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ABSTRACT

Titel: Experimental determination of the forced convective boiling heat transfer
coefficients of R407C in fluted-tubes

Author: Philip Wouter de Vos

Supervisor:  Mr. M van Eldik

School: School of Mechanical Engineering

Degree Master of Engineering

Due to the phase-out of all refrigerants with ozone depletion potential, a large void is left in
the refrigeration market. This void was caused due to a lack of new, ozone friendly, pure
refrigerants with similar thermodynamic properties to those of the banned refrigerants. As a
result mixtures of refrigerants are used to create replacement refrigerants. These new mixtures
have to be experimentally evaluated to derive correlations for the prediction of the heat

transfer coefficients.

One of these mixtures is R407C. With this new refrigerant and the need for smaller, more
compact heat exchangers, a search was initiated for a correlation describing the heat transfer
coefficients of R407C in fluted-tube compact heat exchangers. The need for such a correlation
is to accurately design compact fluted-tube heat exchangers for use in heat pumps and
refrigeration systems. Fluted-tube heat exchangers are in general, much smaller and more

compact than standard smooth tube-in-tube heat exchangers.

The purpose of this study was to experimentally determine the forced convective boiling heat
transfer coefficients of R407C in fluted-tubes; furthermore, to test these experimental values
against existing heat transfer correlations. The product of this study is experimental boiling
data for R22 and R407C in fluted-tubes, together with a correlation to predict the boiling heat
transfer coefficient of R407C in fluted-tubes.

The test bench used, was a 15 kW heat pump with a split evaporator design. The split
evaporator is made up of a bypass evaporator and a test evaporator, with the test evaporator
consisting of three separate heat exchangers: the pre-evaporator, test section and the super-

heater. Of the three heat exchangers only the test section was a fluted tube-in-tube heat
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exchanger with the other two smooth tube-in-tube heat exchangers. The test section was
operated in a counter flow configuration with water flowing inside the fluted-tube and the

refrigerant flowing in the annulus.

The accuracy of the test bench was validated using R22 in a smooth tube-in-tube heat
exchanger, resulting in a maximum deviation between the water and the refrigerant heat
transfer of 2.5%. After the validation the smooth tube test section was replaced with the
fluted-tube section and tested with R22 and R407C. The refrigerant mass flow rates ranged
from 0.01 kg/s — 0.03 kg/s. Along with the mass flow rates the heat fluxes were varied from
0.89 kW/m? — 20.34 kW/m? and with evaporating pressures set at 4.0, 4.5, 5.0 and 5.5 bar
respectively. The maximum deviation between the water heat transfer and the refrigerant heat

transfer for all the tests was 2.77% with an overall average deviation of 0.83%.

The experimental results for R22 and R407C were evaluated against seven correlations found
in the literature consulted: Gungor and Winterton (1986:351), Gungor and Winterton
(1987:148), Liu and Winterton (1991:2759), Pierre (ASHRAE Fundamentals, 1997:4.7),
Chen (1963:1), Rousseau et al. (2003:232) and Kattan et al. (1998c:156). All the correlations
were used as found in the literature, with the exception on the Rousseau et al. (2003:232)
correlation. The enhancement factor used in this correlation was adapted to fit the

experimental data better.

Comparing results of all the correlations, it was found that Rousseau et al. (2003:232), with
the adapted enhancement factor, gave the best results for R22 as well as R407C, with the
respective average deviations of 12.67% and 3.83% and respective mean deviations of
35.16% and 22.01%. A new correlation was proposed combining the geometric properties of
the Rousseau et al. (2003:232) correlation with the boiling heat transfer of the Gungor and
Winterton (1987:148) correlation.
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Titel: Eksperimentele bepaling van die geforseerde konvektiewe kook hitte-oordrag

koéffisiente van R407C in gedraaide buise

Outeur: Philip Wouter de Vos

Studieleier:  Mnr. M van Eldik

Skool: Skool vir Meganiese Ingenieurswese
Graad Magister in Ingenieurswese

Die uitfasering van alle verkoelingsmiddels met osoon-afbrekende potensiaal, het 'n groot
leemte gelaat in die verkoelingsmark. Hierdie leemte is veroorsaak deur 'n gebrek aan nuwe,
osoon-vriendelike, suiwer verkoelingsmiddels met dieselfde termodinamiese eienskappe as
dié wat verban is. Gevolglik is mengsels van verkoelingsmiddels gebruik om as
plaasvervangers te dien. Hierdie nuwe mengsels moet eksperimenteel ge€valueer word om

korrelasies te ontwikkel vir die voorspelling van die hitte-oordrag koéffisiénte.

Een van hierdie mengsels is R407C. Met hierdie nuwe verkoelingsmiddel en die behoette aan
kleiner, meer kompakte hitteruilers, is 'n soektog begin na 'n korrelasie wat die hitte-oordrag
koéffisiénte van R407C in gedraaide buis kompakte hitteruilers beskryf. Die behoefte vir so 'n
korrelasie is om kompakte gedraaide buis hitteruilers akkuraat te ontwerp, vir gebruik in
hittepompe en verkoelingstelsels. Gedraaide buis kompakte hitteruilers is oor die algemeen

baie kleiner en meer kompak as standaard gladde pyp-in-pyp hitteruilers.

Die doel van hierdie studie was om eksperimenteel vas te stel wat die geforseerde
konvektiewe hitte-oordrag koéffisi€nte van R407C in gedraaide buise tydens verdamping is,
en verder om hierdie eksperimentele waardes teen bestaande hitte-oordrag korrelasies te toets.
Die produk van hierdie studie is eksperimentele verdampingsdata vir R22 en R407C in
gedraaide buise, tesame met 'n korrelasie wat die verdampings hitte-oordrag koéffisiént van

R407C in gedraaide buise voorspel.

Die toetsbank wat gebruik is, is 'n 15 kW hittepomp met 'n verdeelde verdamper ontwerp. Die

verdeelde verdamper bestaan uit 'n omleidingsverdamper en 'n toets-verdamper, met die toets-
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verdamper wat bestaan uit drie aparte hitteruilers: die voor-verdamper, toetsseksie en die
super-verhitter. Van die drie hitteruilers, was slegs die toetsseksie 'n gedraaide buis-in-buis
hitteruiler, en die ander twee gladde buis-in-buis hitteruilers. Die toetsseksie is bedryf in 'n
teen-vloei konfigurasie met water wat binne die gedraaide buis vloei, en die

verkoelingsmiddel wat in die annulus vloei.

Die akkuraatheid van die toetsbank is gevalideer deur R22 in 'n gladde buis-in-buis hitteruiler
te gebruik, wat 'n maksimum afwyking tussen die water hitte-oordrag en die
verkoelingsmiddel hitte-oordrag van 2.5% tot gevolg gehad het. Na die validasie, is die
gladde buis toetsseksic vervang met 'n gedraaide buis seksie en getoets met R22 en R407C.
Die verkoelingsmiddel massavloei tempo is gevarieer tussen 0.01 kg/s - 0.03 kg/s. Tesame
met die massavloei tempo, is die hittevloed gevarieer tussen 0.89 kW/m? - 20.34 kW/m? met
die verdampingsdruk gestel by onderskeidelik 4.0, 4.5, 5.0 en 5.5 bar. Die maksimum
afwyking tussen die water hitte-oordrag en die verkoelingsmiddel hitte-oordrag vir al die

toetse was 2.77% met 'n algehele gemiddelde afwyking van 0.83%.

Die eksperimentele resultate vir R22 en R407C is geévalueer in terme van sewe korrelasies
wat in die literatuurstudie gevind is: Gunger en Winterton (1986:351), Gunger en Winterton
(1987:148), Liu en Winterton (1991:2759), Pierre (ASHRAE Fundamentals, 1997:4.7), Chen
(1963:1), Rousseau et al. (2003:232) en Kattan er al. (1998¢:156). Al die korrelasies is
gebruik soos dit in die literatuur gevind is, behalwe die Rousseau et al. (2003:232) korrelasie.

In die geval is die verbeterings faktor aangepas om die eksperimentele data beter te pas.

Deur die resultate van al die korrelasies te vergelyk, is gevind dat dié van Rousseau et al.
(2003:232), met die aangepasde verbeterings faktor, die beste resultate vir R22 sowel as
R407C gegee het. Die gemiddelde afwykings van onderskeidelik 12.67% en 3.83%, en
mediaan-afwykings van onderskeidelik 35.16% en 22.01% is gevind. 'n Nuwe korrelasie is
voorgestel wat die geometriese eienskappe van die Rousseau ef al. (2003:232) korrelasie met
die verdampings hitte-oordrag van die Gungor en Winterton (1987:148) korrelasie te

kombineer.
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NOMENCLATURE

A Area m’

Bo Boiling number

C, Specific heat kJ/kgK

Constant value

D.,d Diameter m

D, Hydraulic diameter m

AT, Super heat, T, , - T, °C

AT, Log mean temperature difference °C

Ap,, Difference in vapour pressure corresponding to A7, kPa

e Surface finish

e,, k Enhancement factor

e Flute depth m

e Non-dimensional flute depth

f Friction factor

Sretical Helical coil friction factor

J staigi Straight tube friction factor

F Forced convective heat transfer enhancement factor

Fr Froude number

g Acceleration of gravity m/s’

G Mass flux kg/m?s

h Heat transfer coefficient W/m’K

By ctical Heat transfer coefficient for helical coils W/m?K
straight Heat transfer coefficient for straight coils W/m’K

k Thermal conductivity W/mK

K, Pierre’s boiling number

L Length m

m Mass flow rate kg/s
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n Constant value

N Number of flute starts

Nu Nusselt number

P Pressure

p Flute pitch

Pr Prandtl number

P Reduced pressure

pr Pressure ratio

p’ Non-dimensional flute pitch

q Heat flux

Q Heat transfer rate

¥ Radius

Re Reynolds number

2 Heat transfer enhancement ratio according to the Chilton-
Colburn analogy

R, Thermal resistance because of fouling

R, Thermal resistance of the wall

S Suppression factor

t Wall thickness

T Temperature

U Overall heat transfer coefficient

4 Velocity

Vol Volume

wt Weight

X Quality

X, X, Martinelli parameter

mol

kPa

kPa

W/m*
J/'sorW

m
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T 3 T > D D ™

Subscripts
c

cal

Cu

e

exp

in

[, lig
m

n

0

out
pool
p

R22
R407C

tot

Aspect ratio

Helix angle
Non-dimensional helix angle
Latent heat

Kinematic viscosity
Constant (3.141592654)
Density

Two-phase friction multiplier

Cold

Calculated value
Copper
Equivalent
Experimental value
Hot

Variable

Inside

At the inlet
Liquid

Mean value
Variable
Outside

At the outlet
Pool boiling
Refrigerant

R22

R407C

Total value

Jkg

Ns/m?
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ip Two-Phase

A Vapour

Vi Inside volume

Vo Outside volume

w Water

wall Property at the wall
Mathematical Symbols

max Maximum
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Chapter 1: Introduction 1

CHAPTER 1

1 INTRODUCTION

1.1 BACKGROUND

Refrigerants in the late 1800s and early 1900s consisted of three toxic gases: ammonia,
methyl chloride and sulphur dioxide. After a series of fatal accidents in the 1920's when
methyl chloride leaked out, the search for less toxic refrigerants started. Chlorofluorocarbons
(CFCs) were discovered and were synthesized for the first time in 1928. This was a great
breakthrough for the refrigeration as well as the air-conditioning industry. After World War
II, CFCs were also used as propellants for bug sprays, paints, hair conditioners and other

health care products (Elkins, 1997).

Then in 1974, two chemists of the University of California, Professor F.S. Roland and Dr. M.
Molina, showed that CFCs could be the major source of inorganic chlorine in the stratosphere.
They also found that the CFC gases can be decomposed by the UV radiation with some of the
chlorine becoming active in destroying the ozone in the stratosphere. This discovery led to a
global environmental treaty, the Montreal Protocol to Reduce Substances that Deplete the
Ozone Layer, which was signed by 27 nations in 1987. This treaty originally made provision
to reduce the 1986 production levels of CFCs by 50% before the year 2000, but a
reassessment of the treaty in the year 1990 called for a total elimination by 2000 (Elkins,
1997).
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Chapter 1: Introduction 2

The industry developed two classes of halocarbon substitutes; the hydrochlorofluorocarbons
(HCFCs) and hydrofluorocarbons (HFCs). The ability of the HCFCs to destroy ozone is about
5% of that of the CFCs. This ability is reduced by the addition of hydrogen which shortens the
atmospheric lifetime of the refrigerant. After another reassessment of the treaty in 1995, it
was decided that the use of HCFC in South Africa had to be scaled down to 35% of the total
amount used in 1989 by the year 2010, 10% of the amount used in 1989 in 2015, a mere 0.5%
of the amount used in 1989 by the year 2020 and a total phase-out by the year 2030 (UNEP,
2000).

With the phase-out of CFCs and HCFCs, the only answer is the use of HFCs in the heat pump
and refrigeration industries. These replacement refrigerants may be in the form of pure
refrigerants or refrigerant mixtures, adhering to certain requirements. According to Atwood
(1985:914) typical requirements would be:

e Ozone depletion potential;

e global warming potential;

e toxicity;

e flammability;

e chemical and thermal stability;

e compatibility with lubricating oil; and

e commercial availability.

Pretorius (1999:2) stated that there are no sufficient pure refrigerants to meet all of these
requirements, and still cover the total range of operating conditions. This led to the inclusion
of some flammable refrigerants to be investigated. Although flammability is not an outright
exclusion, very few manufacturers are willing to take the risks involved in using flammable
refrigerants. Most manufacturers have come up with the solution of mixing a flammable
refrigerant with one or more non-flammable refrigerants resulting in a non-flammable
mixture. According to Hwang et al. (1997:765) R32 is one of the most promising pure
alternative refrigerants to use in heat pumps operating with R22. Unfortunately R32 is a
flammable substance and thus not recommended for use as a pure substance. A possible
answer is in the form of a mixture of R32 (23% wt), R125 (25% wt) and R134a (52% wt),
which is known as R407C.
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Chapter 1: Introduction 3

Another aspect that receives a lot of attention is the development of compact heat exchangers
due to the constant need for smaller and more compact refrigeration units and heat pumps.
One way of reducing the size of the heat exchanger is to modify the geometry in some way
for more effective heat transfer. Another way of doing this is with the help of new
refrigerants. With these new compact heat exchangers and new gases, new correlations have

to be derived to calculate the size of the heat exchanger for sufficient heat transfer.

Various ways exist to increase the performance of the heat exchanger with geometric
modifications to the heat exchanger resulting in a reduction in size. This is an important factor
in the design of compact heat exchangers to be used in water heat pumps. The heat
exchangers in water heat pumps consist mainly of tube-in-tube and shell-in-tube heat
exchangers. Ways of improving the performance is to increase the refrigerant’s contact area
or by increasing the refrigerant’s turbulence. This can be done with the use of micro-fins on
the tube (Figure 1.1), fluted-tubes (Figure 1.2) or the use of twisted tape in the tube (Figure

1.3). A very compact heat exchanger can be manufactured by coiling of a fluted-tube.

Figure 1.1 Micro-fin tube configuration a) micro-fin pattern; b) fin cross section.

Surface area view Cross-sectional area

Figure 1.2 Fluted-tube configuration. (Rousseau et al. 2003:233)
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T
0

Figure 1.3 Twisted tape configuration.

