
range.

where
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2.5 Conclusion

The calculation of heat transfer and the frictiaotbr in the turbulent flow regime is governed
by the use of experimental data due to the fluminatand agitations found in the fluid stream.
The experimental data sets form the basis of neasfer correlation development.

From the earliest development of correlations usedkfine turbulent heat transfer, the aim was
to simplify the calculation of heat transfer. THed to the introduction of dimensionless
numbers. After this development the differenceeathtransfer calculation between heating and
cooling applications was introduced. This developiried to the discovery of the influence of
temperature on the thermal properties of a fluid #is introduced the inclusion of the viscosity
of a fluid into the calculation of heat transferwlas discovered that the viscosity would take
into account the temperature differences betweernuhe wall and fluid during experimental
testing. After this development, the next discoweas that the friction factor had a considerable
effect on the heat transfer and it was therefockided in the calculation of heat transfer in the
turbulent flow regime.

There are numerous studies that have been undertakguantify the heat transfer in the
turbulent flow regime. Many of these studies make of experimental data sets that were
recorded in the early 1920’s due to the reliancthefheat transfer correlation development on
experimental data. The maximum Reynolds Number liaat been tested using water as the
testing medium was 223 000. Due to the correlatlmeiag developed so many years ago, the
accuracy of the correlations has not been requivelde quantified by the calculation of the
uncertainty of the correlation.
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3. EXPERIMENTAL SETUP

3.1 Introduction

The purpose of this chapter is to describe the raxjgatal setup that was used to conduct
heat transfer and pressure drop experiments inca@tbninorizontal tube over a range of mass
flow rates. It also gives an overview of the comgruts of the experimental setup, the test
section, as well as the material, equipment antrumentation used. The experimental
procedure and data reduction methods used arelislsassed.

3.2 Experimental Setup

The experimental setup was housed in the Thernusfllaboratory at the University of
Pretoria and was constructed by myself and is sheamematically in Figure 2. The
experimental setup consisted of a tube-in-tube lkeahanger operated using water in a
counterflow configuration. It was serviced with twater streams: a hot and cold water fluid
stream. The inner tube of the heat exchanger emgced with hot water and the annulus
was serviced with cold water.

The hot water in the system was provided usingntiumicipal water supply and a heater
element located in a reservoir. The water was deasing a 36 kW heating element which
heated the water to a temperature of 58°C. ThemMabdér was supplied to the system using
two pumps due to the large range of flow rates tme¢d to be tested. One positive
displacement pump was used to provide a maximuwm fféde of 2 700 I/hr. Another positive
displacement pump was used to supply the systemammhaximum flow rate of 13 200 I/hr.
A summary of the equipment specifications of the tmater streams is in Table 4.

Table 4: Equipment specifications of the two watestreams

Hot Water Stream

Pump 1: SP 4 Positive displacement pump
Power: 0.5 kW

Maximum flow rate: 2 700 I/hr

Maximum pressure rating: 600 kPa (at maximum flatey
Maximumspeed 1420 rpn

Pump 2: CB 620 Positive displacement pump
Power: 11 kW

Maximum flow rate 13200 I/hi

Maximum pressureating: 1 200 kPa (at maximum flovate
Maximum speed 1460 rpn

Cold Water Stream

Pump: CB 410 Positive displacement pump
Power: 2.2 kW

Maximum Flow Rate: 3400 I/hr

Maximum Pressure Rating: 600 kPa

Maximum Speed: 1 300 rpm
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The cold water supply had a similar configuratientlae hot water supply loop. The water
was stored in a 1 000 litre reservoir which wasnemted to a 36 kW chilling unit which
chilled the water to a temperature of 20°C. Thiel @zater was supplied to the test section
using a positive displacement pump which could g®3 400 I/hr.

4
3 2
g

1
4
3 2

1) Hot Water Reservoir 7) Coriolis Flow Meter
2) Positive Displacement Pump  8) Cold Water Reservoir
3) Non-Return Valve 9) Chiller Unit
4) Accumulator 10) Data Acquisition System
5) Filter 11) Test Section
r 6) Ball Valve

10

11

)y

_T__I<]

N IFELW
L

Figure 2: Experimental test setup showing both hatd cold fluid streams with all measuring
instrumentation used during testing

Once the water was pumped from the reservoir, & f@d through an accumulator which was
used to dampen any pulsations that may have octurréhe system. This was used in an
effort to obtain highly accurate flow rate readingsd damp pressure fluctuations. Once
passed through the accumulator, it was fed threufiiter to remove impurities and was then

directed to a flow meter. The hot system used twodls flow meters in parallel to measure

the extremely low and high flow rates which affettis resolution of the readings taken when
a particular flow meter is not suitable for extreffi@v rates. The decrease in resolution
directly affects the quality of the readings anerétfiore the accuracy.

Once the flow had been through the flow meter teexd the test section constructed as a
heat exchanger. The detail of the design and agt&in of test section is given in section
3.3.
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The piping used for the hot water circuit was higgmsity polyurethane piping (HDPE) as it

has a high pressure rating. The connection fitturgesd were Plasson fittings which offered a
pressure rating of 1.6 MPa. In addition to the gues ratings, the fittings allowed for easy
construction and changes that needed to be matte toircuit. The hot water supply lines

had an outer diameter of 63 mm with a pressuragatf 1.2 MPa whereas the cold water
supply lines had an outer diameter of 25 mm wighessure rating of 600 kPa.

Both the hot and cold water supply pumps were oflett using variable frequency drives
that were operated through a computer system lirtkethe experimental setup. A data
acquisition system was coupled to the computeodatthe desired temperature, pressure and
mass flow measurements. The data acquisition sadtaiso allowed the control of the flow
rates of the pumps through the computer. As a temgting could be performed remotely
through the computer and data acquisition system.

3.3 Test Section

Each of the two test sections used to conduct @rpets consisted of a tube-in-tube heat
exchanger which was tested in the laboratory. Amarg of the heat exchangers and their
tube diameters can be found in Table 5. The diamedee specified in terms of inner

diameter of the tube. In this manuscript referendebe made to the 8.3 mm and 14.2 mm
tubes although their diameters are actually 8.29anth14.22 mm respectively.

Table 5: Heat Exchanger Tube Diameters

Inner diameter of

Inner tube wall

Inner diameter of

Annulus tube wall

inner tube of the thickness annulus tube of the thickness
heat exchanger heat exchanger
Test Section 1
8.29 mm 0.61 mm 17.63 mm 0.71 mm
Test Sectic 2
14.22 mm 0.81 mm 20.41 mm 0.91 mm

Each of the two test sections consisted of two eoppbes. The heat transfer length of the
inner tube was 3.75 m and the pressure drop lemgthd.1 m. The inner tubes were made of
hard drawn copper tubes and their surface roughvedses were measured as 0.0987 pm.
The relative surface roughnesf)) of the tubes was less than 6 x 4@ and can therefore
be considered as smooth tubes when compared tooayMzhart (Cengel, 2006). The heat
exchanger test sections were covered in Armafleulation with a thermal conductivity of
0.034 W/m.K. Due to the cold water running throdlgd annulus and the hot water running
through the inner tube, the heat loss to the ambias minimised when choosing this
particular flow configuration.

The selection of the length of the inner tubes thadongest that was commercially available.
The reasons for the selection of the long lengtbgevto assure that fully developed flow will
occur in most parts of the tubes and that higheaitt transfer rates and pressure drops values
could be measured to ensure good energy balanddewamuncertainties.

As experiments were only conducted in the turbufaw regime, no mixers needed to be
installed at the inlet and outlet of the inner wibAll measured wall temperatures on the
outside of the tube are assumed be equal to thragevéemperature of the water in the tube
(wall resistance was negligible as discussed iMdB.@0 ensure that no inlet effects could
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disturb the experimental results, a bell mouthtimiéh a downstream tube length with the
same diameter as the test section and a lengt@OofrBn was installed upstream of the inlet
of the test section.

3.4 Test Section Construction

As explained in the design section of this chaptes,test sections were in the configuration
of a tube-in-tube heat exchanger. The inner tube dirided into eight stations, which were

used to facilitate the sealing of the annulus Eemeer the inner tube when constructing the
heat exchanger. Once concentricity was ensuredutex tube was fitted over the inner tube.
The annulus pieces were connected using hydraittlingk to ensure that they remain intact
when testing under high pressure conditions.

An important aspect of the test section constractias the method of maintaining
concentricity between the two tubes. The tubes weparated using small pieces of Acetal
machined to fit in the annulus of the heat exchangeetal is a plastic which was chosen as
it has a high operating temperature, low moistlogogption, low thermal conductivity, good
stiffness and is easy to machine. The pieces w&ehed onto the inner tube at each station
to maintain concentricity.

The inlets and outlets of both the annulus and rintube made use of four T-type
thermocouples to measure temperatures accuratély.tfiermocouples were located 90°
from each other around the tube circumference. aNeeage of the four thermocouples was
used as a more accurate representation of the tatapeat the inlet and outlets of both the
inner and outer tubes of the test section. Thentbeouples were attached to the tube by
soldering the thermocouples onto the outer watheftube. A small groove was drilled into
the tube and when the groove was filled with sqltlee thermocouple was inserted into the
groove. The thermocouple configuration is showRigure 3.

O

L_ | | _.')) — | 1 _.)
<+ | P E— Tili -— | j—
S i \ R ! o

. L@ Hot Water @"l‘
Cold Water l
Thermaocouple

Pressure Tap

(2
()
OO |t

Figure 3: Heat Exchanger Test Section showing thetland cold fluid flow directions and
thermocouple measurement points with a bell mouttirance

It was important that a high quality bond was mbadeveen the thermocouple wire and the
tube surface as the wires were handled extensafedy the bonding process and there was a
risk that the wire would become detached duringhidmedling of the test section. Due to the
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wall thickness being so small, the thermal restaaf the wall can be neglected in heat
transfer calculations.

Thermocouple calibration was performed using atlBU-temperature probe which was used
to measure a reference temperature over a defmestant temperature range. The accuracy
of the PT-100 probe was calibrated to 0.1 °C. Thkbration was completed between a

minimum and maximum temperature as the differemteséen the reference temperature and
that of the thermocouples was found to be lineanceDthe temperatures were logged,

calibration coefficients could be determined forcleahermocouple to calculate a new

temperature reading. This worked as a correctiotofao counteract the inherent error in the
thermocouple wire and ensure that accurate temperatadings were obtained. During

calibration 100 samples were recorded at each terye and the standard deviation of

thermocouples never exceeded 0.1°C.

The pressure drop readings over the length ofrtheritube were measured using pressure
taps situated at the inlet and outlet of the irnbe. The pressure was measured using three
Validyne DP15 Pressure Transducers. Each of timsdrecers contained a diaphragm which
was calibrated to a maximum pressure which couldbeoexceeded. Each diaphragm was
accurate to 0.25% of the rated maximum pressure. adturacy of each of the pressure
ranges was used to calculate the uncertainty gbreesure measurements which is explained
in Appendix A. Pressure calibration was completédsibe as the pressure ranges that were
required to measure experimental data were toofoigthe equipment in the laboratory. The
pressure calibration accuracy is given in Table 6.

Table 6: Pressure Diaphragm Ranges

Diaphragm Number Pressure Range Error
[kPa] [%0]
1 0-35 0.25
2 35-140 1
3 140 - 860 1.54

Labview software was used to record the measurentiming testing. Using the software,
100 samples were recorded at a frequency of 10@oHeach Reynolds number increment
(ARe = 10 000). The measurements that were recordest w

= the differential pressure of the inner tube floveatn
= the inlet and outlet temperature measurementstoftobe streams
»= the mass flow rates of both the inner and outes sileams

3.5 Testing Procedure

To conduct accurate experiments, the system needeghch steady state conditions before
any measurements were taken. The hot water wadatied through the test section to enable
the temperature to stabilise. Once the temperatuees at the desired values, the cold water
was circulated through the annulus. Using thisutation process, any excess air in the
system was pumped out of the piping and test seetiw back into the tank. Steady state
conditions were determined by monitoring the terapee fluctuations in the system as well

as the energy balance readings. The energy bataackngs were monitored and once an
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approximate reading of 1% was obtained with no tenaire or pressure fluctuations, steady
state conditions were assured and measurementseceneed.

In Table 7, the maximum testing values can be fdoneéach of the tube diameters.

Table 7: Testing System Properties

Maximum System Properties for Tube Diameters 8.3 mm 14.2 mm
Reynolds number][-] 200 000 220 000
Heat transfer rate [kW] 20 42
Mass flow rate [kg/s] 0.684 1.24
Pressure drop [kPa] 578 134

Upon the start of the experimental system, thespirestransducer valves were closed and
remained that way for approximately ten minutese phessure transducer valves that were
used in the system were opened once the systerbdsadcirculating the hot and cold water
through the test section for a considerable tintés Tvas done in an effort to prevent the
effects of any potential water hammer in the systaimstart up from damaging the
diaphragms in the pressure transducers. Once ttensyhad stabilised, the valves were
opened and any excess air in the system was btatirough the pressure transducers. At the
end of the testing procedure, the pumps were sedtabff and the system became static.
Once this occurred, the static pressure was redoiid@s was done in an attempt to counter
any offset that might have occurred in the presduaesducers. This offset was then
subtracted from the recorded experimental presaltees to obtain the true reading.

3.6 Data Reduction

To obtain the objectives set out for this studigtifvn factors, heat transfer coefficients gnd
factors were required for smooth tubes in the tiertuflow regime. The methods used to
calculate these coefficients are described ingbation.

3.6.1 General System Variables

The Reynolds number was calculated for the innege aand annulus mass flow measurements
as described in equation (21) and (22).

Ariv;

Re: = 21
=g (21)
4m,
= 22
Ko = 2D, — Dko 22

The Prandtl number for the inner tube and anndtussf were defined in equation (23) and
(24). The viscosities were calculated using thd beinperature which is defined in equation
(25) and is an average of the inlet and outlet sratprre of a fluid stream.
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Pr; = % (23)
C

Pr, = Holpo (24)
ko

T, = (25)

The surface area of the inner tube and annulus gacelated using equations (26) and (27).
The heat transfer length was 3.75 m.

Ai = T[DiL (26)

A, = D,L (27)

3.6.2 Pressure Readings

The pressure readings that were obtained wereatidicof the pressure drop that occurred
over the length of the inner tube of the heat ergka Using the pressure drop readings, the
friction factor, f, was calculated using equation (28). The presswp @mgth between the
inlet and outlet pressure taps was 4.1 m. The tfensis calculated at the bulk temperature
as defined in equation (25).

_ 2APD
PLVg

(28)

The velocity was calculated from the mass flow naadings that were recorded during
testing as well as the cross sectional area ointier tube. Using equation (29), the average
velocity was obtained and using that, the frictiactor was calculated.
m
= 29
PAcs (29)

Vavg

3.6.3 j-Factor Calculation

When considering the heat transfer results, it dexsded to establish what the effect of the
Prandtl number would be on the Nusselt number t®sfik mentioned in chapter 2, Prandtl
numbers exhibit a much higher influence on heaisfier results in the turbulent flow regime.
It was therefore determined to be important to wwrsthe effects that the Prandtl number
has on the Nusselt number.

Using the Colburn analogy of free convection heatgfer and the Stanton number, which is
described in chapter 2, a correlation can be matieden thg-factor and the Nusselt number
which is determined experimentally.
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Thej-factor is described using equation (30).
j = StPrs (30)

Replacing the Stanton number with the definitiorequation (31), th¢-factor takes on the
form shown in equation (32):

Nu

= 31
St RePr ( )
) Nu
] = 1 (32)
RePrs

3.6.4 Heat Transfer Coefficients

The Wilson Plot (WP) method (Briggs and Young 196@gs only the inlet and outlet

temperatures and mass flow rates for both the ituee and annulus to calculate a heat
transfer coefficient. The WP method is traditiopailsed to calculate the annulus heat
transfer coefficients, however, in this case iused to predict an inner tube heat transfer
coefficient using regression analysis. The Wilstéot Bnalysis utilises the logarithmic mean

temperature difference (LMTD) method of calculatthg overall heat transfer coefficients of

the system.

SN

Router Rwall Rinner

Figure 4: Representation of thermal resistance cohttions of the inner, wall and annulus heat
transfer

The LMTD method uses an analogy that represents baat transfer component of the
experimental setup as a component of a thermadtaesie network. A cross section of the
heat exchanger is shown in Figure 4. The thernsadtance theory states that each part of the
cross section contributes a resistance which camelzed to the overall heat transfer
coefficient Uyy).

In this particular case the thermal resistanceayisgakto the sum of the inner tube, wall and
outer tube thermal resistances. This is descrilgezhjbation (33).

Roy =R;+R, +R, (33)
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The overall heat transfer coefficient of this partar system is affected by the resistance
terms of the fluid in inner tube, the inner tubdlvaad the fluid in the annulus as shown in
equation (34). The first term on the right handesidl equation (34) represents the inner wall
thermal resistance caused by convection on the suréace of the inner tube. The terRy,
represents the conduction through the copper tubk and the last term represents the
annulus side thermal resistance from convectiotherouter surface of the inner tube.

1 1 1
=— — 34
UnwA  hiA; R+ hoA, (34)

The overall heat transfer coefficient was calculaby using the average heat transfer rate
between the inner tube and the annulus which wessrded using equations (35), (36) and

(37).

Q: = 1;Cpi(Tiin — Tiout) (35)

Qo = mocpo(To,out - To,in) (36)
Q' _ Qi + QO

av = 2 (37)

Q. _ mi (Cpi(Ti.in - Ti,out)) + mo (Cpo (To.out - To,in)) (38)
av —
2

Once the average heat transfer rate was calculateds used to calculate the overall heat
transfer coefficient using equation (39) which isék the log mean temperature difference

(LMTD).
U. — Qav
v " A ATy, (39)

The log mean temperature was calculated as depiceglation (40).

(Ti,in - To,out) - (Ti,out - To,in)
ln <(Ti,in_To,out)) (40)

(Ti,out _To,in)

ATlm =

The thermal wall resistance teriR,j was calculated using the conduction equation fat he
transfer through the tube wall. This is describredquation (41).

o) (41)
W 2wk, L

wherek is the thermal conductivity of the copper tubelaaldL is the length of the tube.
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To calculate the thermal conductivity of the copjdre wall, the correlation in equation (42)
was used. This correlation calculates the thernsadactivity as a function of the bulk
temperatureT(,) of the system (Abu-Eishah 2001), measured in ikelv

d
k, = aT?e‘TeT (42)

With the constants = 82.56648b = 0.262301¢ = -4.06701 x 16 andd =59.72934 for
copper.

Although the wall resistance was taken into cormsitien, the effect of the wall resistance on
equation (34)as negligible due to the high thermal conductiwtythe copper tube and the
thin wall thickness of the tube.

The Wilson Plot method requires the overall heatgfer coefficients of both the inner tube
and annulus to be calculated so as to calculaténtiex tube heat transfer coefficient. The
inner and outer tube Nusselt numbers are solvedusorg equations (43) and (44). The
equations have two coefficient§, andn, which are used to approximate the experimental
data through regression analysis using Sieder atel (L936) type equations.

np 5 (MO
Nu; = C;Re; 'P7} (—) (43)
Hw
L Lopo\014
Nu, = CoRe,° P17 (—) (44)
Hw

To calculate the heat transfer coefficient for itheer tube equation (45) was used which is a
relation to equation (44) described by the Briggs ¥oung (1969) method. The thermal
conductivity of the water was calculated at thekkteimperatureT,) which is calculated as
the average between the inlet and outlet temp@&stirthe inner tube.

_ Nuik; l(ﬂi>0'14 ki

n;
hi Di = CL-Rel. PT'l3 Dl- (45)

Hw

This theory can also be applied to the annular tneasfer coefficient as in equation (46).

Nu,k, n 3 B\ ko
h, = —2"°_ — ( Relopr (—) "o (46)
? (Do - Di) oo ? Hw (Do - Di)

The inner tube heat transfer resistance is destiiseng equation (47). The inclusion gf
is the variation of the inner tube heat transfefftoient andC; is a correcting constant.

11
C mA; CRA;

R; (47)

where
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1 1

hoA,  C,hiA,
(50)

The same principle is applied to the outer tubd traasfer resistance as shown in equation
(49)

(49).
R, =

h, = C,h;

R, +
Y CohiA,

where
Using equation (47) and (49) in equation (34) tht@ltheat transfer resistance takes on the

form of equation (51).

R,, = 1

ov Clh;'kAl (5 )

1 1
= " +
Chid, " CohaA,
(53)

Rearranging the terms, the equation takes on thm & a straight line graph as shown in
(52)

equation (53).
Rov - Rw
_1h4, 1

S GhiALT G

(Rov - Rw)tho

The form of equation (53) allows tlyeandx values to be determined as described in equation
(54)

(54) and (55).
y= (Rov - Rw)hZAo
hoA,

x = WA (55)

A

When plotting thex andy values, the new coefficients f@; and C, can be calculated by
determining the gradient and intercept of equa(l®). The gradienta, determines th&;
(56)

value and the intercegds, determines th€, value as shown in equations (56) and (57).

T
(57)
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3.6.5 Wall Temperature Calculation using Wilson Plot

The wall temperature is difficult to measure whemducting experiments using a tube-in-
tube heat exchanger test setup configuration dtfeetoonstruction constraints. Therefore the
wall temperature, according to the Wilson Plot, dan calculated and compared to the
measured wall temperatures to determine whethee tivas a possible measurement error
during experiments. This can be done using theadivieeat transfer coefficient as well as the
inner tube heat transfer coefficient calculatedngsthe Wilson Plot. Due to the bulk
temperature profile being undefined, it needs tddtermined by derivation.

The aim is to determine the inner tube wall tempeedl,, along the length of the tulze

The bulk temperature difference, between the iamer outer tube fluids, at a point along the
axial distance of the tulmis defined in equation (58) (Cengel 2006):

ATy (2) = Ty(2) — T, (2) (58)

The energy balance for the inner and outer tubébeastetermined using equations (59) and
(60).

6Q = —miCpidTi (59)
50 = m,C,,dT, (60)
Substituting equation (59) and (60) into (61) resde

) dAT, = —=8QC* (61)
where the tern€ is defined as:

(et k)
Gy meChp (62)

Using the definition of the overall heat transfeefficient, the heat transfer rate takes on the
form of equation (63):

8Q = UyyATyp;dz (63)
where the perimeter is defined as:
p; = D; (64)

Substituting equation (63) into equation (61) thaaion is integrated from 0 @, which is
an arbitrary position along the length of the tudin equation (65).

ATp(z%) 1 z*
—— dAT, =—f U,,p;C*d
fATb(O) AT, " o ovpi (65)
In(AT, (z%)) — In(AT,(0)) = —UpyypiC*2* (66)
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(67)

ATb (Z*) = e[_UovpiC*Z*+ln(ATb(0))]
(68)

From the inner tube energy balance between Gzaindan be obtained:

Qo-z = 1 Cpi[T;(0) — Ty(z")]
Integrating the incremental heat transfer rate fiomz of the tube renders:
(69)

Qs = fo 40 (2)dz

(70)

Substituting equation (63) into (69):
QO—Z =f UowpiATy, (2)dz
0

(71)

And substituting equation (67) into (70) results in
Oo_yp = foz* U,,p; e~VovPiC'z +InAT, (0] gy

= _ATb_(o) [e—UO,,piC*z* _ 1]
c*

Equating equation (71) into (70) results in an éiguafor the bulk fluid temperature for the

inner tube at :
AT, (0) [y oo , i
s [e7UorPi€™2" — 1] = 1i0;C,,;(T;(0) — Ti(2")) (72)
“ 3 AT, (0) o UgpiCiZ (73)
T;(z*) = T;(0) TGy (1-e )
From the definition of the inner tube heat transfefficient:
6Q = hip;[Ti(2) — T, (2)]dz (74)
Equating equation (74) to (63) results in:
UowpiATy (2)dz = hipi[T;(2) — T, (2)]dz (75)
The terms are rearranged to obtain
T, (2) = G, + G,eP? (76)
(77)

Go = [Ti(o) T CmiC
i“pi

where the coefficient&,, G; andg are defined as:
AT, (0) ]
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~ 1 Uy, (78)
6= 10 5~
B = —UypiC* (79)

Normally it is not necessary to explicitly determithe wall temperatures when the WP
method is used. The reason why it was done irsthidy was that the wall temperatures were
required for the uncertainty analysis.