The micro-fin tube is manufactured with various micro-fin patterns, micro-fin sizes and
helical angles which are usually used in a tube-in-tube configuration. As can be deducted
from Figure 1.1 the micro-fin tube provides an increase in heat transfer area and refrigerant
turbulence. The fluted-tube (Figure 1.2) consists of an inner tube that is fluted to various flute
depths and helical angles and an outer smooth tube. With this configuration the best results
are found with the refrigerant in the annulus and the other liquid on the inside. In the case of
the fluted-tube, the heat transfer area and the refrigerant’s turbulence increase. The twisted
tape can be used in a tube-in-tube heat exchanger with the tape inserted into the inner smooth
tube. This configuration, with the refrigerant in the inner tube, only increases the refrigerant’s

turbulence and does not add much to the heat transfer area.

1.2 PROBLEM STATEMENT

In the design of energy efficient compact heat exchangers it is necessary to know the
properties of the refrigerant used to calculate the heat transfer, pressure drop and efficiency of
the heat exchanger. A problem arises in the fact that there are many correlations to predict the
properties and heat transfer coefficients of the banned CFC and HCFC gases but very few are
available for the calculation of the properties of the new halofluorocarbon (HFC) refrigerants,
in pure form and in mixtures of different HFC refrigerants. The same limited number of
correlations is found in the calculation of the heat transfer coefficients of refrigerants in

fluted-tubes.

Limited literature and data are available on the heat transfer coefficients of R407C and even
less data on the heat transfer coefficients of R407C in fluted-tubes. There is a need to

experimentally determine the heat transfer coefficients of R407C in fluted-tubes to further the
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ongoing research done in the School of Mechanical Engineering at the North-West

University, as the only current work done was on R22 in fluted-tubes and R407C in smooth

tubes.

1.3 AIM OF THE STUDY

The aim of this research study is to find an accurate correlation for the prediction of the forced

convective boiling heat transfer coefficient of R407C in fluted-tubes.

To accomplish this, the following has to be done:

The equipment developed by Venter (2000:36) need to be tested with R22 in a smooth
tube-in-tube heat exchanger test section, to verify that all the measuring equipment is
functional and working correctly. This is due to the fact that the test bench was
decommissioned in 2002.

The smooth tube-in-tube test section will then be replaced with a fluted-tube test
section, after which the fluted-tube test section will be tested with R22 for a
refrigerant mass flow range of 0.01 — 0.03 kg/s, evaporating pressures of 4 — 5.5 bar
and various heat fluxes by varying the water inlet temperature between 13-22°C.

After these tests, the R22 will be replaced with R407C. The fluted-tube will then be
tested for the same refrigerant mass flow range, evaporating pressure range and heat
flux range, as for R22.

The data collected will be processed and compared to various existing heat transfer
correlations.

Based on the results of the different correlations a discussion will be entered into, on

whether to derive a new correlation or combine various correlations.

1.4 IMPACT OF THE STUDY

The outcome of this study will be:

Experimental data on the forced convective boiling heat transfer coefficient of R407C

in fluted-tubes.

Verification of various general correlations with the experimental data.
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e A new correlation to accurately predict the forced convective boiling heat transfer

coefficient of R407C in fluted-tubes.

The new correlation will be helpful in the design of compact heat exchangers for calculating
the heat transfer and the efficiency of the heat exchanger. This will result in a more accurate
design of compact heat exchangers with the new refrigerants. The correlation will also help to

accurately calculate the heat transfer coefficients of the refrigerant in a simulation program.

1.5 SUMMARY

This chapter gives a brief overview of the history of refrigerants as well as ways to improve
the heat transfer and efficiency of heat exchangers. The problem was stated that there is a
scarcity of correlations to calculate the properties and heat transfer coefficients of new
refrigerants and refrigerants in fluted-tubes. After the problem statement, the aim and plan of

action was given with the intended impact of the study.

The following chapter lists all relevant information on R407C and fluted-tubes that was found
in the detail literature survey. This information includes the heat transfer characteristics of
R407C, the definition of refrigerant mixtures, and the correlations found relating to fluted-

tubes and the boiling of R407C.
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CHAPTER 2

2 LITERATURE STUDY

2.1 INTRODUCTION

In the previous chapter a brief history of refrigerants over the years was provided.
Furthermore, a few methods to improve the heat transfer by changing the geometry of the heat
exchanger were discussed. In this chapter a review is given of the heat transfer characteristics
of pure refrigerants and refrigerant mixtures under forced convective conditions in smooth
tubes as well as in enhanced tubes. Forced convection boiling of refrigerants is a complex
process that is not yet fully understood. Now with zeotropic mixtures to complicate matters

even more, it is necessary to have a clear understanding of zeotropic refrigerant behaviour.

For this reason the fundamentals of zeotropic behaviour are discussed first. This is followed
by the theory of flow boiling of refrigerants and a brief discussion on the heat transfer
degradation of zeotropic refrigerant mixtures. The chapter then concludes with a summary of

work done on R407C for smooth and enhanced tubes.
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Chapter 2: Literature Study 8

2.2 BACKGROUND ON THE HEAT TRANSFER CHARACTERISTICS OF
REFRIGERANT MIXTURES

2.2.1 MIXTURES OF REFRIGERANTS

With the phase-out of CFC and HCFC refrigerants according to the Montreal Protocol, it is
necessary to find replacements that have similar thermodynamic and transport properties.
Currently there are not enough pure refrigerants to function as replacements or drop-in

replacements. To overcome that problem it was decided to use mixtures of the refrigerants.

Mixtures of two or more refrigerants can be formed to obtain specific thermodynamic
properties. These mixtures provide easy ways of obtaining environmentally friendly
substances and can be divided into three main groups:
e Azeotropic mixtures that behave as if the mixture is a homogeneous substance.
e Near-azeotropic mixtures that have a temperature glide less than 2.8°C during
evaporation and condensation.
e Zeotropic mixtures that have a distinct temperature glide of more than 2.8°C during
evaporation and condensation.
Most refrigerant mixtures, including R407C, form zeotropic mixtures when the pure

refrigerants are mixed.

Raoult’s law describes the vapour pressure curve for a gas mixture consisting of two
components. [t states that in an ideal solution the following has to be obeyed (Logan, 1997):
pi=pixi(i=12)
pi is the vapour pressure of pure liquid i at the temperature 7" of the ideal solution.
x; 1s the mole fraction of i in the ideal solution
pi is the vapour pressure of each component, thus

* »*
Poi=prx; +prx;

The total vapour pressure is therefore linearly related to the molar concentration between the
vapour pressure curve of each component. This is illustrated in Figure 2.1, which shows an
1deal mixture where the bubble point curve is a straight line. In the case of real mixtures all of

the lines have a curve either deviating over or under the ideal case.
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/Total vapour pressure

Vapour pressure of A

Vapour Pressure

Vapour pressure of B R

0% B 100% B

100% A . 0% A
; Mole Fraction :

Figure 2.1 Pressure-molar fraction of ideal binary mixture.

For real mixtures at a constant temperature, three different behaviours may occur that are
illustrated in Figure 2.2 and is described by Venter (2000:8) as follows:

e Curve 1: At some concentrations the vapour pressure is higher for the mixture than for
any one of the pure components. Such a mixture has a positive azeotropic composition
at the extreme point (p) in the curve. Examples of such mixtures are R502 and the
R410 series of refrigerants.

e Curve 2: At some concentrations the vapour pressure is lower for the mixture than for
any one of the pure components. Such a mixture has a negative azeotropic
composition at the extreme point (q) in the curve. An example of such a mixture is
R507.

e Curve 3: In this mixture, the vapour pressure curve of the mixture lies between the
curves of the pure components over the entire range of the concentration. An example

of such a mixture is R407C.
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Figure 2.2 Pressure-mass fraction behaviour of real binary mixtures. (Venter, 2000:8).

The points p and q in Figure 2.2 are called extreme points. This is where the bubble and dew
point lines are at the same pressure with no change in concentration during phase change.
These extreme points define an azeotropic mixture at the given mass fraction composition that
behaves as a pure substance during phase change. From curve 3 it is clear that no extreme

points exist and is thus defined as a zeotropic mixture.

2.2.2 ZEOTROPIC MIXTURES

Certain benefits can be derived by using refrigerant mixtures compared to pure refrigerants.
Some of these benefits include lower operating pressures, increased capacity and higher
condensing temperatures. The temperature glide of zeotropic refrigerant mixtures during
evaporation and condensation can provide an inherent improvement on the refrigeration

system efficiency (Albrecht, 1996).

In the case of a pure refrigerant the temperature will remain constant during evaporation or
condensation if the pressure is kept at a constant value during the entire phase changing
process. The phase change temperature is related to the pressure by a vapour pressure function
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that can be presented as a vapour pressure curve. This can be seen in the saturated vapour
pressure curve of R32 as shown in Figure 2.3. This figure was plotted with the property

calculations of EES (Engineering Equation Solver).

Pressure versus Temperature of R32
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Figure 2.3 Vapour pressure-temperature chart of R32.

When a mixture consisting of two or more refrigerants is formed, the temperature at which
phase change will occur will not only be a function of the pressure but also a function of the
mixture composition. Figure 2.4 shows the pressure-temperature relation of a binary
refrigerant mixture. The respective vapour pressure curves for the two components A and B at
a specific temperature can be seen on the front side of the graph, with the lower curve the
bubble point curve and the upper curve the dew point curve. The area enclosed by the two

curves is where both the liquid and vapour phases will exist.

To fully understand the boiling and condensation processes of a binary mixture it is easier to
study the phase change process by varying the temperature and keeping the pressure constant,

as shown in Figure 2.5.
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Figure 2.5 Phase change process of a binary mixture.
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In Figure 2.5, the phase change process for a binary mixture with 50% A composition and
50% B composition is illustrated. Consider the case where heat is added to the refrigerant at
constant pressure. The refrigerant temperature will increase from point 1 where it is a sub-
cooled liquid at temperature T, to point 2 at temperature T,. At this point the first bubbles
start to form; the first vapour bubble has a composition of 20% A and 80% B with the liquid
composition still at 50% A and 50% B.

With more heat added to the refrigerant the temperature will increase with a reduction of
liquid and an increase of vapour. The liquid composition will change along the bottom curve
from 2 to 3;, whereas the vapour composition will change along the top curve from point 2, to
3. When the temperature reaches T3 the last drop of liquid will have a composition of 70% A
and 30% B with the vapour composition the original composition of 50% A and 50% B. More

heat will result in a super heated vapour.

The temperature difference between points 2 and 3 is called the temperature glide of the
mixture and is dependant on the single phase mixture composition. This temperature glide
theoretically could result in improved system efficiencies of heat pumps and refrigeration

systems. This is described more clearly in the following paragraph.

2.2.3 STEADY-STATE EFFICIENCY IMPROVEMENT

The efficiency of any thermodynamic cycle can be improved by reducing the enclosed area of
the cycle on a temperature-entropy diagram (Venter, 2000:12). One way to reduce the area is
by reducing the refrigerant superheat at the outlet of the compressor by selecting an
appropriate refrigerant. Another way is to reduce the temperature difference between the
refrigerant and the outside source by increasing the heat transfer surface and/or increasing the

outside fluids’ flow rate.

The enclosed area of the T-s diagram can also be reduced if the temperature profile of the
refrigerant in the heat exchanger is matched to the temperature of the outside fluid. This is
where the temperature glide of the zeotropic refrigerant mixtures can play an important role in
the system efficiency. This process will now be discussed in detail in the following

paragraphs and with the help of Figure 2.6.

YUNIBESITI YA BOKONE-BOPHIRIMA 1 Saer ~ . [ .

ORTHWEST DNIVERSITe Experimental determination of the forced convective boiling heat ‘

NOORDWES-UNIVERSITET ) i I\
transfer coefficients of R407C in fluted-tubes



Chapter 2: Literature Study 14

Diagram 1 in Figure 2.6 shows the most common isothermal vapour compression cycle for
pure refrigerants or azeotropic refrigerant mixtures. The enclosed area can be reduced in an
ideal process to the temperatures shown in diagram 2. Since ideal processes do not exist and
the possibility for pinch point is too great, this situation is avoided. With the use of zeotropic

refrigerant mixtures diagram 1 can be swivelled on the points as shown in diagram 3.

This does not result in a reduction of the enclosed area on the T-s diagram but it enables both
phase change processes to be shifted towards the temperature gradient of both outside fluids
as shown in diagram 4. This in turn reduces the enclosed area in the T-s diagram for the cycle
while maintaining the same exit temperatures of the outside fluids. The possibility of pinch
points are thus reduced with the use of the temperature glide of the zeotropic refrigerant
mixtures during phase change. The temperature glide also allows the heat transfer process to
be shifted closer together.
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Figure 2.6 Process of heat pump efficiency improvement.
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The modification of the isothermal vapour compression cycle to the system shown in diagram
4 in Figure 2.6 is referred to as the Lorenz vapour compression cycle (Johannsen, 1992).
Figure 2.7 shows the difference between the isothermal vapour compression cycle of a pure

refrigerant and the Lorenz cycle.

Isothermal Cycle Lorenz Cycle

Condenser

Condenser

Heat sink
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§ £ Heat source S
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5 B
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Evaporator Evaporator
Entropy Entropy

Figure 2.7 Isothermal and Lorenz vapour compression cycle.

2.2.4 HEAT TRANSFER CHARACTERISTICS

2.2.4.1 TWO-PHASE FLOW PATTERNS

Most researchers treat the heat transfer coefficients during the boiling of refrigerants as two
different components. The one component is the pool boiling component and the other one is
the forced convective boiling component. The reason for this is because of the complex nature

of forced convective boiling. With refrigerant mixtures this process is even more complex.

Various distinct flow patterns can be identified during the evaporation process of refrigerants
inside tubes. Some of these include bubbly flow, slug flow and annular flow. To predict the
flow pattern for a specified system is a difficult task, even more difficult is the prediction of
the pressure drop and heat transfer. Figure 2.8 shows the flow pattern characteristics of
horizontal flow of a two-phase substance (Mills, 1995:649). The gravity force perpendicular
to the flow causes certain differences from that of flow in a vertical tube, especially at low
flow rates. The actual flow pattern encountered in the system will depend primarily on the

flow velocity and the relative amounts of liquid and vapour.
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Figure 2.8 Flow patterns of horizontal co-current two-phase flow (Mills, 1995:649).

The flow patterns are defined as follows (Mills, 1995:647):

a.

Bubbly flow. The vapour is in the form of isolated bubbles in the liquid phase. The
bubbles may be small and spherical, or large enough to develop a spherical cap shape.
Plug flow. Small bubbles come together to form larger bubbles. These bubbles then result
in an increase in the fluid’s velocity. The bubbles tend to flow in the upper half of the
tube.

Slug flow. Bubbles are approximately of the diameter of the tube, and a film of liquid runs
down the tube wall. In between the bubbles are slugs of liquid, which may contain some
small bubbles.

Intermitted flow. (Not shown) Is a combination of slug and plug flow.

Annular flow. The phases are almost completely separated into a vapour core and a liquid
film on the wall. There is, however, some entrainment of droplets from the crests of waves
that form on the surface film.

Stratified flow. At low liquid and vapour flow rates the liquid flows with a relatively
smooth surface along the bottom of the tube. In this case the vapour velocity is usually

higher than the velocity of the liquid.
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g. Wavy flow. As in the case with stratified flow, but in this case the flow rates are higher

resulting in waves in the liquid part of the fluid. If the flow rate increases more the flow

would become slug flow.