3.6.6 Energy Balance

The energy balancé&B) is calculated using the heat transfer rate ofi ltleé inner tube and
annulus. The energy balance value is a good indicatf the stability and accuracy of the
system and measurements. To calculate the enelg@ydeaequation (80) is used.
_ Qi B Qo
EB = (Qi"’Qo) x 100 (80)
2

3.7 Conclusion

Experimental data was obtained during tests coeduict the laboratory at the University of
Pretoria. Two test sections were constructed inoanterflow arrangement where two
different inner tube diameters were used for tgstinrposes. The inner tube diameters were
8.3 mm and 14.2 mm and the heat transfer length3wds m. Thermocouples were attached
along the length of the wall of the tube as welaathe inlet and outlet of the inner tube and
annulus. During experimental testing, the followingeasurements were recorded:
temperatures, mass flow rates, pressure drop dwerleéngth of the test section. The
maximum Reynolds number tested for the 8.3 mm ahd thm tube was 200 000 and 220
000 respectively over a Prandtl number range o£312

Using the recorded temperature and mass flow meamnts, the heat transfer coefficients
were determined using the Wilson Plot method. Thassrflow rates were used to determine
the Reynolds numbers and the friction factors waeeermined using the pressure drop
measurements over the length of the tube. Thetemlperature was derived using an energy
balance between the inner tube and annulus flows.
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4. UNCERTAINTY ANALYSIS

The purpose of this chapter is to describe the odktised to determine the uncertainty on all
the measured and calculated variables that are tosealculate the heat transfer coefficient
for the test section flow. The uncertainty of tlgetem, wall temperature, Nusselt number and
friction factor is quantified and the effects okthlincertainty on the experimental data is
analysed. The results of the uncertainty analysigsiscussed.

4.1 Uncertainty Analysis

During experimental testing, it is impossible tdaob the true value of a measurement due to
errors within the equipment and recording of datserefore, uncertainty analysis is used as
one of the most accurate methods to quantify tinisrein attempt to obtain the best
approximation of the true value. By calculating thecertainty of the data recorded during
testing, the data can be evaluated in its quatityaccuracy. One of the primary objectives of
this chapter was to quantify the uncertainty on theenperature and pressure drop
measurements that were recorded during testingullAuhcertainty analysis was therefore
performed on all relevant measurements which weezl uo determine the Nusselt number
and friction factor.

The method of calculating the uncertainty was basethat of Moffat (1988) where the bias
and precision values were used to calculate thertaioty on the measurements recorded
during testing. Bias errors are those which areirrey and can be accounted for during
measurements. These errors can be attributed toptena such as calibration errors, errors
during calculation, measurement equipment impedest etc. Precision errors are those
which occur randomly and can be caused by varigtiommeasurement processes, changes in
the equipment utilised for measurements etc.

Each uncertainty on a measurement contributes tisaxaicalculated uncertainty for a desired
system characteristic such as a Nusselt numbeictoh factor. Therefore, the uncertainty in
a certain system characteristic, for examplean be determined by quantifying the standard
deviation of a measurement and the contributiothefvariables in a data reduction step. In
equation (81), the standard uncertaintys calculated by using the partial derivativettud
result,r, with respect to the contributing variableand the uncertainty of the contributing
variable,u(v).

n 2
u(r) = Z [;—;u(vj)] (81)
j=1

Using equation (81), the uncertainty of each vaeiatas calculated and this was used in turn
to calculate the next step of the data reductiocgss. As a result of this, the uncertainty of a
certain variable propagates through the processtl@adnformation can be used to design
systems to reduce the uncertainty of certain paterne

4.2 System Uncertainty

Each measurement contains a degree of uncertaiotythee values for these measurements
can be found in Table 8. These uncertainties tate account possible errors during
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calibration as well as measurement errors duringeemental testing and these consist of
bias B;) and precision error$®() as shown in equation (82).

av, = {(B)" + (B)F )

The resulting uncertainty measurements utilise % @dnfidence level that the actual error
will not exceed the estimated error. A standardat®n was used in the root sum squared
method to calculate the uncertainty of the measanénA full description of this method can
be found in Appendix A.

Table 8: Summary of system uncertainty values

Measurement Uncertainty

Instrument Uncertainties:

TemperatureT) 0.01°C
Inlets, outlets and bulk temperatures 0.05 °C
(4 Thermocouples)

Pressure dropP) 0.25% FS
Mass flow ratef) 0.1%
Tube Wall Thermal Conductivity: 3.2%
Fluid Properties:

Thermal conductivityK) 2%
Density (p) 0.003%
Viscosity (L) 1%
Specificheatcapacity (Cp) 0.06%
Dimension Uncertainties:

Tube length() 2 mm
Tube diameterd) 20 um

The thermocouple uncertainty value was calculatech the calibration of the thermocouples
using the Pt-100 which had an uncertainty of 0.01°C

The uncertainties of the fluid properties are aigdi from the formulations of Popiel and
Wojtkowiak (1998).

4.3 Friction Factor Uncertainty

The friction factor uncertainty was based on eaqumii28) which determines the friction
factor using the pressure drop measurements whach wbtained experimentally. As a result,
the friction factor uncertainty was determined gsaguation (83). The term of the equation
with the most effect on the friction factor was firessure drop measurement.

N =

2

or=|(Gapr) +(5h) (o) + (7o) +(Gron) | oo
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4.4 Nusselt Number Uncertainty

The Nusselt number was calculated using the WilBtot theory which is described in
section 3.6.2 of Chapter 3. The Wilson Plot methieds the weighted linear least squares
(WLS) regression analysis to determine the coedfits, C, and n, which enable the
separation of the overall thermal resistance fax theasured experimental data. Each
measured variable has its own uncertainty andpgropagates through each data reduction
step used to determine the heat transfer coefticiéme uncertainty of the linear regression
step of the Wilson Plot method also needs to bentékto consideration.

The uncertainty of each of the measured varialdedeiscribed in section 4.1 and these
uncertainties are referred to as base variablertaicges. The base variable uncertainties
need to be determined as they are used in thelatdouof the reduced variable uncertainties.
The method proposed by Uhed al. (2013) was used to calculate the uncertainty eftibat
transfer coefficients when using the Wilson Plotadaeduction method. The method
proposed by Uhiat al. is based on the general uncertainty equation tiestby equation
(82).

By arranging the data reduction equations as de=ttin Chapter 3, the uncertainty was be
calculated on each of the reduction steps and tmeribution of each step on the total

uncertainty was taken into account. The uncertaaniglysis was performed on equation (53)
which arranged the Wilson Plot data reduction m filvm of a straight line graph equation.

Thex andy axis values are stated in equation (54) and (55).

y= (Rov - Rw)hZAo (54)
hoA,

By applying equation (81), the uncertainty in {haxis values derived from the Wilson Plot
was calculated using equation (84).

u) = \/ [aiiv

Similarly, the uncertainty for theaxis values was calculated using equation (85).

2

u(Rm,)]Z + [ aahy; u(h;‘,)] (84)

2 2
u(x) = J [a%u(h;;)] + [ ;:%u(h;)] (85)

The uncertainty of the coefficients used in thessfil Plot method was determined from the
uncertainty of the gradiend, and intercepth, of equation (53). This is shown in equations
(86) and (87).
aC;
u(C;) = —u(a) (86)
da
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u(C,) = S 2u(b) @7)

The uncertainty of the gradient and intercept walsutated as described in Appendix A.
Using the uncertainty of the coefficients, the utaiaty of the heat transfer coefficients
could be determined from the definition found inuations (48) and (50) and using equation
(81). The inner tube heat transfer coefficient utaiety was determined using equation (88).

u(hy) = J [ y h*u(h )] u(C )] (88)

The annulus heat transfer coefficient uncertairag walculated using equation (89).

O

A coverage factor was included by Uhia to increhseconfidence level of the results to 95%.
The recommended coverage factorGE = 2 to obtain the 95% confidence level while
assuming a normal distribution in the heat transtefficient results. The final uncertainty

of the heat transfer coefficients was calculate@twations (90) and (91) which includes the
coverage factor.

U(h,) = CFu(h;) (90)
U(h,) = CFu(h,) (91)

4.5 Wall Temperature Uncertainty

Due to the wall temperature being difficult to mes during experiments, the wall
temperature was calculated according to the WiBtmt as described in section 3.6.5. As
with the heat transfer coefficients, the generaeutainty equation can be applied to the data
reduction steps used to determine the wall tempexatThe uncertainty of the wall
temperature is be described by equation (92).

2

U _(GTWU >2+( aT, >+<6TWU>
w = \ar,(0) "© 3AT, (0) ATs® act ¢
aT, \> (aT, \> (aT, 2
+(a_miU””> +(T”> +(an Us..) (92)
1

(E)T U >2+ aT,, U, 2+<6TWU>2_
on; ap, 9z *

2

2
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A detailed explanation of how the uncertainty teams calculated can be found in Appendix

A.

4.6 Uncertainty Analysis Results

4.6.1 Friction Factor Uncertainty

The friction factor was determined by using the sptee drop readings that were
experimentally recorded during testing. By evahmtihe uncertainty of the components of
equation (28) in Table 9, it can be seen that W highest individual contributors to the
uncertainty are the mass flow rate and the presitogereadings. The pressure drop readings
are considerably higher in contribution than tHahe mass flow rate.

Table 9: Factors Contributing to Friction Factor Uncertainty

Property Minimum Maximum
Uncertainty Uncertainty

m; 0.18% 1.5%

D 0.2% 1%

dp 0.38% 12%

p - 0.03%

L 0.2% 1%

The uncertainty values are shown plotted along Wiehfriction factors for a data set for the

8.3 mm tube in Figure 5. From Figure 5, it carsben that most of the friction factor values
fell within the uncertainty values for the entireyRolds number range. The uncertainty was
highest at the lowest Reynolds number which deeseadth increasing Reynolds number.

The uncertainty was highest at two points whictresent the lowest recorded values on a
particular pressure diaphragm. The accuracy ofrteasurement was lowest at the low end of
the diaphragm pressure range. The switch frompoessure diaphragm to the next occurred
at a Reynolds number of 110 000 as can be seentfrenmcrease in uncertainty in Figure 5.
The maximum uncertainty value of the friction factor tube 8.3 mm was 11% and the
minimum was 1.3%. This is shown in Table 10.

As most of the experimental values lie within tladcalated uncertainties it is determined that
the measurement of the pressure drop and massrites was accurate and credible. The
friction factors for the 14.2 mm tube were plotteith the uncertainty on each of the values
in Figure 6. Once again, the uncertainty was highoa& Reynolds number and steadily
decreased as the pressure drop values approachefdlitirange pressure values of each
diaphragm.

Table 10: Friction factor uncertainties

Friction Factor Uncertainty | Minimum Maximum Average
Uncertainty Uncertainty Uncertainty

Tube diameter 8.3 mm 0.58% 4.48% 2.46%

Tube diameter 14.2 mm 0.61% 19.25% 2.81%

© University of Pretoria

35



0.034 - b

0.03 B

0.02 i

0.017 |- b

0.015 B

| | | | | | |
0.1 0.2 03 0.5 1 1.5 2
Reynolds Number [-] x 10°

Figure 5: Friction factor measurements with calculed uncertainties for a Reynolds number range
of 10 000 to 200 000 for the 8.3 mm tube
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Figure 6: Friction factor measurements with calculed uncertainties for a Reynolds number range
of 10 000 to 220 000 for the 14.2 mm tube
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It was observed that at a Reynolds number of 1@0) @ uncertainty values increased again
as a new diaphragm was used to measure the nesdupeedrop range and it also decreased
as the Reynolds number increased. All the frictamtor data points were found to lie within
the uncertainty band for the entire range of Reymolumbers.

Figure 7displays the friction factor uncertainties for bdttbe diameters as a function of
Reynolds number. All the uncertainty values lieokeP0% while the average uncertainty of
all the measurement points was less than 3%.
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Figure 7: Friction factor uncertainty results for bth 8.3 and 14.2 mm tube diameters as a function
of Reynolds number

4.6.2 Nusselt Number Uncertainty

The uncertainty analysis of the Nusselt numbereiscdbed in detail in Appendix A. The
method proposed by Uhgt al (2013) was used to determine the uncertainty efNhsselt
number which is calculated using the Wilson Plothuod.