2.2.4.2 INTERNAL FORCED CONVECTIVE BOILING

The internal forced convective boiling of a fluid in a tube is explained with the help of Figure
2.9. Sub-cooled liquid enters the tube and is heated by forced convection to its saturation
temperature in the first section of the tube. With added heat the pool boiling process produce
bubbles on the surface of the tube. These bubbles grow in size until they are carried into the
mainstream of the liquid. This is the start of the bubbly flow regime. In this regime there is a
sharp increase in the convection heat transfer coefficient. As more and more bubbles form, the

bubbles continuously grow in size and break down until some of the bubbles are big enough

to form liquid slugs.
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Figure 2.9 Flow regimes inside a horizontal evaporator (Incopera and DeWitt, 2001:612).
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Following the slug region is the annular region, a transition region, the mist region and
ultimately the superheated gas region. The heat transfer coefficient continues to increase
through the bubble region and much of the annular region. However, dry spots start to form in
the annular region and results in a reduction of the heat transfer coefficient until the beginning
of the mist region. There is then a slight increase in the heat transfer coefficient through the

mist region and then the coefficient stabilizes through the superheat region.

Evaporation processes are dominated by two modes of heat transfer. The first mode is pool
boiling. This is where the motion of the liquid near the surface is due to free convection with
mixing through the movement of bubbles. The second mode of heat transfer is called forced
convective boiling. In this mode the fluid motion is due to external means, as well as free

convection and the mixing effect of the bubbles forming.

2.2.4.3 HEAT TRANSFER DEGRADATION

The heat transfer degradation of zeotropic refrigerant mixtures is the result of mass transfer
resistance and can be explained as follows (Venter, 2000:19). During evaporation, the more
volatile component of the mixture boils initially at a higher rate than the less volatile
component, leaving the liquid rich in the high boiling-point component (less volatile) at the
interface between the liquid and the growing bubble. The result is a locally increased liquid
temperature that reduces the temperature difference between the liquid at the interface and the
vapour bubble. This diminished temperature difference causes degradation of the heat transfer
across the interface and results in a reduction of the heat transfer coefficient based on the bulk
equilibrium temperature. The reduction in the heat transfer coefficient gets more pronounced
when the equilibrium concentration difference between the liquid and vapour phase increases

and also for an increase in the heat flux and pressure.

2.2.5 NORMAL BOILING POINT

The normal boiling point of a substance is defined as the temperature where the substance in
liquid form will start to boil at atmospheric pressure. By comparing the boiling points of
various substances a method of measurement is provided with which the correct system

pressure can be approximated. Substances with a lower normal boiling point will have a
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higher system pressure and substances with a higher boiling point will result in a lower

system pressure.

Using the normal boiling point as a measurement, a possible replacement for R22 can be
selected where the replacement refrigerant has approximately the same value. Table 2-1
shows a selected amount of refrigerants sorted according to their normal boiling points. The

table also shows some physical properties.
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R32 | 52.0 | -51.8 | 383 | 784 | 58.1 | 430 | 0.0 | 220 | Yes HFC
R410a | 72.5 | -51.6 | 373 | 702 | 47.7 | 552 | 0.0 | 1890 | No | R32/R125
| RI25 | 1200 | 486 | 164 | 663 | 363 | 572 | 0.0 | 860 | No HFC
Ri43a | 84.0 | -474 | 230 | 73.1 | 38.1 | 434 | 0.0 | 1000 | Yes HFC
R32/R125/
R407C | 86.2 | -43.8 | 248 | 86.1 | 463 | 513 | 0.0 | 1610 | No
R134a

R22 86.4 | -40.8 | 234 96.2 | 49.9 | 513 | 0.05 | 1700 | No HCFC
R134a | 102.0 | -26.1 217 101.1 | 40.6 | 515 | 0.0 | 1300 | No HFC
R152a | 66.0 | -24.7 | 325 1132 | 449 | 369 | 0.0 | 120 | Yes HFC

Table 2-1 Physical properties of selected refrigerants sorted according to normal boiling point. (Venter, 2000:21;
Allchem, 2002)

From the table it can be seen that the normal boiling point of R407C is the closest to that of
R22. R407C is non-flammable and will result in a slightly higher system pressure. The main
concern in using R407C as a drop-in substitute for R22 systems is that R407C is not
compatible with the mineral oil used by most R22 systems. The mineral oil should therefore
be removed, the system thoroughly cleaned and then replaced with a suitable ester oil. In
some cases some of the equipment components should also be replaced in case the

components are not compatible with ester oil.
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The temperature glide of R407C might have an improvement in the coefficient according to
the Lorenz cycle (paragraph 2.2.3) provided the system was designed for R407C. Some of the
equipment in two systems with identical capacities, one using R22 and the other one using
R407C could vary. It is these equipment variations that present the biggest problems in using
R407C as a drop-in substitute for R22.

Certain disadvantages arise with the use of zeotropic mixtures. The first comes in the form of
leakages. In this case the possibility is very good that the more volatile component of the
mixture has been lost, thus resulting in a change in composition of the mixture. For the same
reason it is very important to always charge liquid into a system. The second comes from the

possibility that the more volatile component is boiled off, resulting in system efficiency drop.

2.3 REVIEW OF PREVIOUS WORK ON PURE REFRIGERANTS AND
REFRIGERANT MIXTURES

Numerous studies have been completed on the determination the heat transfer coefficients of

various refrigerants. The following section reviews the most relevant of these studies.

Gungor and Winterton (1986:351) formulated a general correlation for forced convection
boiling in horizontal and smooth tubes, with the help of a data bank of 4300 data points.
These data points are from water, various refrigerants and ethylene glycol, covering a total of
seven fluids and 28 authors. The new correlation is simpler to apply and gives an overall
closer fit to the data than existing correlations. The mean deviation between the calculated and
measured boiling heat transfer coefficient were 21.4% for saturated boiling and 25.0% for

sub-cooled boiling.

Gungor and Winterton (1987:148) developed a simplified general correlation for the
prediction of the heat transfer coefficients of pure substances. This is an improved correlation
to the Gungor and Winterton (1986:351) correlation. The correlation was tested with 4202
data points for saturated boiling and 946 data points for sub-cooled boiling that included data
on R11, R12, R22 and R113. Gungor and Winterton (1987:148) found that the correlation

predicted the heat transfer coefficients of the mentioned refrigerants with a mean deviation,
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defined as lz’(hcal_hexp)/ he,|-100 of 20.4% and an average deviation, defined as
h

%i((hm, ~ oy ) By ) 100, of 7.9%.

Another general correlation for the prediction of the heat transfer coefficients was developed
by Liu and Winterton (1991:2759). This correlation was tested against the same data used by
Gungor and Winterton (1987:148), with the exception of the sub-cooled data that was
increased to 991 data points. It was found that the correlation predicted the heat transfer
coefficients of all the data with mean and average deviations of 20.5% and -2.3%

respectively.

Zhang et al. (1997:2009) experimentally investigated the boiling heat transfer of R407C
inside a horizontally smooth tube with an inside diameter of 6.0 mm. The authors also
presented a theoretical model predicting the heat transfer coefficients of the mixture. Results
showed that the heat transfer coefficients of the mixture were on average 30% lower than
those of R134a, this being attributed to the mass transfer resistance near the gas-liquid phase.

The correlation predicted the experimental data within + 30%.

Kattan et al. (1998c:156) developed a new heat transfer model for intube boiling in horizontal
plain tubes that incorporates the effect of local two-phase flow patterns, flow stratification
and partial dryout in annular flow. The local peak in the heat transfer coefficient versus the
vapour quality can be determined from the prediction of the location of onset of partial dryout
in annular flow. The new model accurately predicts a large, new database of flow boiling
data, and is particularly better than exciting methods at high vapour qualities (x > 0.85) and
for stratified types of flows.

Choi et al. (2000:3651) did experimental tests on the evaporative heat transfer of R32, R134a,
R32/R134a and R407C inside horizontal smooth tubes. The tests were done for evaporating
temperatures of -12 to 17 °C, mass flux of 240-1060 kg/m’s and heat flux of 4.1-28.6 kW/m”.
Evaporative heat transfer characteristics of R407C have been compared to those of R22. A
new correlation based on a superposition model for pure refrigerants and refrigerant mixtures

was presented. Experimental results were compared to several correlations which predicted
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evaporative heat transfer characteristics. Comparison with the experimental data in the open
literature showed that their correlation gave a satisfactory result with a mean deviation of
13.2% based on 2971 data points obtained from the experiments for pure refrigerants and

refrigerant mixtures.

Venter (2000:1) did experiments on R407C inside a horizontally smooth tube. The
experimental data were acquired with variations of heat flux, mass flux and evaporating
pressures. The results were then evaluated against five different correlations. These
correlations included Pierre (ASHRAE, 1997:4.7), Gungor and Winterton (1987:148), Liu
and Winterton (1991:2759), Melin (Venter, 2000:72) and Zang et al. (1997:2009). It was
found that the correlations were unable to correlate the experimental data for vapour qualities
higher than 0.95. For qualities less than 0.95 the correlation of Gungor and Winterton
(1987:148) predicted the experimental data the best, with mean and average deviations of

6.1% and 14.0% respectively.

A performance test was done by Kim (2002:167) on R22 and four alternative fluids (R134a,
R32/R134a (30/70%), R407C and R410A) at operating conditions typical for residential air
conditioners. In the study it was found that at the same capacity R410a had the highest
coefficient of performance. R407C and the R32/R134a mixture had the closest characteristics
to R22 with R32/R134a having a slightly better coefficient of performance (COP), where the
COP is divined as: cooling capacity divided by input power. The important parameters
including the evaporating and condensing pressures and the compressor discharge pressure

did not deviate significantly from the R22 values.

Lee et al. (2002:575) did a drop in test of R407C in a commercial chiller with shell-and-tube
heat exchangers originally designed for R22. The test results showed a severe performance
reduction when substituting the refrigerant with R407C. The major factor causing the
performance reduction was assessed as the degradation of the heat transfer in using R407C. It
was found that the heat transfer degradation in the evaporator was double the degradation of
the heat transfer in the condenser, with a 10 — 20 % reduction of cooling capacity. This

reduced heat transfer in the evaporator resulted in a 20 — 30 % reduction of the system COP.
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Experimental tests were done by Jung et al. (2003:764) on mixtures containing R32, R125
and R134a inside a 19 mm tube with constant heat flux. The heat flux was decreased from 80
— 10 kW/m?. From the experiments it was found that zeotropic mixtures of R32/R134a,
R125/R134a and R32/R125/R134a showed a reduction in the heat transfer coefficients up to
40% of the ideal values while the near-azeotropic mixture of R32/R125 did not show the
reduction. Four well-known correlations were compared against the data for binary mixtures
with some of the correlations giving a deviation of less than 10%. A new correlation was
developed and with regression analyses, to account for the reduction of the heat transfer

coefficients, it yielded a deviation of 7% for all binary and ternary mixtures.

Zhang et al. (2004:5749) defined three types of channels: conventional channels (Dj, larger as
3 mm), mini-channels (D; between 200 pm and 3 mm) and micro-channels (D; between
10 um and 200 pm). With this they stated that liquid-laminar and gas-turbulent flow is
common features in many applications of mini-channels and that traditional heat transfer
correlations for saturated flow boiling were developed for liquid-turbulent and gas-turbulent
flow conditions, and thus may not be suitable to predict the heat transfer coefficient in mini-
channels. The Chen correlation was then modified and used for liquid-laminar, liquid-
turbulent, gas-laminar and gas-turbulent. This modified correlation showed a satisfactory

agreement with a mean deviation of 18.3% with existing data for mini-channels.

Because of the potential variation of the fluid composition, many designers are concerned by
the use of zeotropic refrigerant mixtures in refrigeration and air-conditioning system. Youbi-
Idrissi et al. (2005) proposed a local simulation model of a water-to-water heat pump by
adapting a modular approach. Their numerical results showed that, compared to the nominal
composition of R407C, the circulating composition in the machine is low in the less volatile
component R134a (-3% variation) and rich in the most volatile component R32 (+3%
absolute). In the regions where the condensation begins and the evaporation ends, the local

composition is noticeably different from both the circulating and nominal compositions.
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2.4 REVIEW OF PREVIOUS WORK ON ENHANCED TUBES

Various correlations for the determination and prediction of the heat transfer coefficients of
refrigerants were tested and developed in the use of enhanced tubes. All of the relevant

correlations are reviewed in this section.

Research was done by Christensen and Garimella (1990:1) on spirally-fluted tubes and
enhanced tubes in confined cross flow configurations. The study included heat transfer and
friction losses through spirally fluted inner tubes in the laminar, transition and the turbulent
flow regimes. Fourteen different fluted-tubes were tested with up to three different outer
smooth tubes for each of the fluted-tubes. Correlations to calculate the heat transfer

coefficient, friction factor and Nusselt number were developed from the research.

Christensen ef al. (1993:1) wrote a heat exchanger design manual for fluted-tubes, which
includes tube-in-tube and confined cross flow geometries. The manual gives all the necessary
equations to be used and explains step-by-step how to use them in the design of compact heat

exchangers. This manual is based on the work done by Christensen and Garimella (1990:1).

MacBain et al. (1997:65) did heat transfer and pressure drop experiments with R22 and
R134a inside a horizontally deep spirally fluted tube. They found that the heat transfer for
R12 increased by 50 — 170% but the pressure drop was 6 to 20 times greater in comparison
with a smooth tube. The heat transfer of R134a was 40 — 150% higher with the pressure drop

of 11 — 19 times greater than for the smooth tube.

Experiments on micro-fin tubes were done by Sami and Desjardins (2000:1047). In their
experiments R404a, R407b, R407C and R408a were tested and it was found that with a high
Reynolds number (Re > 26 000), R404a and R408a had the best heat transfer coefficient. The
pressure drop was the lowest for R407C for all of the test range (30 000 < Re < 50 000 ).

An experimental investigation of two-phase flow condensation of alternatives to R22 inside
enhanced surface tubing was done by Sami and Maltais (2000:1113). The alternatives
consisted of R507, R404a, R407C, R408a and R410a. It was evident from the data that
R408a had the highest heat transfer rate compared to the other refrigerants. However, when

the thermo-physical properties were factored in, the condensation data showed that R410a had
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the highest heat transfer rate at Reynolds numbers higher than 2.35x10”. The test also
showed that R410a had the highest convective pressure drop.

Tests were conducted by Bukasa (2002:44) for the condensation of R22, R134a and R407C
inside a smooth and three micro-fin tubes. These micro-fin tubes were identical to each other
with only the spiral angles that were varied at respectively 10, 18 and 37 degrees. The
experimental results showed an increase in heat transfer with the increase of spiral angle
degrees. This increase of heat transfer was explained due to the increase of the heat transfer
surface area, combined with the increase in turbulence, and to the redistribution of liquid

around the tube perimeter due to surface tension drainage induced by the fin.

Passos et al. (2003:705) did experimental work on the nucleate and convective boiling of
R407C inside plain and micro-fin tubes with outside diameters (OD) of 7.0 and 12.7 mm. The
heat flux was varied from 10 to 20 kW/m? and mass flux velocities between 200-300 kg/m”s
at a pressure of 770 kPa. The experimental data was discussed in terms of the heat transfer
coefficient and the pressure drop as a function of the vapor quality. For a heat flux of
10 kW/m* and a mass flux velocity of 200 kg/m’s, the dominant heat transfer mechanisms for
the 7 mm tube is the nucleate boiling regime whereas for the 12.7 mm tube it is the

convective boiling regime.

A detailed simulation of fluted-tube water heating condensers using R22, was done by
Rousseau et al. (2003:232). The simulation allows for an extension of the model to simulate
heat exchangers for cycles employing zeotropic refrigerant mixtures. As mentioned by them,
no correlations were available at that time for the refrigerant side to calculate friction and heat
transfer coefficients in the annulus. This simulation was based on the design manual of

Christensen et al. (1993:1).

An experimental investigation of in-tube evaporation of R134a was carried out for a 4m long
herringbone micro-fin tube with an outer diameter of 9.53 mm by Wellstandt et al. (2005).
The data from the tests were compared to the literature and available helical micro-fin
correlations. With the vapour quality less than 50% the correlations predicted the values
within £+ 30% of the experimental values. In the case where the vapour was more than 50% no
correlation was able to reflect the early peak of heat transfer coefficients.
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2.5 SUMMARY

This chapter explained that refrigerant mixtures can form three different kinds of mixtures,
which include azeotropic, near-azeotropic and zeotropic mixtures. It was explained how the
temperature glide of the zeotropic refrigerant can be used to improve the cycle efficiency with
the use of the Lorenz cycle. The different flow regimes for horizontal two-phase flows were
illustrated and explained. Together with the flow regimes it was explained that the heat
transfer coefficient is dependant on the type of flow. It could also be seen that from the
beginning of the boiling process to where all the liquid are a superheated vapour the heat
transfer coefficient increases and then starts to decrease when dry spots start to form on the

tube surface.

In the literature survey it was found that there is little information on boiling of R407C in
fluted-tubes. Various correlations were found on boiling of refrigerants in smooth tubes and
some of the correlations were for micro-fin tubes. The only correlation for refrigerants and
fluted-tubes that was found was the simulation of a fluted tube water heating condenser using
R22 by Rousseau et al. (2003:232). With this information it is evident that there is a
deficiency in the current research of boiling of the zeotropic refrigerant R407C in fluted-

tubes.

In the following chapter the layout of the experimental facility to be used in this research and
the layout of the support mixing systems are explained. The explanation includes the detail of
each component used in the experimental facility. The support systems include various water
loops that supply the test bench with the correct temperature and/or mass flow rate. All of the

components of the water loops and the control logic are also explained in detail.
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CHAPTER 3

3 LAYOUT OF THE EXPERIMENTAL FACILITY

3.1 INTRODUCTION

This chapter describes the layout of the test bench for the measurement of the forced
convective boiling. The test bench consists of a vapour-compression system with external
water supply loops. First, the layout of the vapour-compression system and water supply
loops is discussed, and thereafter the data acquisition system. Other topics that are addressed

are the control of the test bench and the validation of the measuring equipment.

3.2 LAYOUT OF THE EXPERIMENTAL TEST BENCH

3.2.1 BASIC LAYOUT OF THE TEST BENCH

The layout of the vapour-compression system is shown in Figure 3.1. The system is almost
identical to the one used by Venter (2000:37) for his experimental determination of the forced

convective boiling heat transfer coefficient of R407C in smooth tubes.

This system is of a split evaporator design with separate expansion valves for each
evaporator. The evaporator and expansion valve described by points 3-6-9 is the main
evaporator, whereas the section 3-4-5-7-8-9 includes the sub-cooler and the test evaporator.
The test evaporator is divided into three sections namely the pre-evaporator, test section and

super-heater and they will be discussed in more detail in Par. 3.2.2.4.
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In the main evaporator an automatic expansion valve is used to provide a constant pressure
drop that can be adjusted with a setting screw; allowing control of the evaporating pressure in

both the test evaporator and main evaporator.

Pressure (Tj ?Temperature

9 =
I /
Water feed Compressor 2
Control loop #5 Super-heater \Water faad
Water return Suclion accumulaior Control loop #1
8 Condenser
Test section
Water feed Water return
Water feed
@ T
Control loop #4 —(F) Control loop #2

Main evaporator

Water return
Water return

6
Hand expansion valve

® ® Automatic expansion valve
Water feed

Control loop #3

Water return

Figure 3.1 Layout of the test bench refrigerant circuit (Venter, 2000:37).

The test evaporator uses a hand expansion valve that provides control of the refrigerant mass
flow through the test evaporator. Since the refrigerant heat transfer coefficient is a function of
vapour quality, the refrigerant is passed through a sub-cooler, shown between points 3 and 4,
in order to vary and control the dryness fraction at point 5 just before the refrigerant enters the

test evaporator.

As shown by Figure 3.1, all the heat exchangers are supplied with water through external
water loops. Each of these water loops is capable of controlling the water temperature and/or
the water mass flow rate at the inlet of the heat exchangers. The layouts of these systems are

discussed in more detail in par. 3.2.3.
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Figure 3.2 shows the refrigerant cycle of the test bench on a temperature-entropy diagram
with the numerical points and measurement sensors corresponding to those in Figure 3.1. In
this figure points 5 and 5' show the effect of the sub-cooler on the vapour quality of the
refrigerant entering the test evaporator. The qualities of the refrigerant at points 5, 7 and 8 can
be calculated from the water-side heat transfer, since the refrigerant enthalpy at point 1 can be

measured.

Condenser

Temperature

Main evaporator

o b ®-
| ty

Water-side

Entropy

Figure 3.2 Temperature-entropy diagram of the test bench refrigerant cycle.

The temperature and pressure sensors at points 5, 7 and 8 along with the water-side heat
transfer will allow the calculation of the overall heat transfer coefficient. Since some
indication of the measurement accuracy is required, a heat balance can be carried out between

points 4 and 1 to determine the performance of the data acquisition system.
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3.2.2 TEST BENCH COMPONENTS

The main components used in the test bench include the compressor, heat exchangers,
expansion valves and the test evaporator. All of these components will now be discussed in

detail.

3.2.2.1 COMPRESSOR

The compressor used in the test bench is a three-phase Copeland ZR72KCE-TFD-523 scroll
compressor. The compressor was charged with synthetic polyol ester refrigerant lubricant

(Emkarate RL 32H) suitable for use with R22 and R407C.

3.2.2.2 HEAT EXCHANGERS

All the heat exchangers used, excluding the test sections, were Turbotec fluted-tube heat
exchanger coils. The heat exchangers include the condenser, main evaporator and sub-cooler.
In all the heat exchangers a counter-flow configuration of the refrigerant and water was

applied. The following models were used:

e Condenser Turbotec BTSSC 72 ( 26 kW heating capacity)
e Main evaporator Turbotec BTSSC 48 (11 kW cooling capacity)
e Sub-cooler Turbotec BTSSC 30 ( 8 kW cooling capacity)

The heat exchangers used for the test evaporator are discussed in paragraph 3.2.2.4.

3.2.2.3 EXPANSION DEVICES

As mentioned in paragraph 3.2.1 two expansion valves were used in the test bench. The
expansion valve used in the main evaporator loop is an Egelhof AEK 4 automatic expansion
valve. It is manually used to vary and control the evaporating pressure in the evaporators. In
the test loop a Danfoss 6F0009 hand expansion valve is used to provide manual control of the

test section refrigerant mass flow rate.
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3.2.2.4 TEST EVAPORATOR

The test evaporator consists of a total of three water heated, heat exchanger sections. They
include the pre-evaporator section, the test section and the superheater section. For the
calibration tests, all three sections were smooth tube-in-tube heat exchangers with the water
flowing in the annulus and the refrigerant flowing in the inner tube. After the calibration the
tube-in-tube test section was replaced with a fluted-tube test section with the refrigerant in the

annulus and the water in the inner tube (Figure 3.3).

2 Water out
Refrigerant

from hand A 3 : : 16 mm OD
Pre-evaporator for controlling quality at inlet of test section

expansion valve

>

Water in

Test section

Water in

" —p Water out

Superheater section to ensure complete evaporation of the refrigerant

To compressor

=

19 mm OD 12.7 mm OD

¢ Water out

Figure 3.3 Layout of the refrigerant test section.

Since experimental data is required for various qualities, the first section, the pre-evaporator,
is used to control the dryness fraction of the refrigerant entering the test section. The test
section is then used for the near complete evaporation of the refrigerant. Since some liquid
still remains at the exit of this section, the third section is used to ensure that the refrigerant

has completely evaporated before entering the compressor.

The inside tube of the smooth tube-in-tube heat exchanger sections is a 12.7 mm OD standard
refrigeration pipe and the outside tube is a 19 mm OD standard refrigeration pipe. The fluted

tube section was manufactured with a fluted-tube inside a smooth tube, with an outside flute
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diameter of 14.95 mm, a flute depth (e) of 2.09 mm and a flute pitch (p) of 7.407 mm. The
outer smooth tube is a 3/4”” OD refrigerant pipe (Do), as shown in Figure 1.2.

The volume of the inside tube was experimentally measured as 0.0003102 m’. With this
known the inside volume diameter (D,;) was calculated as 11.389 mm and the outside volume
diameter (D,,) was calculated as 13.289 mm. The calculation of the volume diameter was

done according to the Rousseau et al. (2003:234) correlation.

Provision is made for the temperature measuring equipment that is located directly in the
refrigeration line by increasing the pipe diameter to 16 mm, and this is done to prevent
refrigerant throttling. All three the sections are insulated using 37 mm of polyethylene foam
insulation to prevent heat loss. The water supply lines were also partly insulated with

polyethylene.

3.2.3 WATER LOOPS

All the water used for the condenser and evaporators were supplied from two 10 000 { water
tanks. Water in the one tank is heated to between 45 and 50°C. This tank supplies the test
evaporator and the main evaporator with warm water. The water in the other tank is cooled to

between 10 and 15°C and supplies the sub-cooler and the condenser with cold water.

The water loops supplying the main evaporator and condenser were designed by Pretorius
(1999:91). These can supply water at a specific water temperature and mass flow rate to the
two heat exchangers. It is clear from Figure 3.5 and Figure 3.6 that there are two mixing
valves and two pumps in each of the layouts. The first pump is used to supply water from the
storage tank and the second one is used to pump water through the heat exchanger. The
mixing valve that is the closest to the water tank is used to regulate the temperature and the

other one is used to regulate the water mass flow rate through the heat exchanger.

A three-way mixing valve, as shown in Figure 3.4, mixes two streams of fluids A and B into
one stream C. The mixing valve has an oval seat attached to a stem that can move up and
down to control the flow of A and B into C. If the seat is at the bottom position as in the first
figure only stream A is sent through to C. With the seat at the top position as in the last figure

B T N RO A Experimental determination of the forced convective boiling heat
: NOORDWES-UNIVERSITE T R . . U
transfer coefficients of R407C in tluted-tubes




Chapter 3: Layout of the experimental facility 33

only stream B is sent through to C. With the seat between the top and bottom positions as in
the middle figure a mixture of A and B is sent through to C. This mixing principle was used to
control the water mass flow rate and temperature that is supplied to the heat exchangers. The
mixing valve can sometimes be used as a diverting valve. In this case the flow will come from

C and divert to A, A and B or B, depending on the position of the seat.

Figure 3.4 Working principle of a 3-way mixing valve.

The principle of operating the system is as follows:

Assume the condenser (Figure 3.5) is in a steady state with the supply water at a mass flow of
0.3 kg/s and a temperature of 20°C together with a constant heat load from the condenser. The
temperature is measured at T and the mass flow is measured at point M in Figure 3.5. This

will imply that both the mixing valves’ seats are at a position between points A and B.

If the water mass flow rate set-point is reduced to 0.2 kg/s a signal is sent via the
instrumentation to mixing valve 2, resulting in the valve seat moving in the direction of A.
This will result in a decrease in water being pumped through the heat exchanger and the mass
flow meter and an increase in water being pumped via path 2. When the set-point is reached
the instrumentation sends a signal to stop the movement of the mixing valve. If the mass flow
rate set-point is increased, the mixing valves’ seat will move in the direction of B until the set-

point is reached.

If the water temperature set-point is now reduced to 10°C, a signal is sent via the
instrumentation to mixing valve 1. The signal will cause the mixing valves’ seat to move to
position B. This will result in less cold water being diverted through the bypass path 1 and
more cold water being pumped to the second pump. With this the warmer water is pumped
back to the tank. If the temperature set-point was increased then the mixing valves’ seat will

move to position A.
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Figure 3.5 Water loop supplying the condenser.
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Figure 3.6 Water loop supplying the main evaporator.

The same principal of operation is valid for the main evaporator (Figure 3.6). The only
difference is that if the temperature set-point is increased the mixing valves’ seat moves to

position B and if the set-point is decreased then it will move to position A.

In the actual operation of the system, the heat load and the mass flow vary with time. This

resulted in a need for a dynamic Proportional-Integral-Derivative (PID) controlled system to
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ensure a minimum difference between the set-point value and the actual value of both the

water temperature and mass flow rate.

The systems used to supply the test evaporator and the sub-cooler are similar to the system
used to supply the main evaporator and the condenser with only a few minor differences.
These systems are shown in Figure 3.7 and Figure 3.8. The first difference is that there is only
one mixing valve with the mixing valve being used as a diverting valve. These diverting
valves are computer controlled with a PID controller to supply the correct water temperature
to the heat exchangers. Other small differences are the needle valve after the heating or
cooling load, to manually adjust the water mass flow rate, and the ball valve (1) after the first
pump and before the mixing valve to manually stabilize the water temperature oscillations
caused by the instability of the control of the mixing valve. Ball valve (1) in Figure 3.7 is

installed only in the two systems supplying the test evaporator.

Three-way diverting valve

Ball vailve (1)

Cooling load

I
|
|
|
|
|
|
|
% Ball valve (2)
I
I
|
|
|
|
|

10000 { water tank

Figure 3.7 Water loop supplying the test sections.

The principle of operation for the two water supply loops supplying the test evaporator is as

follows:

Assume the system is stable with the mixing valve seat in a position between A and B. If the

temperature in the red control volume now decreases because of an increased cooling load the

%iﬂgmﬁgﬁﬁ-ﬁ;‘ggm Experimental determination of the forced convective boiling heat

NOORDWES-UNIVERSITEIT — .
transfer coefficients of R407C in fluted-tubes




Chapter 3: Layout of the experimental facility 36

mixing valve’s seat move more to B letting more hot water into the control volume. This will
increase the temperature of the control volume to the set-point temperature. The water mass
flow rate has to be adjusted manually with the needle valve. To ensure a stable supply
temperature the mixing valve is controlled by a PID controller. One of the water loops

supplies the super heater and the other loop supplies the pre-evaporator and the test section.

The reason for the ball valve between the pump and the mixing valve (ball valve (1) in Figure
3.7) is to adjust the water mass flow from the pump to the mixing valve. If the water flow rate
from the pump is too high the water temperature supplied to the red control volume will have
excessive oscillations resulting in inaccurate readings. In the situation where the water flow
rate is too low the water temperature will never reach the set-point value, it will always be too
low. With the ball valve set correctly the temperature oscillations of the water supplying the

test evaporator is about 0.7 °C.
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Figure 3.8 Water loop supplying the sub-cooler

The principle of operation for the water loop supplying the sub-cooler is the same as
discussed for test evaporator (Figure 3.8). The only difference is that if the temperature is
above the set-point, the mixing valve’s seat moves to B and if the temperature is below the

set-point the seat moves to A.
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The sub-cooler supply loop does not have a ball valve between the first pump and the mixing
valve. The reason for this is that the water temperature supplying the sub-cooler was close to
the temperature of the supplying tank. This causes the system to be stable without the ball

valve.