The uncertainty was calculated for all the measergmobtained during experimental testing.
These measurements were used to determine othensysiriables such as the Reynolds
Number, Prandtl number etc. Once these were detednthe heat transfer coefficients were
determined for the system. The uncertainty wasutatied in a similar fashion starting with
the uncertainty on the measurements and then alsexgnethod described in Chapter 4 to
determine the calculated variables’ uncertainty.
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4.6.2.1 Relative Uncertainty

The first step was to determine the uncertaintythef measurements that were recorded
during testing which are referred to as base vhriamcertainties. The base variable
measurements were used in a number of data redusteps to obtain the heat transfer
coefficients. Taking each of the individual varieblfrom each equation, the uncertainty
contribution of each one was calculated.

The uncertainty was determined using the follovateps:

* Level 1 — Base Variables: Measured values durisgng — mass flow rate, viscosity,
thermal conductivity, diameter, inlet and outlehperatures

» Level 2: Reduction of Level 1 — calculation of Reigs number, Prandtl number, area,
thermal resistance of the tube, Log Mean Tempezdifference, heat transfer rate.

* Level 3: Reduction of Level 2 — calculation of ualex heat transfer coefficients, overall
thermal resistance

» Level 4: Reduction of Level 3 — calculation of hewnsfer coefficients, Wilson Plot
coefficients

The relative uncertainty of a variable was cal@daas a percentage of the total calculated
value. The base variable relative uncertainty \v@iere plotted as a function of the inner
tube Reynolds number in Figure 8. From the plottedertainties, it can be see that the
highest relative uncertainty belonged to that eftthermal conductivity of the watek) (in the
annulus and the inner tube at a relative unceytah®%. The second highest contributor of
the base variable relative uncertainty was theirsgatoefficient used in the regression
analysis of the Wilson PlofX) at a value of just under 1.5%. The uncertaintthiaviscosity

of the fluid also made a considerable contributisith a relative uncertainty of
approximately 1%.

The relative uncertainty values of the reducedesystariables are shown in Figure 9. Each
of the base variable uncertainties had an effe¢themeduced uncertainties depicted in Figure
9. Each of the calculated values had their ownsueaof relative uncertainty which was
plotted against the inner tube Reynolds number. [dlvest uncertainty values belonged to
the uncertainty of the calculated tube areas. #hue to the low uncertainty that existed
when measuring the diameter and that being the omhributor to the uncertainty of the
calculated length.

The Reynolds number uncertainty was considerably flar both the inner and outer tube
flows with the average uncertainty being relativebnstant between 1-1.1%. A similar trend
was seen for the Prandtl number with the averagertainty being between 2.25-2.3% for
the inner and outer tube Prandtl number.

It was found that the inner tube heat transfer fameht relative uncertainty stayed
approximately constant at 2% over the Reynolds mumrange. The annulus tube heat
transfer coefficient relative uncertainty stayedstant at a value of 2.35% over the Reynolds
number range.

4.6.2.2 ldentification of Dominating Factors on Hat Transfer Coefficient Uncertainty

The uncertainties of all the measurements takemngluexperimental testing contributed
towards the uncertainty of the heat transfer coieffit. It was important to determine which
of the system characteristic uncertainties displayelominating effect on the heat transfer.
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To calculate the uncertainty propagation of a @ertariable, the general expression in
equation (93) was used. The valuexafepresents a measured variable Bns a function of
Xi .

wrr=3 [ | (93)

Dividing equation (93) by the tera(F)? renders:

1= [ yuth)| (04)

The fractional uncertainty component could thencb&ulated using equation (95). This
represents the contribution of the variable to ttil uncertainty found in the variable
determined by the functiof.

_[dF 2
= | uC0 /o) (95)

Using equation (95) it was determined which vaeadsthibits the dominating uncertainty on
the functionF.

Figure 10 is a visual representation of the countiiim in uncertainty of each variable to the
functionF.

According to Figure 10, the main contributor to theertainty of the inner tube heat transfer
coefficient, h;, was the unscaled heat transfer coefficibnt,and the scaling factdz;. The
uncertainty in the scaling factor was caused byr#gression analysis in the Wilson Plot
method.

The main contributor to the unscaled heat transfeefficient, hy, was the thermal
conductivity of the water in the inner tuble)( The two other significant contributors were
the inner tube Reynolds number and Prandtl numbkere the uncertainty of the thermal
conductivity contributed significantly to the lattd’he main contributor of the uncertainty in
the Reynolds number was the viscosity of the wiaténe inner tubey).

Taking all these into account, it can be deducedl ttie main contributors to the uncertainty
in the inner tube heat transfer coefficient were Wilson Plot regression analysis, and the
water’s thermal conductivity and viscosity measuezats.
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Figure 8: Relative uncertainty of the base variableneasured during experimental testing as a funaotiaf Reynolds number
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Figure 9: Relative uncertainty of the reduced vabikes calculated from the measured uncertainty foR&ynolds number range of 10 000 to 210 000

41

© University of Pretoria




(o3

Pr

-

Uncertainty ratio [-]

08 I P
0.6 CRe

Uncertainty ratio [-]

Uncertainty ratio [-]

Re; [1] 5

x 10

I cr
B i
l:l Ti.oul
[

5
x 10

I
T Ry
[ RW
.

5 5 5
x 10 x 10 x 10

Figure 10: Relative uncertainty of the measured andlculated variables for 8.3 mm tube. The effe€each of the measured and calculated variables on
the heat transfer coefficient is shown for the td3eynolds number range.

© University of Pretoria

42




uuuuuuuuuuuuuuuuuuuuu

4.6.2.3 Wall Temperature Measurements

The wall temperature was measured during experahégting and this was compared to the
wall temperature calculated using the Wilson Pktdascribed in Chapter 3.6.5. The inner
tube wall temperature measurements were recordetd) dhe axial length of the tube at 8

different positions. This is depicted in Figure Ehach of the positions were measurements
were recorded were an equal distance of 0.45 nt.apar

Eﬂﬂ?m@ G Hd B E O

— | | —

L To, inlet

Ti, outlet

Ti, inlet

l{ To, outlet

Figure 11: Inner tube wall temperature schematic@hing the temperature measurement positions
along the length of test section

The measured and calculated wall temperatures peteed for the highest and lowest
Reynolds number along the axial length of the e shown in Figure 12.
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Figure 12: Comparison of the measured wall tempenat to the calculated wall temperature using
the Wilson Plot method along the length of the tasiction for the 8.3 mm tube
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Figure 13: The difference between the measured aadculated wall temperature for a Reynolds
number of 11 905 and 209 486 at a position of 0.&long the length of the 8.3 mm

The Wilson plot does not only serve as a methooltain the inner tube heat transfer
coefficient. Once the Wilson Plot uncertainty wadcalated on the inner tube heat transfer
coefficient, the deduced Wilson plot wall temperatas derived in equation (76) could be
used to validate a measured wall temperature.

The measured wall temperature, if measured coyrectdrmally produces inner tube heat
transfer coefficient values with lower uncertaiimycomparison with that of the Wilson plot
method. It, however, requires the correct desigrhef test section as well as the correct
method of attaching a thermocouple to the tube .wHfle correct design of the heat
exchanger requires that the ratio of the overaihter-tube heat transfer coefficient to be
high enough in order to obtain a large enough vétud; — T,, and consequently a low

uncertainty orh; = ﬁ. The latter issue requires that sufficient preicaistare taken

in the attachment of the thermocouple to the meakswall surface. This is in order to avoid

measurement errors that sometimes occur if the @eatyre of a surface with a convective
stream over it is measured. The measurement ezoaisl be as a result of heat conducted
away from the thermocouple junction and/or eleatrarror due to a large thermal gradient in
the thermocouple wires. It could also be as a rasful thermocouple junction that is big

enough to measure an average of a large rangemyfetatures occurring in the thermal

boundary layer. In high Reynolds number turbuldowf the temperature gradient in the

thermal boundary layer can be very steep and tter kxrror large if not eliminated by design

of the heat exchanger.
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Figure 14: The Wilson Plot results of the inner anoluter tube heat transfer coefficients for the 8.3
mm test section over a Reynolds number range 00@0 to 210 000
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Figure 15: The ratio of the overall heat transfewoefficient to the inner tube heat transfer
coefficient for the 8.3 mm tube
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If the uncertainty in the Wilson plot wall temperet was quantified correctly, the measured
wall temperaturel, ,.qs, Should not deviate from the Wilson plot tempem@tly, v i;son, DY
more thar2Uz,, ... + 2Ur,, ,......- The wall- and Wilson plot uncertainties were lézeas
Uty meas @Nd Uz, ... respectively. The values i, meas £ Ur,,,.0s @Nd Ty witson
Ur,, wison Were plotted in Figure 12 and Figure 13 at theelstand highest values Ré;.

The deviation betwe€l, yson @NdTy, meqs Was always higher than about 5 °C, which was
much higher thadUr,, ... + 2Ur,, ..., This indicated that the wall temperature was most

likely measured incorrectly.

12 T T T
T. - T, (Wilson): Re = 11905

T - T (Wilson): Re = 209486
10 - | w 1 -

T -T,[C]
»

z [m]

Figure 16: The difference between the bulk innerlte temperature and the wall temperature
calculated using the Wilson Plot method for a Reyd® number of 11 905 and 209 486

The results in Figure 14, Figure 15 and Figure 46 be used in order to determine if the
measurement error was partly due to the incorresigd of the test section. Figure 14 shows
that the heat transfer coefficient was much highéehe inner tube in comparison with that in
the annulus at increasing values of Reynolds nunthgure 15 shows the same result when
looking atU,,/h;, the ratio of the overall heat transfer coeffitiém the inner tube heat
transfer coefficient. The ratid,,/h; has a direct influence on the wall temperatureisas
shown in equation (76). By increasing the mass fiat® in the annulus or finning the outside
of the inner tube this ratio could have been ineeda The mass flow rate was, however,
limited to the capability of the annulus pump. Wheonsidering Figure 16[; —T,,
according to the Wilson plot along the heat exclkangngth, it can be seen that increasing
values ofRe; had a substantial influence @p—T,,. The lowest values & — T,, were
however still about 20 times higher than the measent uncertainty df; — T,,. The low
U,,/h; values obtained as a result of the heat exchategggn can therefore not explain the
large difference betweefl), ,.qs andT,, wison- The large difference can be attributed to the
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method and location of attaching the wall tempesathermocouple. It was for this reason
that the measured wall temperature data was extlindm this study.

4.7 Conclusion

The general uncertainty equation was used to deterthe uncertainty of all the variables

that were recorded during experimental testing @&l in data reduction steps to obtain the
friction factor, heat transfer coefficient and wadémperature of the inner tube. The

uncertainty analysis is performed on all measurati reduced variables. The friction factor

uncertainty was calculated using the method of Btofind the results show a higher

uncertainty measurement on the low range measutsroérach diaphragm used to measure
the pressure and reducing as approaching thectlk sneasurement.

The heat transfer coefficient uncertainty was daeieed using the method proposed by Uhia
et al. (2013) which produced a low average relative uagetly over the Reynolds number

range. It was determined that the main contributdr¢he uncertainty in the heat transfer
coefficient were the result of the Wilson Plot reggion analysis and the inner tube water
thermal conductivity and viscosity.

The Wilson Plot method was used to validate thd teahperature measurements that were
recorded during experimental testing. When comp&weahe another, the wall temperature
measurements were found to under predict the teatyrerof the tube wall. It was also found

that the heat transfer coefficient in the inneretwtas much higher than that of the annulus
over the Reynolds number range. This is confirmgeé\aluated the ratio of the overall heat
transfer coefficient to the inner tube heat transteefficient. As a result, the measured wall
temperature data was excluded from the results.
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5. RESULTS

5.1. Introduction

The purpose of this chapter is to present the tesidlthe experimental testing. The energy
balance of the system is discussed. The frictiotofaand heat transfer coefficient results are
presented. The effect of thjefactor on the heat transfer results is evaluated a new
correlation to predict the heat transfer basecherekperimental data is determined.

5.2. Energy Balance Results

The energy balance of the system was calculatat ubie heat transfer rates of both the
inner and outer fluid streams in the heat exchaageshown in equation (80). The energy
balance is a good indication of whether the systeexperiencing excessive heat losses at
any point and whether the system is stable. Theggrigalance will stabilise once the inlet
and outlet temperatures and mass flow rates haaehee steady state conditions. It is
important to have a stable system when recordipgrxental data.
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Figure 17: Energy balance results for 8.3 mm and.24nm tube diameters over a Reynolds
number range of 10 000 to 220 000

The energy balance results for one data set of eedehdiameter are displayedHigure 17.
The energy balance values of each data set oftabehdiameter were averaged to obtain the
overall average of the test results for each tdles is tabulated in Table 11. The energy
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balance values were on average less than 0.7%édd.8 mm tube and less than 3% for the
14.2 mm tube respectively.