3.2.4 WATER LOOP COMPONENTS

The components used in the water loops include the pipes, mixing valves and flow meters. All
the pipes supplying the test bench are either 2”(50.8 mm) or %” (19.1 mm) galvanised pipes.
The 2” pipes are used for the loops supplying the condenser and the main evaporator, whereas

the % pipes are used for the loops in the pre-cooler and test evaporator.

3.2.4.1 MIXING VALVES

Two kinds of mixing valves are used in the water loops. The reason for this is to

accommodate the 2” as well as the %" pipes.

Figure 3.9 Landis & Staefe VXG44.40-25 mixing valve with SQS65 actuator.

The mixing valves in the 2” pipe are Landis & Staefe VXG44.40-25 (Figure 3.9) which are
controlled by SQS65 actuators. There are a total of four mixing valves with actuators, two for

each line supplying the main evaporator and the condenser.
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The mixing valves in the %” pipes are Johnson Controls VG7822LT (Figure 3.10) with
factory mounted actuators. There are a total of three mixing valves located in the loop

supplying the sub-cooler and the two loops supplying the test sections.

Figure 3.10 Johnson Controls VG7822LT mixing valve.

3.2.4.2 WATER MASS FLOW METERS

Water mass flow rates of the loops supplying the main evaporator and the condenser are
measured with Burkert paddle water mass flow meters with an 8035 flow transmitter (Figure
3.11). The accuracy of the meters is less than 0.5% of the total mass flow range. The mass
flow rate meters of the loops supplying the three test evaporator sections are Coriolis mass

flow meters and are discussed in paragraph 3.3.1.c.

Figure 3.11 Burkert 8035 water mass flow meters (Burkert, 2006).
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3.3 DATA ACQUISITION SYSTEM

The system acquiring the temperature, pressure and flow data of the experimental set up

consists of two sub-systems, the PREMA sub-system and the VisiDAQ sub-system.

The PREMA sub-system is used for reading and storing the temperatures of the refrigerant
and the water supplying the test evaporator, while the VisiDAQ sub-system is used for
reading and storing the refrigerant pressures and water mass flow rates through the test
evaporator. The VisiDAQ sub-system also measure the temperatures of all five the water
loops together with the water mass flow rate of the loops supplying the main evaporator and
condenser. The reason the VisiDAQ sub-system is used to measure the supplying water
temperature and the water mass flow rates for the main evaporator and condenser, is because
the PID controller is incorporated into this system. In the following paragraphs the

measurement and acquisition equipment are described.

3.3.1 MEASURING EQUIPMENT

The primary measurements on the water loops consist of temperature and flow measurements
whereas for the refrigerant, it includes the temperature, pressure and flow measurements.
a) Temperature measurement

The temperature is measured by two types of configurations.

Type 1

The first type of temperature sensor configuration consists of grade A, four-wire Pt100
sensors (Figure 3.12) connected with shielded four-wire extensions to a PREMA 3040
electronic temperature scanner and logger (Figure 3.13). The Pt100 elements, together
with thermal conduction paste, were placed into stainless steel thermowells soldered into
the water- and refrigerant lines. The temperature of the refrigerant is measured at five

positions and the water is measured at six points as is shown in Figure 4.1.
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SENSOR WITH TALLS

Figure 3.12 4-Wire Pt 100 sensor (Pyrosales, 2006)
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Figure 3.13 PREMA 3040 scanner and logger (3040 Precision Thermometer, 1998).

Type 2

The second type consists of Grade A, three-wire Pt100 elements together with 4-20 mA
transmitters, also inside thermowells. The temperature of the water supplying the test
sections and sub-cooler from the mixing valves together with the inlet and outlet
temperature of the main evaporator and condenser are measured. These temperatures
measurements are mainly used for the control of the mixing valves to supply water at the

correct temperatures.

Figure 3.14 Pt100 temperature sensor with the transmitter
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b) Pressure measurement

c)

Pressure data are acquired from five pressure sensors. The first sensor is located upstream
from the hand expansion valve. This sensor is an Endress + Hauser PMC731 with a 0 —
40 bar range. The other four pressure sensors are located at the inlet and outlet of the pre-
heater, test and super-heater sections. These sensors are also Endress + Hauser PMC731

sensors but with a range of 0 — 10 bar (Figure 3.15).

Figure 3.15 Endress + Hauser PMC731 pressure sensor (Endress + Hauser, 2006).

The reason why only four sensors are used to measure the pressure of the inlet and outlet
of the three sections is because the outlet pressure of the pre-heater is also the inlet of the
test section and the outlet of the test section is also the inlet of the super-heater as shown

in Figure 4.1.

The principle of operation of the pressure transmitters is the proportionality of the
capacitance between two plates to the distance between them. This capacitance reading is
then converted to a 4-20 mA signal proportional to the pressure that is actuating two gold-
plated disks. The transmitters provide an accuracy of 0.1% of full span according to the

equipment manufacturer.

Flow measurement

The water flow rates to the pre-evaporator, test and super-heater sections, together with
the refrigerant mass flow rate through the test sections are measured. All four mass flow
meters are Coriolis type flow meters. The three water flow meters are Endress + Hauser
Promass 63F flow meters (Figure 3.16) with a span of 0 — 0.1204 kg/s and an accuracy of

0.1% of the full span according to the manufacturer.
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Figure 3.16 Endress + Hauser Promass 63F flow meter (Endress + Hauser, 2005).

Figure 3.17 Micromotion RTF9739 flow meter (Micromotion, 2004).

The gas flow meter is a Micromotion RTF9739 flow meter (Figure 3.17) with a measuring
range of 0-0.5 kg/s with a liquid measuring accuracy of 0.2% and a vapour measuring
accuracy of 0.5% of the full span according to the manufacturer. This sensor is located
between the sub-cooler and the hand expansion valve. This location was chosen for the
measurement of liquid and to eliminate the possibility of two-phase flow through the flow

meter resulting in flow errors.
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3.3.2 ACQUISITION OF TEMPERATURE DATA

As mentioned previously, two sub-systems are used to acquire the temperature data.

The PREMA sub-system (Figure 3.18) is used to acquire the temperature of the refrigerant
and the water entering and leaving the test evaporator. For this the PREMA 3040 temperature
scanner and logger is used with the 11 four-wire Pt100 sensors directly connected to the
scanner. The PREMA logger-and-scanner is connected via an RS232 connection cable to a
personal computer. PREMA control 3040 computer software is used to control the scanner
and logger remotely and to download the stored data into an ASCI data file. This file can then
be imported into Microsoft Excel for further calculations. The PREMA sub-system do not
continuously take readings from the 11 Pt100 sensors. It cycles through the sensors and takes
two second readings of each of the sensors, together with a one second delay at the end. Thus

each of the temperature sensors is measured for two seconds in a 23 second cycle time.
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Four-Wire PREMA 3040 Personal computer with
Pt100 elements logger and scanner PREMA control 3040

software

Figure 3.18 Graphic layout of the PREMA temperature acquisition system.

According to the manufacturer the scanner is capable of temperature readings accurate to
within 0.004°C. The scanner’s temperature readings were compared to that of a —0.01 to
+10.01°C mercury thermometer calibrated to an accuracy of 0.04°C by the South African
Bureau of Standards by Venter (2000:44), and excellent agreement was found. As mentioned
by Venter (2000:44) human error has an effect on the readings, therefore the accuracy is

accepted as being at least 0.06°C.
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The VisiDAQ sub-system (Figure 3.19) consists of seven Grade A, three-wire Pt100 elements
together with 4-20 mA transmitters. These Pt100 temperature sensors were calibrated with the
Pt100 elements used with the PREMA 3040 scanner and logger. The same type of three-wire
Pt100 elements were used by Venter (2000:43) who found that the elements were unstable
over a three month period. Since the water temperature set-point only has to be in a specific
region the accuracy was not of critical importance. The accuracy was accepted to be 0.5°C.

This system was connected to an Advantech ADAM/VisiDAQ hardware-software interface.

The 4-20mA signal form the Pt100 transmitters is fed into analogue input modules (ADAM
4018 modules) with a resistance circuit to provide a voltage reference. This analogue input is
then converted by the modules into a digital signal where it is sent via another module
(ADAM 4852 module) via RS232 to a personal computer where it is displayed by the
VisiDAQ software. In the software, user-defined equations are used to convert each signal
into the appropriate form. In this case the signal is converted from mA to °C. According to the
manufacturer, the analogue input hardware provides an accuracy of better than 0.1 %, of the

measured value in the signal conversion process.

[ ADAM \ N [ ADAM \
[ W - \ 4852 /

Three-Wire Personal computer with
Pt100 elements VisiDAQ software

Figure 3.19 Graphic layout of the VisiDAQ temperature data acquisition system.

3.3.3 ACQUISITION OF PRESSURE AND FLOW DATA

The refrigerant pressure sensors and all the flow meters have signal outputs of 4-20 mA.
These signals are then connected to the Advantech ADAM/VisiDAQ hardware-software
interface, the same system used by the three-wire Pt100 elements. As with the Pt100 elements

the analogue signals are converted into digital signals by the modules and sent via an ADAM
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4852 module via RS232 to the VisiDAQ software on the personal computer where the signal
1s either converted into bar or kg/s (Figure 3.20).

{ ADAM \
| 4 \ 4018 /

Coriolis/
Burkert -~
flowmeters 4852

? > “:%?2” } Personal computer with
tj VisiDAQ software

Pressure
Sensors

Figure 3.20 Graphic layout of the VisiDAQ flow and pressure data acquisition system.

3.3.4 TEMPERATURE AND FLOW CONTROL

Control of the water temperature supplied by the control loops and the control of the water
mass flow rate to the main evaporator and condenser are achieved by the Advantech

ADAM/VisiDAQ hardware-software interface used in paragraph 3.3.2 and paragraph 3.3.3.

In the VisiDAQ program PID controllers are used to control the mixing valves. The PID
controllers have as inputs a) the current water temperature or water mass flow rate together
with b) the set-point value. With these inputs the PID can send a signal via the RS232 via the
ADAM 4852 module to the ADAM 4021 module where a 0-10 V control signal is sent to the
mixing valve. Each of the mixing valves has its own PID controller and ADAM 4021 module

(Figure 3.21).

Control of the water flow rate in the test evaporator and sub-cooler is done by manual

adjustment of needle valves in the water loops.

YUNIBESITI YA BOKONE-BOPHIRIMA ; o of the . o ;
c ESIT] YA BOKONE BOPHIRIMA Experimental deterinination of the forced convective boiling heat

NOORDWES-UNIVERSITEIT

@

transfer cocfficicnts of R407C in fluted-tubes



Chapter 3: Layout of the experimental facility 46

N ADAM

4021

] 4018
Burkert
flowmeters
CP N [ ADAM \ ., ADAM
| 4 4018 s 4852
Three-Wire H m
PT100 -
elements
—_— Personal computer with
@ VisiDAQ software

Three-Way mixing
valve with actuator

Figure 3.21 Graphic layout of the VisiDAQ temperature and flow control system.

3.4 HEAT BALANCE

To ensure that all the equipment on the test bench worked properly and the performance and
accuracy are acceptable, the test bench was operated in the same configuration with R22 and

smooth tube-in-tube test sections as tested by Venter (2000:59).

After these tests were completed, with all the equipment working properly, the smooth tube-
in-tube test section was removed and replaced with the fluted tube test section. The fluted
tube was then tested with R22 and R407C respectively. Both the refrigerants were tested with
various refrigerant mass flow rates and evaporating pressures and a variety of heat fluxes.
When these tests were completed the refrigerant was removed and water-to-water heat

transfer tests were done in the fluted-tube test section.

3.4.1 WATER-TO-REFRIGERANT HEAT BALANCE

Before the water-to-refrigerant tests could be done the test bench had to be re-assembled after
being decommissioned in 2002 and all the equipment checked to ensure the working

condition of all the equipment. After the test bench was operational, with minor repairs, a
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number of tests were done to ensure that all the equipment was working properly and

accurately. The duration of each of the test was approximately 10 minutes.

All the data from the VisiDAQ program and PREMA 3040 logger were loaded to a personal
computer where it was processed by using Microsoft Excel to calculate the average values.
These values were then imported into Engineering Equation Solver (EES), to calculate the

heat transfer and deviation. The data are shown in Table 3-1

Test Evaporator
Test no. Qgass (W) Qwater (W) | % Deviation
1 4220 4247 0.635
2 5085 5138 1.051
3 5048 5093 0.884
4 4875 4998 2.507
5 5644 5760 2.056

Table 3-1 Heat balance results of water-to-refrigerant calibration tests.

3.5 SUMMARY

In this chapter a detailed description of the test bench layout, the components used and the
water loops supplying the test bench are described. In addition to this, the operation of the

control system and the data acquisition system were also explained.

Tests on the system were performed with a smooth tube-in-tube heat exchanger with water in
the annulus and R22 in the inner tube. The maximum deviation of the heat transfer rate in the

test evaporator was 2.507%.

In the following chapter the experimental layout and procedure of the test facility is explained
in detail. The procedure includes the start-up of the system, the adjustment of the refrigerant
mass flow, adjustment of the evaporating pressure and the adjustment of the water
temperature that is supplied to the test evaporator. This is followed by an explanation of all

the correlations used to calculate the heat transfer coefficient of the refrigerant and the water.
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CHAPTER 4

4 EXPERIMENTAL PROCEDURE AND CORRELATIONS

4.1 INTRODUCTION

This chapter describes the experimental design and the various correlations used for the

determination of the heat transfer coefficients. In the experimental design the experimental

set-up, controlled variables and the experimental procedure are explained.

Various correlations exist to calculate the heat transfer coefficients for single and two-phase

flow in tubes and annuli for condensing or evaporating conditions. However, this is not the

case for fluted-tubes where only the correlation by Rousseau et al. (2003:232) could be found.

This correlation was developed for a fluted-tube condenser using R22. Since the fluted-tube in

this study is used as an evaporator, various two-phase correlations were tested against the

experimental data. These correlations include the following:

Gungor and Winterton (1986:351)

Gungor and Winterton (1987:148)

Liu and Winterton (1991:2759)

Pierre (ASHRAE Fundamentals, 1997:4.7)
Chen (quoted from Zhang et al. 2004:5751)
Rousseau et al. (2003:232) and

Kattan ef al. (1998¢:156)
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All of these correlations are described in detail in paragraph 4.4. Together with these
correlations a new correlation is derived by combining two of these correlations. This new

correlation is referred to as the Modified Rousseau ef al. correlation.

4.2 EXPERIMENTAL DESIGN

The acquisition of the experimental data requires a structured experimental procedure to
ensure the data is correct and applicable for the calculations. This procedure plays an
important role in the accuracy of the acquired data. If this procedure is incorrect the system
will be unstable resulting in inaccurate data readings and inaccurate deviation between the

correlations and the actual values.

4.2.1 EXPERIMENTAL SET-UP

The layout of the test evaporator is illustrated in Figure 4.1. The temperature probes are
indicated by a T, the pressure sensors by a P, and the mass flow sensors are indicated by an
M. As shown in the figure, there are a total of 11 temperature probes, five pressure sensors

and four mass flow meters.

P1 T1 P2 T2 3 T2 P4 T4 PS5 TS

R

Hand

expansion
valve

Figure 4.1 Configuration of the equipment on the test evaporator.