Table 11: Energy Balances for all Tube Diameters

Tube Diameter 8.3 mm 14.2 mm
Data Set 1 0.66% 2.86%
Data Set 2 0.67% 2.98%
Data Set 3 0.68% 2.79%
Average 0.67% 2.88%

5.3. Friction Factor Results

The friction factors were compared to the Blasil81@3) and Petukhov (1970) equations as
these are accurate and well utilised equations wsepredict the friction factor in the
turbulent flow regime.

For the 8.3 mm tube, the friction factor graph shawFigure 18 displays good agreement to
both the Blasius and Petukhov correlations. Atltveest Reynolds numbers, the results lie
slightly above the correlations but with increasieynolds number the results converged to
the Blasius equation. The Petukhov and Blasius tansare not equal in parts but the
results fell in between the two equations at a Rismnumber of 20 000 - 50 000. The same
trend is seen from Reynolds numbers of 100 0000-02D.

The results deviated slightly from a Reynolds nundel 50 000 where a possible reason for
this could be due to a change of the diaphragm tsedeasure the largest pressure range.
Since the values are low compared to the full sealee of the transducer, which is 860 kPa,

the uncertainty was the highest at this range ef gressure readings. The accuracy was
expected to improve as the pressure values inaemse approached the full scale value of
the diaphragm. The pressure readings for the &Mtabe were the higher of the two test

sections due to the diameter being the smallene@fwo tubes. During testing, this was the

limiting factor on the maximum Reynolds number tbatild be achieved.

The friction factor results for the 14.2 mm tube ahown in Figure 19. When considering the
results for the 14.2 mm tube, it is once again sbamn the values for the friction factor
resembled those predicted using the Blasius equafibere was an outlier point at a
Reynolds number of approximately 100 000, thisue tb the same reason explained for the
8.3 mm tube, that was the changing of the presdiaghragm and being on the low range of
the diaphragm.

The friction factor deviation data for both of thébe diameters is found in Table 12. The
deviation results were calculated as a comparissiwden the experimental data and the
Blasius equation. The deviation percentage is theumt that the experimental data deviated
from the Blasius correlation using equation (96).
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Figure 18: Friction factor results for 8.3 mm tubeompared to Blasius (1913) and Petukhov (1970)

The maximum of this data set was taken and thdhasvalue stated in Table 12 as the
maximum deviation.

fblasius - fexperimental % 100 (96)

Saen(%) =
f experimental

The relative mean deviation of the dada.an IS the average value of the deviation calculated
using equation (96). The relative absolute deumatg,s is the absolute value of the relative
mean deviation. The relative absolute deviationlmansed to determine the average value of
the deviation whether the data is over or undedipted in comparison to the theory.

The standard deviation of the data in comparisoimab predicted by Blasius was calculated
using equation (97). The value Mfrepresents the number of data points in the exesrtal
data set.

Serq = \/Zﬁllsdl\i[v:fmeanlz (97)
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Figure 19: Friction factor results for 14.2 mm tubeompared to the Blasius (1913) and Petukhov
(1970) correlations

As shown in Table 12, the maximum deviation of tla¢a of both tube diameters was less
than 5% when compared to that predicted by Blasitlee majority of the experimental data

was over predicted when comparing to Blasius whéshults in negative values of the relative
mean deviation. The relative absolute deviatiormshthe average deviation fell within a

range of 0.5-3%. The standard deviation of the deds low with most data falling below

2% for both tube diameters.

Table 12: Friction Factor Deviation Data

Maximum Relative Relative Standard
Friction Factor Deviation Mean Absolute Deviation
Deviation Deviation Deviation

[%0] [%] [%0]
[%0]

8.3 mm Tube:
Data Set 1 -1.7 -0.6 1.0 1.0
Data Set 2 -2.6 -0.1 0.8 0.6
Data Set 3 -3.0 -0.9 1.2 1.2
14.2 mm Tube
Data Set 1 -4.6 -1.6 2.2 2.1
Data Set 2 -4.3 -1.3 2.0 2.0
Data Set 3 -4.5 -1.4 2.1 2.1
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5.4. Heat Transfer Coefficient Results

The Nusselt number was calculated using the haasfer coefficients which are solved for
using regression analysis as described in Chap&#d.3The result of the Wilson Plot
calculation of thex andy values that are described by equations (54) addén be found in
Figure 20.

The results for the 8.3 mm tube are displayed gufe 21 for all three experimentally
recorded data sets. The experimental data was gechpa that of that of Dittus and Boelter
(1930), Sieder and Tate (1936) and Gnielinski (}9T6e Dittus and Boelter correlation was
used withn = 0.3 for cooling applications when calculating treat transfer coefficients for
comparison. The study of Petukhov (1970) is a wéllsed equation as those previously
mentioned for comparison, but in this case hasbren used as it compares very closely to
that of Gnielinski (1976) with an average deviatmionly 3%. Therefore it is omitted for
comparison to the Nusselt number results. It canséen in Figure 21 that all three
experimental data sets resembled the Nusselt nurabalts predicted using the Gnielinski
correlation in equation (19). This trend is seeaoulghout the higher Reynolds number range
with a slight deviation at the lower Reynolds numisnge. At the lower Reynolds number
range the results were found to correlate closelthat of Sieder and Tate. The Dittus and
Boelter approximations were much lower than theegtand this is thought to be due to the
fact that the correlation does not account for agdty effects at the wall as the other two
equations do.
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Figure 20: Wilson Plot results plotted with unceiitgies for 8.3 mm tube test section
In Figure 22, an alternative representation of datga compared to that of Gnielinski’'s is
shown. The data was compared with that of Gniklimsa ratio format with a value of 1
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representing the experimental data being equdlabdf Gnielinski. As shown in this form,
the data correlated very closely to that of GngNin(average difference is 3%). Gnielinski
states that his equation has an accuracy of 20%.dakshed lines are added at 10% higher
and lower than Gnielinski's values. From the repreation in Figure 22, it is observed that
the data was very close to being equal to Gnielsgkedictions, especially as the Reynolds
number increased where errors were approximately Tl largest differences occurred at
low Reynolds numbers with errors of up to 6.2%.rolighout the Reynolds number range, it
is shown that the experimental heat transfer adefits fell within the 20% accuracy range
that is applied to the Gnielinski correlation.

T

A 8.3 mm Data Set 1
700 = 8.3 mm Data Set 2 N
e 8.3 mm Data Set 3 ‘7
600~ —. Dittus-Boelter (1930) 27
= = = Sieder and Tate (1936) JRe ke
Gnielinski (1976) P e

400 -

250

Nusselt Number [-]
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Figure 21: Nusselt number results calculated usitite Wilson Plot method for 8.3 mm tube
compared to the Gnielinski (1976), Sieder and Tét836) and Dittus and Boelter (1930)
correlation. The Prandtl number range is 3.2 to 30®er the Reynolds number range.

As with the friction factor deviation data, a siarilprocess was followed to calculate the
Nusselt number deviation of the experimental datahtit of Gnielinski. The maximum,
relative mean, relative absolute and standard tiemmare the same as defined in section 5.3
and were calculated in the same way.

The deviation of the experimental data to that jgted by Gnielinski was calculated using
equation (98).

Sdew (%) _ Nanielinski - Nuexperimental % 100 (98)

N uexperimental
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The maximum deviation is found to be 6.2% for th8 &im tube when comparing the
experimental results to those of Gnielinski. Theximaum value of the standard deviation is
found to be 2.1% which can be found in Table 13.

2 T T T T T T T T
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Figure 22: Experimental data compared to the thetioal results predicted by the Gnielinski
correlation for the 8.3 mm tube over a Reynolds nioen range of 10 000 to 200 000

When using the corrected Gnielinski equation (20¢re are two additional factors added.
The first is the addition of by Hausen which takes account the length of the tube and the
second is the variation of the Prandtl number essalt of its dependence on temperature is
taken into account in the form of tKefactor. TheK-factor is a ratio of the Prandtl number at
the average temperature and at temperature ailibentall.

2
The value of the dimensional factor proposed byddawfl + (%)3 is equal to 1.017 which

remains constant for all the experimental dataaAssult of the value being so close to 1, the
effect of the dimensional factor is expected tartieimal.

The K-factor is plotted against the Reynolds number flotheee data sets of the 8.3 mm tube
as seen in Figure 23. As can be seen from thetsesieK-factor values lie between 0.986
and 0.996.
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Figure 23: Ratio of Prandtl number at the averagelte temperature and wall temperature versus
Reynolds number for the 8.3 mm tube. Prandtl numbbanges from 3.2 — 3.9 over the Reynolds
number range.

The K-factor is calculated for both the minimum and maxim Reynolds numbers along the
length of the tube as can be seen in Figure Zaritbe seen that thiefactor is still close to
equal to one but that the variation in the fluidl avall temperature varies along the length of
the tube. This is expected when considering thierdifice in the wall and fluid temperature
as seen in Figure 16.

The K-Factor is applied to the Gnielinski results the¢ aealculated using equation (19) as
well as the dimensional correction from Hausende what the effect thereof would be on
the results. The Gnielinski values calculated ussgation (19) are plotted in Figure 25
along with those that have been corrected usingteau(20). The values are plotted for both
the minimum and maximum Reynolds numbers alondehgth of the tube wall. As can be
seen in Figure 25, the difference between the taloutated Nusselt numbers is minimal.
This can be attributed to tiefactor being close to equal to one as seen inr€iga.
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Figure 24: The K-factor which is representative tfe Prandtl number at the average tube
temperature and wall temperature at the mimimum améximum Reynolds number over the
length of the 8.3 mm tube. Prandtl number rangesiin 3.2 — 3.9 over the Reynolds number range.
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Figure 25: Nusselt Number calculated using the Ghieski equation (19) and the corrected
equation (20) at the minimum and maximum Reynoldsmbers along the length of the tube wall.
Prandtl number ranges from 3.2 — 3.9 over the Relgsonumber range.
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The results for the 14.2 mm tube are foundrigure 26. It is shown that the data also
deviated from that of Gnielinski at lower Reynolismbers as seen with the 8.3 mm tube
results. All three data sets correlated very wélhwne another as seen in Figure 26. As the
Reynolds number increased, the data convergeatmtiGnielinski with the deviation being
the least at the maximum Reynolds number of 220 TH8 experimental results tended to be
lower than Gnielinski and Sieder and Tate at thgirveng of the test but improved as the
Reynolds number increased. Once again the redu#tas and Boelter under predicted the
heat transfer coefficients throughout the Reynalad®ber range.

A 142 mm Data Set 1
= 14.2 mm Data Set 2
7001 e  14.2 mm Data Set 3 7
s00H ~' T Dittus—Boelter (1930) 7

= = = Sieder and Tate (1936) -
Gnielinski (1976) Jid s

400 -

250
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100~

. I I I I I I
10000 30000 50000 70000 90000 150000 200000
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Figure 26: Nusselt number results calculated usitige Wilson Plot method for the 14.2 mm tube
compared to the correlations of Gnielinski (197@®ieder and Tate (1936) and Dittus and Boelter (1230
The Prandtl number range is 3.3 to 4 over the Relgsonumber range.

When comparing the data to that of GnielinskiFigure 27, it is observed how the data
deviated at lower Reynolds numbers once againcbutlated very well as the Reynolds
number increases. Throughout the range, the expatahdata was found to lie within the
20% limit that is applied to the Gnielinski corréda and therefore is considered to be a good
estimate of the heat transfer coefficient in théuient flow regime. The maximum deviation
for the 14.2 mm tube was found to be 8.3% at lowrRR&ls numbers when compared to
Gnielinski. At high Reynolds numbers the minimumvidéon was found to be 1%. The
standard deviation was found to be 2.3%.

To summarise, it was therefore found that the marindeviation for the 8.3 mm and 14.2
mm tube diameters lies below 10%. The relative namnation shows that the majority of
the data for the two diameters lay below that ofetémski. The relative absolute deviation of
both tube diameters was found to lie below 7% wbempared to Gnielinski. This once
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again fell within the 20% accuracy band of the @ngki correlation. The standard deviation
of both tube diameters was found to lie below 3%.