Figure 4.1 shows the refrigerant temperatures are measured at points T 1 to T 5, the pressures
at points P 1 to P 5 and the mass flow rate at M 1, located before the hand expansion valve.
This is done to ensure only liquid is sensed by the mass flow meter. To determine the quality
of the refrigerant entering and leaving the test section, water energy balances have to be done.

For this the water flow rates as well as the inlet and outlet water temperatures have to be
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measured. The inlet temperatures are shown by T 6, T 8 and T 10, the outlet temperatures are

shown by T 7, T9 and T 11 and the water mass flow rates are shown by M 2, M 3 and M 4.

It is clear from Figure 4.2 that the enthalpy at point 2, 3 and 4 could not be determined
directly from only the temperature and pressure of the refrigerant since the refrigerant is in a
two-phase state. On the other hand, the refrigerant at points 1 and 5 is in a single phase state

and its properties can be determined with only the temperature and pressure.

The unknown properties at points 2, 3 and 4 can be determined if the water heat transfer is
known. This is the reason the water temperature and mass flow rate need to measured
accurately. According to the conservation of energy law, the heat loss of the water must equal
the heat gained by the refrigerant if minor losses are ignored and if the heat exchanger is well
isolated. Knowing this, equation 4-1 can be used to determine the unknown enthalpy and thus

the properties at the unknown points.

O=mC, (LT )=t (hu—1.) (4-1)

Condenser

@ Test evaporator

i ‘?@
o @JL® s 2l

Temperature

Pre-heater Test section T ¢ Super h
water loop water loop water loop
Enthalpy

Figure 4.2 Temperature-enthalpy diagram of the test evaporator part of the refrigeration cycle.
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Knowing that the heat loss of the water in the super-heater is equal to the heat gained by the
refrigerant, the refrigerant properties at point 5 can be used to calculate the refrigerant
enthalpy at point 4. With the enthalpy at point 4 known, together with the heat loss of the
water in the test section water loop the refrigerant enthalpy at point 3 can be calculated. Using
the same procedure, but using the heat loss of the water in the pre-heater water loop, the
refrigerant enthalpy for point 2 can be calculated. The enthalpy at point 2 and point 1 should
match with a high percentage accuracy to ensure that the system is operating within the

desirable experimental range.

Another means of ensuring that the system is operating accurately is to compare the total heat
transfer of the refrigerant between points 1 and 5 in Figure 4.1, to the sum of the heat
transferred by the three water loops. These two values should also be within a high percentage
accuracy to ensure accuracy of the measured values and to satisfy the conservation of energy

law.

4.2.2 CONTROLLED VARIABLES

To ensure that the experimental data from the test is an accurate representation of the heat
transfer coefficients of the refrigerant the tests should be varied over a range of different
evaporating conditions. For this reason certain variables should be adjusted to vary the state
of the refrigerant entering the test section with respect to quality, temperature and pressure.
From the fundamentals of heat transfer it is clear that the heat transfer coefficient of the
refrigerant is proportional to the rate of heat transferred to the refrigerant. The variables that
were adjusted are as follow:

e Evaporator pressure

e Refrigerant mass flux

e Refrigerant heat flux

To vary the evaporating pressure the automatic expansion valve is adjusted, but this also
results in the variation of the refrigerant mass flow through the test evaporator. Since the
experimental data require a constant refrigerant mass flow at different evaporating pressures,
the hand expansion valve has to be adjusted until the refrigerant mass flow is corrected. This
adjustment will then affect the evaporating pressure and the whole procedure has to be
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repeated. The procedure usually has to be repeated two or three times to find the desired test

pressure and mass flow conditions.

In the case where the refrigerant mass flux is varied, the hand expansion valve is adjusted.
This adjustment will result in a change in the evaporating pressure. To keep the pressure at a
specific value the automatic expansion valve is adjusted. This procedure usually has to be

repeated two or three times to find the desired conditions.

The variation of the refrigerant heat flux can be adjusted by either increasing the water mass
flow through the test sections, varying the inlet water temperature or a combination of both.
The water flow rate through each of the test sections are controlled by adjusting the needle
valves in the water loops (see Figure 3.7). Temperature adjustment is done with the help of
the PID in the control program, VisiDAQ, and three-way mixing valves in the loops
supplying the test sections. It was possible to keep the temperature constant with a
temperature offset of approximately 0.5°C off the set-point value while the temperature

oscillations were less than 0.6°C.

4.2.3 EXPERIMENTAL PROCEDURE

To obtain the required experimental data for the calculation of the heat transfer coefficients
with the various correlations, two procedures have to be followed. The first is the start-up

procedure and the second is where test conditions need to be changed to a new desired setting.

It is important to note that before any of the procedures can be followed, the two water tanks
should be at the correct water temperature. This is to ensure that the water tanks have the
capacity to supply the test bench with the appropriate water temperatures. With a little help

from the heat pump continuous tests of up to eight hours could be done.

The start-up procedure is as follows:

(1.1) Ensure the VisiDAQ program is running correctly with the required set-point values.

(1.2) Switch on all the water pumps in the water loops. This is to ensure water flow through
the heat exchangers and to start the water circulation from the water tanks for the water

loops to supply the correct water temperature.
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(1.3) After ensuring all the water pumps are running, switch on the compressor.

(1.4) After 20-40 minutes when all the systems have stabilised, the expansion valves can be
adjusted for the desired evaporating pressure and refrigerant mass flow rate.

(1.5) With the pressure, temperature and refrigerant mass flow rate stable, the data can be

logged.

The reason for the waiting period of 20-40 minutes, is to ensure that the system stabilises and
the water temperature oscillations minimise. With an adjustment of one expansion valve the
system has to be allowed five minutes to stabilize before the other expansion valve is
adjusted. In some cases it was found that the refrigerant mass flow meter gave incorrect
readings, and this was a result of two-phase flow flowing through the meter. To correct this,

one must reset the meter by switching it off for a few minutes and then switch it back on.

With the first reading completed, three properties could be varied independently of each other,
i.e. the water temperature, the refrigerant mass flow and the evaporating pressure. After
various test runs it was found that the most efficient way is to vary the water inlet temperature
and thus the heat flux while keeping the refrigerant mass flow rate and evaporating pressure
constant. After this the same heat flux range is completed at a different refrigerant mass flow
rate at the same evaporating pressure. When all the refrigerant flow rates were tested, each for

the whole heat flux range, the evaporating pressure is adjusted.

For example, if five different heat fluxes (G1 — G5) for five different refrigerant mass flow
rates (m 1 — m 5) and for five different evaporating pressures (P1 — P5) must be tested, the

process could be described as follows:

Keeping the flow rate and the evaporating pressure constant at s 1 and P1 respectively the
heat fluxes is tested for G1 — GS5. With this completed the mass flow rate is set to m 2
keeping the pressure constant at P1 and then varying the heat fluxes for G1 — G5. After all the
mass fluxes are tested for all the mass flow rates the evaporating pressure is set to P2, then the
whole process starts again for all the heat fluxes and all the mass flow rates. The result will be
a total of 125 data sets with each data point that is the average value of a 20 minute logging

time interval.
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For variation of the water temperature the following was done:

(2.1) Change the water inlet temperature set-point in the VisiDAQ program.

(2.2) Allow 5 minutes for the water temperature to stabilise via the PID control and the
mixing valve.

(2.3) Check the water mass flow and adjust if necessary.

(2.4) Ensure the evaporating pressure is correct, if not, correct it.

(2.5) Ensure the refrigerant mass flow is correct, if not, correct it.

(2.6) Repeat 2.4 and 2.5 until the correct values are established, since they are dependent on
each other as mentioned in paragraph 4.2.2.

(2.7) Ensure the refrigerant temperature at the super-heater outlet is between 20 and 30°C to
ensure superheated gas. If the temperature is incorrect the water temperature supplying
the super-heater should be adjusted by adjusting the set-point value in the VisiDAQ
program. The reason for the superheat is to avoid liquid slugs that in turn can cause
false temperature readings and then incorrect calculations. In the case where liquid
slugs are formed the liquid is trapped by the suction accumulator to prevent damage to
the compressor.

(2.8) After the readings are stabilised, log the data for 20 minutes.

The logging interval of 20 minutes was chosen to ensure a sufficient average for the data and
to make sure the system is not transient. Another reason for the 20 minute logging interval is
to make sure the temperature data is sufficient since every temperature sensor is only sampled

every 23 seconds, as explained in paragraph 3.3.2.

To vary the refrigerant mass flow the following was done:

(3.1) Make sure the system is stable with the correct water temperature and water mass flow.

(3.2) Adjust the hand expansion valve carefully until the correct refrigerant mass flow rate is
obtained.

(3.3) Now the automatic expansion valve has to be adjusted carefully, following a waiting
period of five minutes after the hand expansion valve was adjusted, until the
evaporating pressure is returned to the value before the hand expansion valve was
adjusted.

(3.4) Repeat 3.2 and 3.3 until both the values are at the desired set-points.

(3.5) Allow the system to stabilise.
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(3.6) Follow procedure 2.3 to 2.8.

To change the evaporating pressure, the same procedure is followed as the procedure used to

change the refrigerant mass flow but with procedure point 3.3 followed by point 3.2.

Precaution should be taken in the choice of water inlet temperature and mass flow rate as well
as the refrigerant mass flow rate. If the water temperature is too low insufficient evaporation
will occur and cause liquid slugs at the end of the super-heater. If the water inlet temperature
is too high the heat flux could be too high and cause excessive liquid slugs in the test-section.
These liquid slugs can cause temperature reading errors resulting in incorrect experimental
calculations. The water flow rate should be kept high enough to avoid laminar flow, since
most of the correlations are for turbulent conditions, but not too high since this will result in
the heat flux being too high. With so many test properties that can vary (water mass flow rate,
water inlet temperature, evaporating pressure and refrigerant mass flow rate) the only way to
make sure the heat flux is not too high is to look at the experimental temperature data. The
temperature should not vary more than 0.5°C. If there are many spikes in the data then the

chances are good that the heat flux might be too high resulting in invalid data.

4.3 SINGLE-PHASE HEAT TRANSFER COEFFICIENTS

To determine the experimental heat transfer coefficient of the refrigerant the first step is to
determine the heat transfer coefficients of the water. To obtain the experimental heat transfer
coefficients, the Wilson plot method, the modified Wilson plot (Briggs and Young, 1969:35),
the modified Wilson plot (Shah, 1990:51) and the water correlation of Christensen ef al.
(1993) as discussed by Rousseau et al. (2003:234) are explained. The reason why at least two
correlations are used to determine the experimental heat transfer coefficient is to ensure the

experimental heat transfer coefticients are calculated accurately.

4.3.1 WILSON PLOT (VENTER 2000)

Consider the flow configuration shown in Figure 4.3 where the evaporating refrigerant (blue)
in the annulus side, the copper pipe separating the two streams (grey) and the warm water

(red) on the inside are illustrated. With this configuration the heat transfer coefficient of the
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water has to be determined with the heat transfer coefficient of the refrigerant known or

unknown.

To determine the heat transfer coefficient, the refrigerant mass flow rate and the log-mean
average temperature have to be kept constant resulting in the thermal resistance being
approximately constant. With the resistance constant the water flow rate is then varied
systematically. The fluid flow rate of both the fluids and the inlet and outlet temperatures of
the two fluids are recorded. With this configuration and the assumption that the fouling
resistance on both sides of the copper tube is kept constant, the heat transfer is given by
equation 4-2.
e A

a-;=h—h+AhRf_h + AR, + AR, +ﬁ 4-2)

[ 5

Since A, is maintained constant, the last four terms on the right-side of the equation are

constant, say equal to C,.

Figure 4.3 Inside and outside fluids in a smooth tube-in-tube heat exchanger.
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For fully developed turbulent flow through a constant cross sectional duct and with the fluid
transferring heat to the cooler fluid, the Nusselt number is given by

Nu = C, Re"* P’ (4-3)

with C, a constant. Substitution of the definitions of the Nusselt, Reynolds and Prandtl

numbers into equation 4-3 yields

JVO,B - Cz . V0.8 (4_4)

In equation 4-4, V represents the mean fluid velocity through the minimum flow area and C,

a constant independent of ¥ . Substituting equation 4-4 into equation 4-2 result in

l 1
U_ = C. .y +C (4-5)
h 2

1 1 ) ) . . : .
A plot of — versus 7 on a linear scale, with the variation of the test fluid velocity, will
h

result in a straight line provided equation 4-3 applies. The interception of the plot with the y-

. .1 - .
axis is represented by the constant C, and the slope is — . The heat transfer coefficient of the
2

hot fluid can then be calculated.

4.3.2 MODIFIED WILSON PLOT (BRIGGS AND YOUNG 1969)

There are three distinct disadvantages of the traditional Wilson plot techniques according to
Briggs and Young (1969:35). First, the data are troublesome to obtain because of the constant
flow rate and the constant average bulk fluid temperature requirements. Second, a
considerable number of data points are required for accurate shell and tube heat transfer

correlations. Third, the variations in fluid properties are also not taken into account.

Briggs and Young (1969:35) proposed working directly with the Nusselt expression as

follows
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Nu, = C, Re?® Pr’* [—“w"” J (4-6)

m

In equation 4-6, C; is a constant to be determined. The value of n is given in Table 4-1.

Heating Cooling
n=-0.11 for 0.025 < rall o] n=-0.25 for 1<l <125
My Hn

2 < Pr<140 and 5000 < Re < 123000

Table 4-1 Table showing values and constraints for » in equation 4-6. (Venter 2000:57)

By substituting the definitions of Nusselt, Reynolds and Prandtl numbers into equation 4-6,

then evaluating hy, and then substituting the result into equation 4-2, one obtains

1 1 l
= + [(h-A) +Rf,C+Rw+RM A, 4-7)

|
u, G [LJ 'Rez'S'Pr/?A'(#wa”j
L Dh h /'lm

Which is also in the form of y =m-x+C,. In the equation y =L, m =L, x equals the
h 3

values in the { } brackets and C, equals the values in the [ ] brackets. A plot of y versus x

will result in a straight line from which the gradient and the y-intercept can be obtained, as in

the case of the Wilson plot. Once C, is known the heat transfer coefficients can be calculated

using equation 4-6.

Huanr

j will be close to unity since the fluid used is water and the
#m

The correction factor [

viscosity variation between the bulk (4, ) and the wall () is small and can be treated as
such for the first calculation of 4,. With A, known the wall temperature can be calculated for

each point, from here the correct temperature can be used to determine the two viscosities for
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the correction factor. This technique is restricted by equation 4-2; same as in the case of the

Wilson Plot technique.

4.3.3 MODIFIED WILSON PLOT (SHAH 1990)

With the Modified Wilson Plot (Shah 1990:51) applied to a fluted-tube the Nu—number of the
flow in the inner tube is calculated as follows:

-0.14
Nu, = C, Re® Pr"* (M] (4-8)

m

h

and the Nu—number of the flow in the annulus side is calculated as:

—0.14
Nu, =C, Re’ Pr** (M] (4-9)
Hy ),

According to Shah (1990:52) the general Wilson Plot Technique is expressed as:
1 | 1

= +R_+
U/,A/, Ak P ~0.14 w Ak P -0.14
C,-Rej-Pr)t.| == | | Sl C,-Rel-Pr)?.| = | | Fowall (4-10)
h h /um I h c c

m

This equation has five unknowns; C, , a , C. , b and R,. In the Modified Wilson Plot
Technique of Briggs and Young, 1969 a was assumed to be equal to 0.8 and R,, was assumed

to be known.

In the case of fluted-tubes, Shah (1990:54) recommends that all five unknowns have to be
calculated by an iterative scheme devised by Khartabil et al. (1988). The equations needed for

the iterative scheme are as follows:

Equation 1
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-0.14
| _Rw}. e 4] (2]
Uh Ah Dh ¢ lum ¢

J -0.14
C

. Pr}('l‘v [ Ah -k j ( Huan
Dh h :l'lm

j -0.14
h

b (4-11)

This equation is written in the form y =m-x+c, with the values on the left hand side of the

. : 1 :
equation equal to y, m is equal to —, x equal to the values in the {} brackets and c equals to

h

o This equation is used to calculate C, and C; with an internal iterative scheme as

[

explained by Shah (1990:53). The values of x and y are plotted on a graph and a linear

regression line plotted through the plotted date. From this regression line m and c¢ are

determined.

Equation 2
1n(ij:b-1n(Re(.)+1n(cc)

Ye
With
y = 1 e 1
c Uc AC w —0.14
C, .Rez.prl?ﬂ.ik(&]
L Dh /um h

(4-12)

(4-13)

Equation 4-12 is also in the form y =m-x+c, with y equals ln(ij , m equals to b, x equals

to In(Re, )and c equals to In(C,).

Equation 3

Ve
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ln[LJz a-In(Re,)+In(C,) (4-14)
Yh
With

- _

| 1 Ak -0.14
Yy = —Rw - ~0.14 'Prl?A'_h_ al (4-15)
UCAC A k /1 Dh /um h
C,-Re!-Proé. ) £
L Dh lum c R

. 1
Equation 4-14 is also in the form y =m-x+c, with y equals ln[—j, m equals to a, x equals
Vi

to In(Re, ) and c equals to In(C,)

Equation 4

1 1 1
- R 4-16
UCAC |:(n0.h.A)h+(n0'hlA)r:|+ ) ( )

Equation 4-16, the last equation, is also in the form y=m-x+c, with y equals to , m
equals to 1, x equals to 1 + : and c equals to R
1 '+ (n,-h-A4), (n,-h-4), i .

Three test data sets are needed for the analysis:
Set 1 — Dominant shell side resistance data.
Set 2 — Dominant tube side resistance data.

Set 3 — Dominant wall resistance data.

The Khartibil er al. (1988) procedure is explained with Figure 4.4. With this procedure all
four of the main equations are plotted on their own graph. With this graph plotted a linear

regression line can be plotted through the points and the unknown variables determined.
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Guess a, b and Rw Step 1
\
Calculate Ct and Cs
2
Dataset1 &2 from Eq 4-11 Step
Caiculate Csand b
Data set 1 from Eq 4-12 Step 3
Y
Calculate Ctand a Step 4
Data set 2 from Eq 4-14 P
No
- add Step 5
Converge?
Yes
Data set 3 Calculatiivg from Eq Step 6

Yes
No Rw
t
-~ Converge? »

Figure 4.4 Tterative schemc of Khartabil et al. (1998)

Step 1:

Guess the values of the exponents a and b and the value of the wall resistance R .

Step 2:
This step has to be repeated approximately three to four times until the values converge. The
process starts as follows:
1. Guess the values of C; and C, or take the values from the previous iteration.
2. Calculate C; and C. using Equation 4-11.
The reason for this iterative procedure is because you need C; and C, in Equations 4-8 and 4-

9 to calculate the Nu numbers. With these Nu values the wall temperature can be calculated
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and then used to determine the wall viscosity of the fluid being used and then used in
Equation 4-11.

Step 3:

By using Equation 4-12 C, and b can be calculated.

Step 4:
By using Equation 4-14 C; and a can be calculated.

Step 5:
Now the calculated values of a and & from Steps 3 and 4 are compared to the guessed values
of Step 1. If these values are not the same the process have to be repeated from Step 2 using

the calculated values of g and b.

Step 6:
Calculate the value of R by using Equation 4-16.

Step 7:

Now the calculated value of R, are compared to the guessed value or the value from the

previous iteration. If the value does not converge the process starts all over from Step 2.

After the iterative scheme the values of a, b, Cy, C. and R, are determined and can be used in

the calculation of the heat transfer coefficient in either the annulus or the tube side.

4.3.4 CORRELATION OF ROUSSEAU ET AL. (2003 )

The correlation of Christensen et al. (1993) as used by Rousseau et al. (2003:235) was the
only correlation found to predict the heat transfer coefficient of a fluid inside a fluted-tube.
This correlation is based on extensive empirical work done by Christensen ef al. (1993). The
Nusselt number for the inner fluted-tube is dependant on the Reynolds number of the water in

the inner tube as follows:

YUNIBESITI YA BUKONE-BOPHIRIMA 9 2 \ natl ‘ . M MH g
c ESIT) YABOKONE B0PHIRIMA Experimental deterinination of the forced convective boiling heat
NOORDWES-UNIVERSITEIT

@

transfer coefticients of R407C in fluted-tubes



Chapter 4 Experimental Procedure and Correlations 64

Nu, =0.014-Re,”? ()" () (67)" " Pet? 500 < Re, < 5000
(4-17)
Nu, =0.064-Re,"™ () () " (67)" 7 Pr 5000 < Re, <80 000
L H

The Prandtl number is determined by Pr= and the heat transfer coefficient by

h, = N;'k . The values of ', p", 6" and D, are explained in paragraph 4.4.6.

vi

4.4 TWO-PHASE HEAT TRANSFER CORRELATIONS

Various heat transfer correlations for boiling exist, and most of them were derived for pure
refrigerants in smooth tubes. Only a small number of these correlations are for either
zeotropic refrigerants or fluted-tubes. No correlations were found for boiling of zeotropic
refrigerants in fluted-tubes. The correlations used are described in detail in the following

paragraphs.

4.4.1 CORRELATION OF GUNGOR AND WINTERTON (1986)

Gungor and Winterton (1986:351) divided the heat transfer for saturated boiling into two

parts; nucleate boiling (E-#) and forced convection (S-h ) The basic form of the

pool
correlation is:

hlp = Eh{ +S.hpool (4-18)

h, is calculated using the Dittus-Boelter equation for boiling but only the liquid part of the

refrigerant is taken into account.

0.8 0.4 k
h =0.023-Re)” Pr)* — (4-19)
Dh
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Using a large amount of data available for saturated boiling the expressions for £ and §
were found to be:

0.86
E =1+24 000- Bo"'® +1.37-(LJ (4-20)

i

and

. 1
1+1.15%x107° - E* Re} "

(4-21)

With the Martinelli parameter ( X, ) defined as:
1 0.9 0.5 0.1
X, = (1) [&j [ﬁ} (4-22)
X P H,

the generation of vapour in the boiling process resuits in a significant disturbance of the layer
and this improves the heat transfer. The dimensionless measurement of how important this

effect may be is given by the boiling number:

Bo=-1. (4-23)
1-G

Bo is the ratio of the heat flux perpendicular to the wall, due to boiling, to the total mass flux.

The pool boiling heat transfer coefficient 4, is calculated as follows:

poo

P =55- B (~log,, [R]) T -M %" (4-24)
and the Froude number is calculated by
GZ
Fr=——— (4-25
plz ‘gD, )

If the tube is horizontal and the Froude number is less than 0.05, then E should be multiplied
by:

_ (0.1-2Fr)
E,=Fr (4-26)
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and S should be multiplied by:
S, =<Fr (4-27)

In case the boiling is inside an annuli, an equivalent diameter d, must be used instead of the
hydraulic diameter in all the calculations. The value of d, depends on the width of the

annular gap:

4x flow area

.= : d, >4 mm (4-28)
wetted perimeter

4x flow area

= d <4mm 429
heated perimeter ‘ (4-29)

Equation 4-29 is only valid in the case where one of the annulus walls is heated.

This correlation was developed using a data bank of more than 4300 points for flow boiling
in horizontal and vertical smooth tubes and annuli of water, ethylene glycol and refrigerants

including R11, R12, R22, R112, R113 and R114.

4.4.2 CORRELATION OF GUNGOR AND WINTERTON (1987)

Venter (2000:68) did experimental tests with R407C in smooth tubes, as mentioned in
paragraph 2.3. He found that the correlation of Gungor and Winterton (1987:148) gave the

best results while evaluating five different correlations.

The heat transfer correlation is given in the basic form by:

h 0.75 0.41
22— 143000 Bo®* +1.12-{L} S o (4-30)
hy I-x Py

h, is calculated using the Dittus-Boelter equation for boiling for only the liquid part of the

refrigerant (Equation 4-19). The boiling number ( Bo ) is calculated in the same manner as the
correlation of Gungor and Winterton (1986) (Equation 4-23). In the calculation of the
Reynolds and Nusselt numbers an equivalent diameter (Equation 4-29) is used instead of the

standard hydraulic diameter for all sizes of d, .
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This correlation was developed using the same data bank used by Gungor and Winterton
(1986) with some added data. This added data includes flow boiling in horizontal and vertical

smooth tubes and annuli of n-butanol and ethanol.

4.4.3 CORRELATION OF LIU AND WINTERTON (1991)

The correlation of Liu and Winterton (1991:2759) is divided into two mechanisms, the forced
convection mechanism (F-4,) and the nucleate boiling mechanism (S Mo ) F is the forced
convection heat transfer enhancement factor and S is the suppression factor. The correlation is

given by:

B=(Fh) +(Sh,,) (4-31)

h, is calculated with the Dittus-Boelter equation with the entire mass flow rate flowing as a

liquid in the same channel (Equation 4-19) and 4, is calculated from Cooper’s pool boiling

poo

correlation that is the same as the pool boiling calculated using equation 4-24, with the

0.35
F{m.pr,.(&- H (4-32)
pv

§ =(1+0.055-F*' -Re!"*)" (4-33)

expressions of F and S as

This correlation was developed out of the same data used by Gungor and Winterton
(1987:148).

4.4.4 CORRELATION OF PIERRE

The correlation of Pierre (ASHRAE Fundamentals, 1997:4.7) was developed for calculating

average heat transfer coefficients and is given by

- 2 5
Nu,=C-(Re}-K,) (4-34)
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where Re, is the liquid Reynolds number assuming all the flow to be liquid, and K, is

Pierre’s boiling number defined as:

K,=——= L (4-35)

The values of C and » in equation 4-34 are 0.0009 and 0.5 respectively. These values are
suggested by the American Society for Heating, Refrigeration and Air-conditioning Engineers

(ASHRAE Fundamentals, 1997:4.7).

This correlation was developed for the boiling heat transfer coefficients of R12 and R22 in
copper tubes of 12.0 and 18.0 mm ID with lengths from 4.1 to 9.5 m. The evaporation

temperatures were varied from -20 to 0 °C.

4.4.5 CORRELATION OF CHEN (1963)

According to Zhang et al. (2004:5751) the modified Chen (1963:1) correlation showed the
best predictive behaviour amongst a total of six other existing correlations. The other
correlations included the Liu-Winterton, the Kandlikar, the Shah, the Gungor-Winterton and

the Steiner-Taborek correlations.

The basic modified Chen (1963:1) equation is defined as

h,=S-h,+F-h, (4-36)

where S, the suppression factor, is calculated as

1

S= 4-37
1+2.53x10°° -Re} " (4-37)
and 4, calculated with
kO70 . 095 .0
_ ) / pl Vv CATO024 A 075
h,, =0.00122 05029 p024 04 AT, -Ap, (4-38)
c ' /‘ll ’ 1z : vl
F, the Reynolds number factor, is calculated by
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F =max(F"I) (4-39)
where F' is calculated with
F'=0.64-9, (4-40)
and ¢, is calculated with
¢}:1+%+% (4-41)

The constant C is dependent on the Reynolds number of both the liquid and vapour parts of

the refrigerant, and is defined as

For Re, <1000 and Re, <1000, C =5
For Re, >2000 and Re, <1000, C=10

(4-42)
For Re, <1000 and Re, >2000, C=12

For Re, >2000 and Re, >2000, C =20

For other regions of Re,and Re the value of C has to be interpolated. The Martinelli

parameter (X ) is calculated with the friction factor as
1—
X = (ﬁ](_xJ(.&} (4_43)
5 X P

where the friction factor( /) for both the liquid and gas is calculated as follows:

£, =0.046-Re;** For Re, > 2000

fi =ﬁ(1—3.55-ﬁ+1.947-ﬁ2—1.701-ﬁ3+0.956.ﬁ“—0.254-ﬁ5) For Re, <1000 | (4-44)

Re,

In the case of 1000 <Re, <2000, the values in equation 4-44 have to be interpolated to

calculate the value of f,. The constant S represents the aspect ratio, defined as the ratio of

the height to the width of the channel cross-section. 4, is calculated with

NORTH-WEST UNIVERSITY

YUNIBESITI YA BOKONE-BOPHIRIMA Experimental determination of the forced convective boiling heat
NOORDWES-UNIVERSITEIT

@

transfer coefficients of R407C in fluted-tubes



Chapter 4 Experimental Procedure and Correlations 70

h, = H max (Nu,,,,Nu,,, ) If Re, <2300
h

(4-45)
h, =—L-Nu_ If Re,>2300

sp spt

Nu,,, is calculated with

Nu,,, =0.023-Re}*- Pr/* (4-46)

and Nu,,, is calculated with

Nu,,, =8.235 ~(1 ~2.042- f+3.085- B> —-2.4765 3" +1.058. p* —0.186-/35) (4-47)

The modified Chen (1963:1) correlations together with the other correlations were tested with
a various number of databases. These databases include circular and rectangular geometries
with vertical and horizontal orientations, with the tube hydraulic diameters (D,) varying from

0.780-6.00 mm. The fluids used in the databases include water, R11, R12 and R113.

4.4.6 CORRELATION OF ROUSSEAU ET AL. (2003)

The correlation of Rousseau et al. (2003:232) is based on the work done by Christensen et al.
(1993). They proposed that due to the complex flower-like shape of the inner fluted-tube
(Figure 1.2), the concept of “volume based diameters” is used instead of the conventional
diameters associated with a circular cross-section. The volume based inside diameter of the

fluted tube (D,;) is calculated as

D = (4-48)

with Vol the volume enclosed inside the fluted tube and L the length of the fluted-tube. The
volume based outside diameter of the fluted-tube (D,,) is calculated as

D,=D, +2:t (4-49)

with ¢ the wall thickness of the tube. With the volume based diameters known as well as the

inside diameter (D,) of the outer tube as in Figure 1.2, the cross-section flow area can be
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determined. The other important geometric parameters are the flute depth (e), flute pitch (p)

and the helix angle (#). The helix angle is calculated as follows:

6= arctan(” Dy J (4-50)
N-p

with N the number of flute starts at any cross-section. These parameters are non-

dimensionalised by dividing the flute depth and pitch with D,, to obtain e’ and p” and the

helix angle is divided by 90° to obtain 8.

The correlation of Rousseau et al. (2003:232) is given by

hhelica/ =€t hslraigln (4-5 1)

with r, a heat transfer enhancement ratio according to the Chilton-Colburn analogy (see for

instance Incropera and DeWitt, 2001:364). This ratio should be approximately equal the

friction enhancement ratio (r, ) for simple geometries (Equation 4-53). ¢, is an additional

enhancement factor to cater for differences in the helical coil and fluted-tube annulus as well
as other deviations from the assumptions originally made in the friction-heat transfer analogy

(Rousseau et al.,2003:232) and is equal to 0.867. & is calculated with the Dittus-Boelter

straight
correlation if the flow is in a single phase or with a technique used by Shah (1979:547) if the

flow is two-phase.