Table 13: Nusselt number deviation data

Relative
Nusselt Number Maximgm Mgan Relative Standgrd
Deviation Deviation Deviation Abs_oll_Jte Deviation
Deviation
[%] [%] [%] [%0]
8.3 mm Tube:
Data set 1 6.2 1.9 1.9 2.1
Data set 2 4.5 0.6 1.6 2.0
Data set 3 4.3 0.5 1.6 1.9
142 mm Tube
Data set 1 7.7 3.2 3.2 2.3
Data set 2 6.8 3.0 3.0 2.0
Data set 3 8.3 5.0 5.0 1.7

When considering the Gnielinski equation, the ivictfactor that was used to calculate the
Nusselt number is the Petukhov friction factor. sThias observed when equations (6) and
(19) were used to calculate the Nusselt number. Aéteikhov friction factor was used in
conjunction with the Gnielinski correlation to ointdahe heat transfer coefficient which was
used for comparison to the experimental results.

I I I
A 14.2 mm Data Set 1

A 14.2 mm Data Set 2
181 A 14.2 mm Data Set 3 [
— — — Gnielinski (1976)

141 b

1.2 +10% —

0.4 b
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0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

Reynolds Number [-] x 10°

Figure 27: Experimental data compared to the thetical results calculated using the Gnielinski (19¥6
correlation for the 14.2 mm tube test section
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When comparing to the Blasius equation in Chaptdr B is shown that there are minor
variations in the experimental friction factor wheamparing it to the existing theory on
friction factors. Taking this into account, the exmental friction factor was used to predict
the Nusselt number using the Gnielinski correlatmaetermine whether there is an effect of
the friction factor on the heat transfer coeffi¢gerpredicted by Gnielinski. This was
performed for both tube diameters and comparedhéootiginal predictions by Gnielinski
using the Petukhov friction factor using only orm¢alset for each tube diameter.

Slight deviations occurred at lower Reynolds nurali®it these deviations are minimal being
less than 2%. The deviations that occur at thedsfgReynolds numbers are less than 3%.
Taking these values into consideration, it can d#uded that the difference between the use
of the theoretical or the experimental frictionttacis minimal. The deviation was less than
2% and therefore deemed acceptable when concluthag the difference between the
theoretical and experimental friction factors ire thse of the Gnielinski correlation is
minimal.

5.5. j-Factor Results

As described in Chapter 2, théactor was developed by Colburn (1933) which wasetl on
the Reynolds analogy. The Reynolds analogy comlimefieat and momentum transfer in a
fluid. The Reynolds analogy uses the Stanton numidech represents the relationship
between the shear force at the wall and the tetat transfer at the wall. Colburn introduced
thej-factor as a correlation using the Stanton numhbdrthe Prandtl number to represent the
heat transfer in a fluid for a range of Prandtl hens. This is shown in equations (31) and
(32).

A plot was generated of the friction factor and fHactor as a function of the Reynolds
number, as shown in Figure 28. From Figure 28arit ke concluded (take note that log scales
are used) that both sets of coefficients declineailne at a similar gradient with increasing
Reynolds number. The friction factor was dividedthyg j-factor to determine whether the
relationship between the two coefficients could fredicted mathematically using the
Reynolds analogy modified by Colburn.

The result of this is shown iRigure 29. Both of the data sets plotted for edcthe tube
diameters follow a similar trend when plotted agaithe Reynolds number. A curve fit was
performed using a power function and an equatiatei®loped which can predict the ratio of
f/j as a function of Reynolds number.

Equation (99) presents a correlation coefficierft\(&ue) of 98% using a power function fit
to the data.

§ = 22.59Re~011 (99)

By using equation (31) and (32) the Reynolds-Calbamalogy can be applied to equation
(99). As a result, a new equation is proposedrpli predict the Nusselt number using the
Reynolds number, Prandtl number and friction factt of which can be determined
experimentally. This simplifies the calculationtbé Nusselt number considerably.
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Figure 28: Plot of j-factor and friction factor as function of Reynolds number for both test
sections showing similar gradients over the Reyroftumber range
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Figure 29: The calculated ratio between friction ¢or and j-factor as a function of Reynolds
number for both test sections
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The resulting correlation is described in equatieD).

Nu = 0.0443fRe'11pya (100)

Since the friction factor in Equation (100) candstermined using the Blasius correlation as
in Equation (5), it can be simplified to:

1
Nu = 0.014017Re®86Pr3 (101)

10 000 < Re < 220 000, 3.2<Pr<4
d = 8.3 mmand 14.2 mm

The proposed equation is valid for the tested Rielgmand Prandtl number ranges as the
experimentally recorded data form the basis fordbaation. As only two tube diameters
have been tested, further testing should be peddrm determine an accurate diameter range
for the validity of the proposed equation. The nedéveloped Nusselt number equation is
compared to the measurements and the Gnielinskitiequin Figure 30 for the 8.3 mm tube
and in Figure 31 for the 14.2 mm tube.

The work of Friend and Metzner (1958) demonstrtdtason a large set of data, the exponent
of the Prandtl number is not 1/3 but 0.42 in théoulent flow regime. Equation (101) is
amended to include the updated Prandtl number exp@s seen in equation (102).

Nu = 0.014017Re%86pr042 (202)

Figure 30 shows data plotted using equation (10f) equation (102) compared to the
measurements recorded during testing and thoselaadd using the Gnielinski equation.
The data plotted using equation (101) follows ttend of the experimental data very well.
The average error is 2.2% and the maximum errouroug at a Reynolds number of 12 000
was 5.7 %. When compared to the Gnielinski equatemuation (101) underpredicts the
Nusselt number at the low Reynolds number rangecbuawerges very well at the high
Reynolds number range. The plot of equation (108s the Nusselt number being higher
than that of the experimental data, Gnielinski ¢igmaand equation (101) with an average
deviation of 10% and a maximum deviation of 13%tf& 8.3 mm tube.

Similarly this is plotted for the 14.2 mm tube @s1de seen in Figure 31. The data plotted
using equation (101) follows the trend of the expental data and Gnielinski very well. The

maximum error is 5.6% at a Reynolds number of 20 &dd the average error over the full

range is 2.6%. Once again it can be seen the loynd¥ds number range shows a larger
deviation from the Gnielinski and experimental dtan at higher Reynolds numbers. The
results converge as the Reynolds number increAseseen with the results of the 8.3 mm
tube, the plotted equation (102) predicts a higkdesselt number than the other plots on
Figure 28 with an average deviation of 11% and aimam deviation of 14%.
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Figure 30: Results of the 8.3 mm Tube using the Bdih Plot method, Gnielinski equation and data
calculated using equation (101) and (102) using eaRdtl number range of 3.2 to 4
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Figure 31: Results of the 14.2 mm Tube using thel$@ih Plot method, Gnielinski equation and
data calculated using equation (101) and (102) ugia Prandtl number range of 3.2 to 4

62

© University of Pretoria



In Figure 32, the results are shown in the fornradio when compared to the Gnielinski
results. The results all fall within the 10% rangedeviation to Gnielinski. The results
deviate at the lower Reynolds number range and stmwwergence to the Gnielinski results
as the Reynolds number increases. This is sedyotbrthe 8.3 and 14.2 mm tube diameters.

It can therefore be concluded that the newly dgpedoequation produces results within an
average of 2.5% of the Gnielinski equation.
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Figure 32: Results of equation (101) for both testctions compared to Gnielinski which displays
all results fall within 10% to that of Gnielinski

With the experimental data that was obtained, jtfactor values and Nusselt numbers of
each point were also compared to jiactors calculated using equation (30) and theshliis
numbers predicted using equation (101). For theutations performed using equations (30)
and (101), the Reynolds number, friction factord &mandtl number values obtained using
the experimental measurements were used. Whendhsured and calculatgdactor values
were compared for the two tubes it was found thaetj{factor errors and Nusselt number
errors were the same, as they were expected to be.

Figure 33 shows the error between the Nusselt nurddeulated using equation (101) and
those determined using the data recorded duringrempntal testing. The error is displayed
in the form of a ratio where the average deviaiso®.04% for the 8.5 mm tube and 0.4% for
the 14.2 mm tube.

It was found that the newly developed Nusselt nundagiation (101) could predict all 123
measuring points of both the 8.3 and 14.2 mm tultkiwl%. As the uncertainties of the
measured Nusselt numbers were 3%, the accuracy ofaequation (101) would be within
3% of measured data.
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Although it has been shown that equation (101eiy accurate for the estimation of Nusselt
numbers, the Prandtl number range of experimensslova and more experiments need to be
conducted so that changes in fluid properties eataken into consideration.
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Figure 33: Comparison of Nusselt Number calculateding Equation (101) to the experimental
Nusselt Numbers depicted as a ratio plotted agaiReynolds Number.

5.6. Conclusion

The purpose of this chapter was to present theltsesti the experimental data that was
recorded during testing. The testing method wdevi@d as described in Chapter 3. For each
tube diameter, a set of three data recordings wsee for comparison to each other. Each
data set consisted of set humber of data pointehwhiere averaged. Using the methods
described in Chapter 3.6, the data recorded waktosgetermine the energy balance, friction
factor, Nusselt number, Reynolds number, uncestant thg-factor of each tube diameter.

The friction factor results displayed good agreeveth well-known correlations. The heat

transfer coefficient results all showed good agreminwvith the most utilised correlations for
turbulent flow. The-factor was used to determine a correlation toutate the heat transfer

coefficient using only dimensionless numbers calad from the experimentally measured
data. When compared to existing theory, the cdioglgoredicts the heat transfer within a
comparably close range.

When the newly developed equation was comparekdetanteasurements of this study it was
found that it can accurately predict all valueshimitthe uncertainty of the measurements. The
newly developed equation also compared very weh e Gnielinski equation.
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6. CONCLUSION

6.1 Summary

Existing heat transfer theory contains many coti@la that have been developed and
improved on over the last 100 years. Studies wekeldped by Dittus and Boelter (1930),
Colburn (1933), Sieder and Tate (1936), Petukh®7@) and Gnielinski (1976) which all
contributed to the improved accuracy of heat tansbrrelations. All of these studies have
found to be varying in accuracy with no study qifgimg uncertainty on any experimental
data recorded. Further investigation showed thatiraber of the studies were based on the
same set of data recorded up to 100 years agopUrpese of this study was: to take accurate
heat transfer measurements on a circular smoothauod to quantify the uncertainties of the
Nusselt numbers as a function of Reynolds numhlergampare the measured data with
existing correlations and to develop an accurateshii number correlation from the data.

Two circular and smooth horizontal test sectionsewesed to test a Reynolds number range
of 10 000 to 220 000 using water as the testingitmedEach of the inner tubes of a tube-in-
tube heat exchanger configuration was tested. nguesting, the mass flow rate, pressure
drop and temperatures were recorded over the leoftthe test section. Using these
measurements the dimensionless numbers of Reyndidselt and the friction factor were
determined. The Nusselt numbers were determinedgufie Wilson Plot method. The
uncertainties of the measured and reduced varia#es determined.

6.2 Conclusions

The uncertainty analysis was performed on all measand reduced variables. The friction
factor uncertainty was calculated using the metbibMoffat (1988) and the results show a
higher uncertainty measurement on the low rangesureanents of each diaphragm used to
measure the pressure and reducing as approactenfuithscale measurement. The heat
transfer coefficient uncertainty was determinedhgsihe method proposed by Ulea al.
(2013) which produced an average relative uncesgtaoh less than 3% over the Reynolds
number range. It was determined that the main tnrors of the uncertainty in the heat
transfer coefficient were the result of the Wildelot regression analysis and the inner tube
water thermal conductivity and viscosity. The meaduwall temperature was compared to
the derived wall temperature using the Wilson Pésiults and it was found that there was a
considerable difference in the two values. The mness wall temperature displayed a
deviation greater than the uncertainty on the WiilBéot wall temperature. It was determined
that the method and location of the wall tempegttinermocouples attributed to a
measurement error during experiments and therdgf@aneasured wall temperatures were
not used to calculate the heat transfer coefficient

The results of the experimental testing displayedoad agreement to the well-known
correlations used in turbulent heat transfer thedhe energy balance results displayed a low
average value under 3% and showed that there wab gystem stability and low heat losses
during testing. The results of the friction facexperiments displayed a low deviation when
compared to the existing theory, below 3% and bio¢htube diameter results fall within the
calculated uncertainty for the experimental datae Nusselt number results displayed good
agreement with the Gnielinski (1976) correlaticadlifig within 10% of the predicted results.
The correlations of Dittus and Boelter (1930) aneld8r and Tate (1936) are not found to
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compare well to the experimental data but bothetations do not take the friction factor into
account which may contribute to the accuracy ofrtbat transfer coefficient calculation.

When plotting thg-factor it was found that a relationship existetina®n the friction factor
and j-factor with both sets of data following a similgradient when plotted against the
Reynolds number. Using the relationship, a poweraggn was used to plot the ratio of
friction factor andj-factor against the Reynolds number. As a result,equation was
developed where the Nusselt number can be caldulageng the friction factor, Prandtl
number and Reynolds number which are all determaxpeérimentally. When comparing the
correlation to the calculated data using the Gmiisii (1976) correlation it was found that the
data fell within 10% of Gnielinski (1976). Howeveihen compared to the measurements
recorded, the newly developed equation could ptedliic the measurements within the
experimental uncertainty which was 3%.

6.3 Recommendations

As a result of the testing and experimental dataiobed, some future recommendations can
be determined. One of the future recommendationddmMoe to test a range of different tube

diameters to determine whether there is an effé¢h® diameter on the method used to
determine the correlation to predict the Nusselnber. Once the effect of different tube

diameters has been determined and developed, idvi@ubeneficial to have experimental

data recorded for fluids with varying Prandtl numgbever a very large range so that fluid

property variations can also be investigated. Trieertainty should also be calculated using a
different proposed numerical method to verify tbsuits found in this study.
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A. APPENDIX A — UNCERTAINTY ANALYSIS

Al. Uncertainty Theory

According to the theory of Moffat (1988), the urte@mty of a measurement can be
determined by using two types of errors that ocluuing experimental measurements. These
are the bias and precision errors. Bias errorskamvn as fixed errors and arise from
calibration errors, defects in measuring equipmémtprrect theory and the associated
assumptions with theory. The precision error ocasre random error and these can be as a
result of changing conditions in the experimentatimnment or equipment being used.
Therefore, the uncertainty in a measurement cappeoximated as:

0w, = (8" + ()} AL

Each uncertainty on a measurement contributes tisaxaicalculated uncertainty for a desired
system characteristic such as a Nusselt numbeictoh factor. Therefore, the uncertainty in
a certain system characteristic, for examplean be determined by quantifying the standard
deviation of a measurement and the contributiohefvariables in a data reduction step.

The precision erroP; is defined by equation (A2) which is determined thg standard
deviation and coverage factor for a defined numbkeisamples per data point. During
experiments, 100 samples were recorded per datd Jtie coverage factor CF is a function
of the t-distribution of the data at a 95% confidetevel.

Si
P =CF—=
j N A2.
where
CF = f(tosopn—2) A3.

In equation (A4), the standard uncertaintyis calculated by using the partial derivative of
the resulty, with respect to the contributing variableand the uncertainty of the contributing
variable,u(v).

617]-

u(r) = Z [ﬁu(vj)] A4.
j=1

Using equation (A2), the uncertainty of each vdddb calculated and this is used in turn to
calculate the next step of the data reduction m®cas a result of this, the uncertainty of a
certain variable propagates through the processtt@adnformation can be used to design
future systems to reduce the uncertainty of ceggatems.

To calculate the uncertainty of each of the reconteasurements, a standard deviation with
a confidence level of 95% was used in the root sgumared method to calculate the

Al
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uncertainty of the measurement. A full descriptdrthis method can be found in Appendix
A.

A2. System Uncertainty
Instruments

Each of the instruments that are used to measyreriexental readings have a manufacturer
specified accuracy. This is used as the bias vatuen determining the uncertainty of the
instruments.

Table Al: Measurement Uncertainties

Instrument Range Uncertainty
TemperatureT) -200 — 350 °C 0.01°C
Inlets, outlets and bulk

temperatures 0.05°C
Annulus temperatures 0.1°C

Pressure Drop4P)

Transducer 1 0 — 35 kPa 0.25% FS
Transducer 2 35 —140 kPa 0.25% FS
Transducer 3 140 — 860 kPa 0.25% FS

Mass Flow Rater)
Inner tube low 0 —0.667 kg/s 0.1%
Inner tube high 0.667 —1.38 kg/s | 0.1%

The thermocouple bias value is calculated fronmc#idration of the thermocouples using the
Pt-100 which had an uncertainty of 0.01°C.

The pressure transducers each have one diaphradgom whused for testing both tube
diameters. The bias values are calculated usinfuthecale values of each diaphragm. The
bias values are obtained from the calibration &lpeovided when the transducers were
calibrated. Due to the high pressure values tleataasured, the calibration is done using an
external company as it cannot be done in the labigra

Fluid Properties

The uncertainties of the fluid properties are aigdi from the formulations of Popiel and
Wojtkowiak (1998), which can be found in Table A2.

A2
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Table A2: Thermal Property Uncertainties

Property Uncertainty
Thermal ConductivityK) 2%
Density (p) 0.C03%
Viscosity (W) 1%
Specific Hee Capacit' (Cp) 0.06%

The thermal conductivity of the tube wad),, is stated as 3.2% in the study of Abu-Eishah
(2001).

Dimension Measurements

The uncertainties for the measurement of the difoassof the tubes are stated below in
Table A3. The uncertainty for the measurement efdimensions of the length and diameter
of the tubes used in the construction of the heahanger is used to calculate the heat
transfer area uncertainty.

Table A3: Uncertainty of Dimension Measurements

Dimension Uncertainty
Length of tube () 0.2%
Tube diameterD) 1%

A3. Friction Factor Uncertainty

The friction factor is calculated using the meadyreessure differencelP) as follows:

_ pm?DPAP
~ 8Lm? A5,

The uncertainty is therefore calculated using theaé&on (A6):

2

of - [(%Mp) + (Lon) +(Lon) +(Lor) + (%am)z]

N|R

8Lm?2 8Lm?2

.\ _pmDAP 2+_ anDSAPam2
8L2m? 4Lm?

pn2D5 * (a?DSAP _ \° (Spm2D{AP
of = 0AP) + ——op) + 6Dl

: AG.
2

A3
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A4. Heat Transfer Measurement Uncertainties

Inlet and Outlet Temperatures

The inlet, outlet and annulus wall temperaturesevadl measured using four thermocouples
placed at points situated 90° apart around therowtdl of the tube. To calculate the
temperature at a specific point, the average of fthe thermocouples is calculated as
represented in equation (A7):

- Tiin1 + Tiin2 + Tiin3 + Tiina

Tiin 4 A7.

The uncertainty is calculated using equation (A8):

1

_ 2 — 2 = 2 = 2\ 2
- [ (9Tiim 0T} in2 0T} in3 0T, ina\ \*
3T, m = << o) (=) () A8,

The uncertainties for all the thermocouples arestume so therefore equation (A9) can be

simplified to:
_ 1
aTi‘m = \/;GT Ag

The inlet and outlet temperatures are used to mi@terthe heat transfer rate and Nusselt
number.

Heat Transfer Coefficient Uncertainty

The uncertainty analysis of experimental data wstabdished to determine what error is

included during testing and how this affects thaliqy and accuracy of the data recorded.
Experimental testing inherently contains errorst thee attributed to the accuracy of the

measuring instrumentation, the method of record,datd the variation in the experimental

environment. Due to these and other factors, ribtspossible to record the true value of the
experimental data and therefore the uncertaintynagts how well the data has estimated the
true value.

The Wilson Plot method is used to determine thesRiisiumber from the experimental data.
The motivation for using the Wilson Plot methodlige to the difficulty in obtaining accurate
temperature readings from the tube wall duringrigsiThe Wilson Plot method uses only the
inlet and outlet temperatures and mass flow rabesbbth the inner tube and annulus to
calculate a heat transfer coefficient. The Wilséwt Fhethod is traditionally used to calculate
an inner tube wall temperature using regressionlysisa Using this predicted wall
temperature, the inner tube heat transfer coeffican be calculated.

The standard uncertainty equation is shown in (#dgreu is the standard uncertainty ayd
represents the variable that causes the uncertaintgsultr which is applied to a data
reduction correlation. The method of data reductieguires that the uncertainty of each of
the input variables is quantified and taken intocamt when calculating the uncertainty of
the Nusselt number.

A4
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The uncertainty of each of the input variables esnpounded during the data reduction
process and this leads to a very complex methateiarmining the final uncertainty of the
Nusselt number.

The theory that is used to determine the Nusseithan has been determined by Ubtaal.
(2013). The theory is based on the Wilson Plot wetivhich is “based on the separation the
overall thermal resistance from appropriate expenital data by means of a linear regression
analysis” (Uhiaet al. 2013). The technique of thermal resistances isl tisedetermine an
overall heat transfer coefficient as describedhater 3.6.

1 1

=——+R
Rov hiAi

+ —_—
Y hod4, A10.

The Wilson Plot method uses an unknown constariittthe experimental data to the
predicted model and this is shown in equations jAdid (A12) whereC; and C, are the
correcting constants arig andh; are the heat transfer coefficient variation models
correction factor is used by Uhia to obtain a 956ffidence interval assuming a normal
distribution in the experimental results used teedaine the heat transfer coefficient.

hy, = C, hZ Al2.

Using the definition of the system in terms of that resistances in equation (A10) and
equations (Al1l) and (Al12), the calculation candmnanged in a linear form gf=ax + b
as shown in equation (A13).

1h 4, 1

Roy — RWRGAy = ——= =2+ —
( ov W) o“%o Cl h:: AI_ +C0 A13

Where thex andy values are calculated as follows:

x = Moo
h A Al4.

y= (Rov - Rw)hZAo INTS

Each of the terms has a degree of uncertainty duthd data reduction of each of the
experimental values that are recorded. Each unogrtaalue needs to be determined by
applying equation (A4) to each of the terms in ¢éigus (A14) and (A15).

The uncertainty of the-value is described in equation (A16).

(6xU >2+(axU >2+ 6xU 2+<axU )2
ohz ho 94, Ao on; M 94, i

NP

U, = A16.

A5
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The various terms of the uncertainty equation aszdbed in equations (A17-A20).

ox 4
hy  hiA, ALT.
ox  hg
94,  hA; Al8.
Ox  hyd,
ah; - h?ZAi Al19.
Ox  hoA,
Similarly the uncertainty for the y-value is calatdd using equation (A21).
1
dy 2 dy z dy 2 dy 22
_ . — A21.
Uy [(6RO,, Rov) + (aRW URW) + (ah;; "0> + (6Ao UAO)
The various terms of the uncertainty equation asedbed in equations (A22-A25).
dy
=hyA
9R,, ofo A22.
dy i
ﬁ = —hy4, A23.
w
dy
W = (Rov - Rw)Ao A24.
o
dy i
ﬁ = (Rov - Rw)ho A25.
o
The uncertainty ok}, is calculated using equation (A26).
U _(ah; >2+(0h;U >2+(6h;U >2+(6h§;U )2
ho — dRe, Reg aPr, P1o R Ko Ao Hwo
) - A26.
+(6h;U ) +(6h;U ) +(6h;U ) 2
ok, "o ap; P aD, Pe

A6
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The definitions of the various terms of equatio@Aare defined in equations (A27-A33)

)

(

(

(

(

dh, A LY
— R n—lP 3 (_)
ke, ~ MoRe PR\~ 5T A27.
dh, 1. n 2 (Mo \"M Kk
()
apr, 3¢ o ") D, —D, A28.
oh, n T Mo\ 0% 1 ko
= 0.14Re, °Pr? | — — A29.
Ao ® 0 \py tw Di — D
oh, o3 (Ho) 0% 1 ko
= —0.14Re,°Pr? —) — A30.
a.uw ? ? Hw .uwz D; —D, 3
Ohy o Lope\OM 1
- (2
ako €0 o Uy, Di - Do A3l
dh, n 2 Ho 0-14 ko
— _R oP 3 _)
aDi fo o Hw (Di - Do)z A32.
ah; n : Uo 0.14 ko
=R oP 3 _)
D, oo \u,) 0= Dy)? A33.
The uncertainty of the outer tube area is desciilyegiquation (A34).
94, 204, :
U, = ( ) ( U ) ] A34.
Ao [ aD, o aL "t
04, L
04,
= nDO A36.

oL

The uncertainty of the inner tube heat transferemion factor; is calculated using
A7

equation (A37).
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A37.

L

. 2 . 2
O e ) + (2B, ) (2
aRei Re; aPT'l' Py a,ul

+ ah?U 2+ ah{U 2
ok; K ap; Pi
The definitions of the terms in equation (A37) described in equations (A38-A43).
dh; ni-1p 5 (Hi\O ki
= nRe™ p.s(_) il
oh; 1 o 2o \OMk;
Juener (2
opr, 34 \) D, A39.
oh; nip 3 (K% 1 ks
= 0.14Re; 'Pr? (—) —_—
op; P\l tw D; A40.
oh; nip.s (M) 1 ki
= —0.14Re, 'Pr? (—) —
aﬂw ' b\l ﬂwZDi AL
Oh; o i\t 1
e (2
oh; nip (101 Ky
D, RePT (E> D2 A43.

The uncertainty of the inner tube area is defingdduation (A44).

1
94; 294 NP
_ (24 94 Ad4.
=[G + (G
o4 _
aD, A45.
94, =D A46
oL ¢ :

The uncertainty of the total heat transfer resistan calculated using equation (A47).

A8
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A47.

A48.

ORopy 1
aQ B ATlm

A49.

aRov - _ Q
a ATlm (ATlm)Z

The uncertainty of the tube wall resistance isated using equation (A50). The various

terms of equation (A48) are described using eqoat{®51-A54).
1
dR,, Z /R, \* [(OR, \> [OR, 12
— —_w v A50.
Uk, [(apo Do) (6DL- Di) ( oL UL) + (akw U"w)
Di 1
ORy _ by __ 1 A51.
oD, 2mLk, D,2mLk,
_bi 1
ORy __popf 1 A52.
aD; = 2mLk,, D,D;2mLk,,
D,
—In (Ze
Ry _ 5) AS3.
aL 2nl?k,,
D,
—In (Ze
ORw _ (Di) A54.
ok,  2mLk3
The uncertainty of the inner Reynolds number iswated as described in equation (A56)
which is based on the definition of the Reynoldmbar in equation (A55).
L
e = T AB5.,
1
2 ) 2 ) 212
JORe; ) (aRel U ) AS6.
a'ui Hi

ap; Di

w) +(

The various differential terms of equation (A562 described in equations (A57-A59).
A9
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(')Rei 4
;D A57.
6Rei _ 4ml
aD;  nDlu A58.
(')Rei 4ml
o T T 52 AS9.
ou; D 59
Similarly, the uncertainty of the outer tube Reylsohumber is calculated using equation
(A61) which is based on the annular Reynolds nuritbeguation (A60).
r 41m,,
e, =———————
? (Dg + Dy)ito AGO.
2 2 2 2 2
dRe, dRe, dRe, dRe, z
— . _—° A AG1.
Urey [( i, U’”o) + ( aD, UDa) (E)Do Do) + ( i, U“o)
The differential terms of equation (A61) are desed using equations (A62-A65).
ORe, 4
o1, 1(Dg + Dolitg Ab2.
ORe, _ 4m,
0D, (D + Do)%, AB3.
ORe, 4m,
9D, (Dq + Do)2u, Ab4.
ORe, 4m,
— 1(Dg + Dy)?p,? ABS.

Ot
The Prandtl number uncertainty of the inner tubsaisulated using equation (A66).
1
aPT'l' 2 aPTi 2 0Pri 212
— L _t AGG.
Pry [(E)Cpi UCPi) + ( ak; U"i) + (aui “i)
The differential terms of equation (A66) are ddsed using equations (A67-A69).
Al10
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)

&
aPT'i _ Hi
acp K, AG7.
oPr; wiCp;
aPTi . Cpl
o k; AB9.
Similarly the outer tube Prandtl number is desdribsing equations (A70-73)
1
dPr, daPr, daPr, 22
=([—=U —yU — U A70.
Pro [(ano C”o) * (ako "o) * (auo "o>
e r
ano - ko A71.
aPT‘o _ —,UOCPO
ako koz AT2.
aPr, Cp,
ok, A73.
The uncertainty of the average heat transfer satalculated using equation (A74)
. 2 . 2 2
aQ 9Q aQ aQ
Uy = <a_ Uﬁli) + (a Cp; UCPi) (6Tl o UTi.in) T, ou Ut put
aQ 2
+ < > <a > (6To.in To.n A74.
00
U
+ <6T0‘0ut To.out ]
where
1,. )
=5 (00 + Q) AT5.
The differential terms of equation (A74) are ddsed in equations (A76-A83)
6Q 1
2 CpL(Ti.in - Ti,out) AT6.
All

ami
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00 1
Fpi = Emi(Ti.in — Tiout) AT7.
00 1
T, = Zml i A78.
0 1 c
aTi,out - Zmi pi AT9.
a0 1
a_ﬁ’lo = E Cpo (To.in - To,out) A80.
Q0 1
m = Emo (To.in - To,out) A81.
0
¢ = TflOCpo AB82.
aTo.in 2
90 1.
= _Emocpo A83.

aTo,out B

To calculate the uncertainty of the log mean termmpee difference, equation (A84) is used.
The calculation is simplified using equations (A&%)d (A86) to define the temperature

2

differences.
U _ (6ATlm )2 (aAT,m )2 (aAT,m )
AT aTi.in Tiin aTi.out Tiout aTo.in To.in
) 1 A84.
N (E)ATlm U ) 2
aTO.Out To.out
ATy =Ty — To.out ABS.
A86.

ATy = Tiout — To.in
The differential terms in equation (A84) are ddsed by equations (A87-A90)
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AT, 1M (2—2) - (ATl) (AT, — AT5)

0T in (ln (2_2))2 A87.
oaty, _ () — () @7 - 87
0T, out (ln (2_2))2 A88.
ot —m(Ge) - (GR) @r - aTy)
- A89.

T (@)

AT, 1N (2—2) - (ATl) (AT, — AT5)
= 2 A90.

aTo.in (ln (i_;::))

Using all the equations described in this chapter, uncertainty of the inner heat transfer
coefficient can be calculated.

Thex andy values are plotted and the weighed linear leastrgs regression analysis is used
to determine the coefficients of the Wilson Pldteffe exists an uncertainty in both thand

y measurement values. To account for this combirmezkrainty, equation (A91) is used.
The value ofy; takes into account the combined measured uncsrtaitothu(y) andu(x)
using the weighted least squares method.

w =[O + lauGOP), AOL.

This is complicated however by the fact thas featured in the equation of uncertainty (A91)
and the uncertainty is featured in the equatioa (%92). As a result, the values wf anda
have to be solved for iteratively using equatioh8l) and (A92).

Thex andy values are arranged to form a straight line g@gpbkhown in equation (A13). The
gradient of the straight line equation is define@avhich is calculated using equation (A92).

Z xjy] n Xiyn Yji
=1 2 j=1u2_ j:luZ_
j j

2 2 A92.
Ly n 4
=1 2 ] 1 2 ( ]:1u12_>

The intercept of the straight line equation is edi ash which is calculated using equation
(A93).

Al13
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n Xivn XjYj

122112 112j=1u]g
A93.

b= x2 \ 2
n _Zn Yo_(yn X
—1g e T2

The uncertainty o& andb can be calculated using equations (A94) and (A95)

j=1_12.
u(a) = = 7 A94.
EEACE)
=1 z u? j=1,,2
] J
n X
j=1u_12.
u(b) = = 5 A95.
Z _1 n X
=12 132 < ]=1u]z,>

The coefficients of the Wilson Plot can be caladhibnce the parameteasandb are

calculated. This is exhibited by equation (A96) &A87).
A96.

1

Ci = a
1

Co=7% A97.

The uncertainties of the Wilson Plot coefficiente aalculated using equations (A98) and
(A99) and are a function of the uncertainties dakeud for the parameteasandb.
A98.

u(C) = a—Cu(a) iu(a)

A99.

u(C,) = Co u(b) 12 u(ab)

Once the uncertainty values are calculated for itireer and outer tube Wilson Plot
coefficients, the uncertainty of the inner and outée heat transfer coefficients can be

calculated using equations (A100) and (A101).

Uhy) = CFu(hy) = \][gh*u(h )] [ Lu(c, )] A100.
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)] u(C )] A101.

U(ho) = CFu(ho) = \/ ah* )

The value of CF = 2 is incorporated as a coveragf which is used for a 95% confidence
level assuming a normal distribution and infinitember of data points. The t-distribution
approaches a normal distribution with a numberatégboints larger than 30. Due to the large
number of data points recorded during testings iassumed that a coverage factor of 2 is
acceptable to use in this case.

A5. Uncertainty of the Wall Temperature using the Wilsa Plot Results

The wall temperature is calculated using the WilBbot as described in section 3.6.4. The
uncertainty of the wall temperature can be caledldty applying the general uncertainty
equation (A4). This is defined in equation (A102).

(aTw U >2+( aT,, U >2+<6TWU >2+(6TWU )
aT,(0) "©® dAT,(0) AT act ¢ om, ™

aTW : aT 2 aTw 2 aTw ?
+ @UCW +(6UWUU ) +(a_hiUhi> + a_piUp" A102.

on,
+(¥”)

Ty —

The uncertainty of the wall temperature with regatad the inner tube bulk temperature is
described in equations (A103) and (A104).

oy _,
Ur,(o) = Uz, (0) = Ur A104.

The uncertainty of the bulk temperature differensedescribed in equations (A105) to

(A109).
aT,(0) 2 (3T,(0) 22
b b
v = (@ ) * G eo) ] A
where
aT,(0)
ar,(0) A106.
aT,(0)
ar,(0) A107.
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A108.

“ Upry0) = ‘/EUT
A109.

1 Uyy
h;

1 + eUm,piC*Z|: —
C miCpl-

aT,
0AT,(0)  C'myCy
The uncertainty of the wall temperature with regaxalC’ is described by equation (A110).
1 Uoy
A110.

+U,,p,
"”plz{c*micpi hy

oT,, 1 .
— = AT.(0) | —— — e—UwpiC z
ac 2 )[c*zmicm (c*zr‘n,.cpi
where uncertainty in s calculated using equation (A111):
2 2 3
act \* [ac c’ 2 rac 2
¢ <0mi ) <acpi Cw) o, (ac,,o Cvo) ]
The terms of equation (A111) are defined as:
ac’ 1
om; michi Al112.
ac” 1
ani - mlCan A113
ac” 1
=T Al14.
ama m, Cpo
A115.

ac
0C,
The uncertainty of the wall temperature with regat@ the mass flow rate and heat capacity
A116.

. 2
m, Cpo

rate for the inner tube is found in equations (Aldld (A117).
[1 _ eUm,pl.C*z]

aT, _ AT,(0)
ami C*‘r.nichi
aT,  AT4(0) :
== [1 - et A117.
A16
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The wall temperature uncertainty with respect te tverall heat transfer coefficient is

described by equation (A118).
AT, (0 .

20O e “[-1+ Upp,C7] A118.

au,, h;

T,
The wall temperature uncertainty with respect ® itner tube heat transfer coefficient is
A1109.

found in equation (A119).
aﬂ = m U e_UovpiC*Z
dh; n?:

The wall temperature uncertainty with respect eoghrimeter is:
aT, ATb(O) %« —Uyp,C'z
o = Ve Cze " A120,
ap;
Up, =5 Un, Al121.
L
where
op; _
D - T Al22.
L

—Uoyp;C*z

described by equation (A123).
aT, AT, (0
W _ —b( ) U,,2C*e

aZ hi

The wall temperature uncertainty with respect ® plsition along the length of the tube is
A123.
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B. APPENDIX B - EXPERIMENTAL DATA

The experimental raw data that was recorded duesting can be found on the attached CD.
All the measured data as well as the calculatea aie included. An example of the data can
be found below for a Reynolds number of 11 905haninner tube flow for the 8.3 mm tube.

Measured Variable Symbol Units Value

Inner Tube:

Reynolds Number Re i [-] 11905.37
Mass Flow Rate m_i [kg/s] 0.045819334
Diamete D i [m] 0.0082¢
Dynamic Viscosit mu_| [kg/m.s 0.00059:
Density rho_i [kg/m’] 989.9¢

Specific Heat Cp_i [J/kg.K] 4179.695
Thermal Conductivity | ki [W/m.K] 0.637024189
Inlet Temperature T i en [°C] 57.73850015
Outlet Temperature T i ex [°C] 33.16353373
Pressure Drc P_droj [Pa] 5338.4¢
Nusselt Numbe Nu [-] 69.7046
Friction Facto f [-] 0.0309001
Prandtl Number Pr [-] 3.87837

© University of Pretoria

The data for the 14.2 mm tube diameter is similadyculated and also included on the
attached disc.
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