The technique by Shah (1979:547) determines the liquid heat transfer coefficient (4,,) with

the aid of the Dittus-Boelter correlation and then adjusting it for the average quality of the

refrigerant in the tube section, being analysed as follows:

s 3.8-x" (1-x o0
htp =hliq (l_x)08+ pr§38 ) (4-52)

with pr, the reduced pressure, equal to the ratio of local static pressure to the critical pressure

of the refrigerant.
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The heat transfer enhancement ratio is calculated as

o= f;zelical

4-53
! f:vlraight ( )

with f based on the standard single-phase correlation of Swamee and Jain (quoted from

traight

Shames, 1992:365) given as
0.25

e (125 (2

Srwicr ON the other hand is calculated from the single-phase correlation put forward by Das

f;lrai ght =

(1993:971) for helical coils and is given by

0.5
0.079-Re;°~25+0.0075-(ﬂJ "

coil

0.3621 0.6885 |°
175782 Re®9.[ oo | | €
! d D,,

coil

f;lelical =4 (4_55)

D,, in equation 4-55 is given by the difference between the inside diameter of the outer tube

and the outside volumetric diameter (D,,). d.i i given by Dyy/sin6. This single-phase

enhancement ratio is assumed to apply for two-phase flow as well.

The correlation of Rousseau et al. (2003:232) was developed by means of a simulation with
available R22 data inside a commercial fluted-tube condenser. From the simulations it was
found that the average difference between the measured and calculated log mean temperature
difference was 4.41%. This correlation allows for the extension of the model to simulate heat

exchangers for cycles employing zeotropic refrigerant mixtures.

4.4.7 CORRELATION OF KATTAN ET AL. (1998)

The correlation of Kattan er al. (1998c:164) is based on calculating the heat transfer
coefficient based on the type of two-phase flow pattern in the tube. The basic form of the
equation is:
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6,.h +(27-0,,)h,,,
h, = dy (2,, "”y) (4-56)

Since the flow is in the annulus, it is assumed that the flow is always annular. In this case the

dry angle (,,,) is equal to zero resulting in

h, =h,, (4-57)

According to Kattan et al. (1998c¢:159) 4, is calculated as follows:

(

hoo = (5 + 1) (4-58)

wel

h,, 1s the nucleate pool boiling heat transfer coefficient calculated as follows:

-0.55

h,=F ~55-P,0'12 (—10g]0[P,]) MO g (4-59)

F,_ is a mixture boiling coefficient when working with zeotropic mixtures. It is calculated as

follows:
-1
FC = 1+@.A];p 1_exp(;B0iJ (4-60)
q p[ .Ahvﬂ[‘

h, is the ideal heat transfer coefficient, determined with equation 4-59 with AT, , the boiling
range, set to 0.0. The mass transfer coefficient ( B3, ) is set to a fixed value of 0.0003 m/s. In
the case the correlation is used with a non-zeotropic refrigerant F, is also set to | since AT,

will equal 0.0. B_, the scaling factor, is set to a fixed value of 1.0.

The convective liquid heat transfer coefficient 4, is determined by the following equation:

k
hy=C-Re]-Pr)* L (4-61)
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From experiments it was found by Kattan et al. (1998c:160) that the values of C and m were
found to be 0.0133 and 0.69 respectively. ¢, the liquid film thickness, is calculated as
follows:

S5 zD,(1-a) 4-62)
2(27[—04,y) )

a , the void fraction, is calculated by

-1

(4-63)

1—xjj+ L18(1-x)[ g0, (p, - 2,) |

G-py?

a= (1+o.12(1—x)(i+

pv pv pL

The correlation of Kattan ef al. (1998c¢:156) was compared to a new heat transfer database of
1141 points consisting out of five different refrigerants in horizontal tubes. These refrigerants
included R134a, R502, R123 R402A and R404A. This correlation predicted all the data points
with a mean deviation of 13.3% and an average deviation of 2.0%. Other correlations that
were tested included Gungor and Winterton (1986) and Gungor and Winterton (1987), but
they did not give satisfactory results.

4.4.8 MODIFIED CORRELATION OF ROUSSEAU ET. AL.

It was decided to use the Rousseau et al. (2003:232) correlation to develop a modified
Rousseau et al correlation. The first reason for this is because this correlation was developed
by the North-West University and there is a continuous process to improve the correlation.

Another reason is that this was the only correlation found for fluted-tubes.

As mentioned in paragraph 4.4.6, the correlation of Rousseau et al. (2003:232) uses the
general correlation of Shah (1979:547), for calculating the heat transfer during film
condensation inside tubes. It is proposed that this correlation is replaced by the Gungor and
Winterton (1987:148) correlation for saturated flow boiling. This was done because the
Gungor and Winterton (1987:148) correlation gave the best results, as a standard correlation,

as will be seen in paragraph 5.2.
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The modified correlation is determined with

hhelical = eh ' rh ' hslraight (4-64)

where A is still calculated with the Dittus-Boelter correlation if the flow is single phase

straight

but if the fluid is two-phase it is calculated with the Gungor and Winterton (1987:148)

correlation as described by equation 4-30. The enhancement factor (e,) is to include

additional differences in the helical coil and annulus.

4.5 REFRIGERANT HEAT TRANSFER COEFFICIENTS

The experimental heat transfer coefficients of the refrigerant side can easily be calculated
once the water side coefficients have been determined as described in paragraph 4.3. Consider

the flow configuration in Figure 4.3 where the heat transfer coefficient of the outside fluid has

to be determined. The total heat transfer rate (Q) is calculated from

Q=i Co (T, =T, o) (4-65)

where 1, is the water-side mass flow rate and C,, is the mean specific heat capacity of the

water. The heat transfer rate can also be calculated from

Q = Uc : Ac : AY;M (4-66)

with U, the overall heat transfer coefficient based on the heat transfer area 4 with A7, the

log mean temperature difference calculated as (Inropera and DeWitt, 2001:651)

,.-T. .)-\T,., —T.
A];m - ( h,in C‘,O]I:t) (Th,ou/ c,m) (4-67)
ln[ hin ~ e out ]
Th,ou! - Tc,in

The overall heat transfer coefficient can also be written in terms of the thermal resistance as

(Inropera and DeWitt, 2001:105)
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} (4-68)

As shown in Figure 4.3, h, and A, are the heat transfer coefficients of the cold fluid
(refrigerant) and the hot fluid (water), with r and r, the inside and outside radii of the inside
of the inner tube and the outside of the inner tube and k., the thermal conductivity of the

copper tube. Equation 4-68 can be solved in terms of the heat transfer coefficient of the

refrigerant (4, ) for easy determination of the coefficient:

I AR £ T A (4-69)
Uc kCu i hh ’;

Using A, to calculate Nu, the experimental values can be compared for the various

correlations described in paragraph 4.4 using a mean and average deviation. The mean

deviation is calculated as follows

Nucal - Nuex
Mean deviation =|——2|.100% (4-70)
uexp
with the average deviation calculated as
.. Nucal - Nuex
Average deviation =| ———= 1.100% 4-71)
uexp

4.6 SUMMARY

In the preceding paragraphs various correlations were explained in detail for the
determination of the heat transfer coefficients of single-phase and two-phase fluids. The
single-phase correlations are used in the determination of the water heat transfer coefficient to
calculate the experimental heat transfer coefficient of the refrigerant. This value is then
compared to the various two-phase correlations to ultimately find a correlation to accurately

predict the heat transfer coefficient of R407C in fluted-tubes.
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None of the correlations explained have test results for the evaporation flow boiling of R407C
in fluted-tubes. Only the correlation of Rousseau et al. (2003:232) was developed by
conducting condensation tests on fluted-tubes. All the other correlations were derived using

smooth tubes and R22 together with selected other refrigerants and fluids.

A Modified Rousseau et al. correlation is proposed incorporating the boiling heat transfer
correlation of Gungor and Winterton (1987:148) into the fluted-tube geometry of the
Rousseau et al. (2003:232) correlation.

In the next chapter all the experimental and correlation results are shown and explained. The
experimental results include the calculation of the heat transfer coefficients of R22 and
R407C in fluted-tubes. The correlation results also include the predicted heat transfer
coefficients of R22 and R407C in the fluted-tubes using the refrigerant properties from the

experiments conducted.
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CHAPTER 5

5 EXPERIMENTAL RESULTS

5.1 INTRODUCTION

The first part of this chapter explains how the coefficients of the Modified Wilson plot are
calculated using water-to-water tests. With the coefficient known, the water heat transfer
coefficient of the refrigerant-to-water tests with R22 and R407C can be calculated. The
experimental refrigerant heat transfer coefficient is then determined using the Log Mean
Temperature Difference (LMTD) method and the water heat transfer coefficient. The
experimental refrigerant heat transfer coefficients, calculated with the Modified Wilson Plot
(Shah, 1990:55) and using the LMTD, are compared to the refrigerant heat transfer
coefficients calculated with the single-phase correlation of Rousseau et al. (2003:232),
together with the LMTD, to validate the correlation. The experimental refrigerant heat
transfer coefficients are then compared to those determined from the various correlations

found in the literature study.

5.1.1 MoDIFIED WILSON PLOT (SHAH 1990)
Water-to-water test were done on the fluted-tube test section of the test evaporator to
experimentally determine the five constants a, b, C,, C, and R,, as explained in paragraph

4.3.3. It was decided to calculate the wall resistance R, with the following equation

(Incropera and DeWitt:2001,106):

YUNIBESIT! YA BOKONE-BOPHIRIMA ; inati i il
c SIT| YABOKONE BOPHIRIMA Experimental determination of the forced convective boiling heat

N
NOORDWES-UNIVERSITEIT

@

transfer coefficients of R407C in {luted-tubes



Chapter 5 Experimental results 79

~ |°*
N—

ln(k~ (5-1)
R = i
2L

The reason for this is because only the thermal conductivity of the copper tube will change the
wall resistance since all the other variables in equation 5-1 are constant for all the
experimental tests. The conductivity on the other hand, is only dependant on the tube
temperature. This temperature only varies between 7 — 20 °C resulting in a 0.5 % variation in
the wall resistance. The wall resistance was taken as 0.00002 m.K/W. With this known only

steps 1 through 5 of the iterative scheme of Khartabil e al. (1998) have to be done.

The mass flow rate in the annulus side was kept constant at four values of 0.01, 0.02, 0.03 and
0.06 kg/s respectively. With each of these four values the inner tube mass flow rate was
varied from 0.01 kg/s to 0.10 kg/s with increments of 0.01 kg/s. All of these tests were done
while keeping both inlet temperatures constant for the full duration of the tests. Temperature
and mass flow data were stored for an interval of three minutes for each increment. The
values were then transferred to Microsoft Excel to calculate the average values, from where
the values were transferred to EES to calculate the respective x and y values of Steps 2, 3 and
4 of the iterative scheme as in equations 4-11 through to 4-15 to be plotted against each other

to determine a, b, C, and C,, as described in paragraph 4.3.3.

Table 5-1 shows all the values as used in the first iteration of the scheme as recommended by
Khartabil ef al. (1988). Table 5-2 shows all the initial values of the last five iterations and
finally, Table 5-3 shows all the values of the last iteration. From this table it can be seen that

there are only minor changes of the values.

o Step 2
Initial values Step 3 Step 4
[teration 1 | Iteration 2 | Iteration 4 | Iteration 4
a 0.8 0.69717
b 0.8 0.81581
C. 0.023 0.04953 0.03248 0.03292 0.03291 | 0.02701
C, 0.023 0.03244 0.04884 0.04813 0.04815 0.13331
Table 5-1 Results of the first iteration of the Khartabil ef al. (1988) scheme
MR v ety Experimental determination of the forced convective boiling heat |
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a b C. o
Iteration 15 0.565 0.985 0.0110 0.3555
Iteration 16 0.565 0.999 0.0093 03718
Iteration 17 0.5614 1.012 0.0087 0.3788
Iteration 18 0.5611 1.023 0.0081 0.3826
[teration 19 0.55897 1.03200 0.00764 0.38854
Table 5-2 Initial values of the last five iteration of the scheme
Initial values Step 2 Step 3 Step 4
Iteration 1 | Iteration 2 | Iteration 4 | Iteration 4

a 0.55897 0.55732

b 1.03200 1.04103

C, 0.00764 0.00771 0.00770 0.00770 0.00770 | 0.00722

G, 0.38854 0.38614 0.38618 0.38618 0.38618 0.39315

Table 5-3 Results of the final iteration of the Khartabil ef al. (1988) scheme

Thus the equation used to calculate the experimental Nu-numbers in the inner fluted-tube is:

-0.14

)

Nit, = 0.39315- Rel 7 pr| Hast |
\ #In //,

(5-2)
The final results of the iteration process are graphically represented in Figure 5.1, Figure 5.2
and Figure 5.3. Figure 5.1 shows the data of Iteration 4 of Step 2. As can be seen the
regression 1s 0.99812, resulting in an acceptable accuracy. Figure 5.2 shows the data of Step 3
with a regression of 0.99224. The last step of the iterative scheme used, Step 3, is represented

in Figure 5.3 showing also a regression of 0.99256.

cYUN’“i%gm_%’é‘gyﬁﬁg’;’ggm Experimental determination of the forced convective boiling heat ‘
=NOORDWESvUNIVERSITEIT . i N\
transfer coefficients of R407C in fluted-tubes



Chapter 5 Experimental results 81
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Figure 5.1 Experimental final results of Step 2 of the Modified Wilson Plot (Shah, 1990:53)
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Figure 5.2 Experimental final result of Step 3 of the Modified Wilson Plot (Shah, 1990:53)
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Figure 5.3 Experimental final result of Step 4 of the Modified Wilson Plot (Shah, 1990:54)
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5.1.2 CORRELATION OF ROUSSEAU ET AL. (2003)

It can be clearly seen from Figure 5.4 and Figure 5.5 that a good comparison was found
between the two calculated refrigerant Nusselt numbers with the R22, as well as the R407C
data. The maximum deviation was found to be 1.80 % (Table 5-4). This is a clear indication
that the Modified Wilson plot (Shah, 1990:55) is accurate in the calculation of the refrigerant

heat transfer coefficient.

The mean and average deviations for all the data were found to be:

Average deviation (%) Mean deviation (%)
R22 -1.76 1.80
R407C -1.62 1.63

Table 5-4 Deviation of the measured water Nusselt number to the calculated water Nusselt number for the R22
and R407C data according to Rousseau ef al. (2003:232).

The refrigerant heat transfer coefficient was calculated by firstly calculating the water Nu-
numbers, from the R22 and R407C experiments, with Equation 5-2 and 4-17 and then using
the LMTD-method to calculate the refrigerant heat transfer coefficients.

400

300

Calculated refrigerant Nu from the Modified Wilson Plot (Shah, 1990:51)

100 150 200 250 300 350 400
Calculated refrigerant Nu from the water correlation of Rousseau et al. (2003:232)

Figure 5.4 Calculated refrigerant Nusselt numbers for the R22 data.
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Figure 5.5 Calculated refrigerant Nusselt numbers with the R407C data.

Knowing that the calculation of the refrigerant heat transfer coefficient is correct, the

calculated coefficients can be used to test the various refrigerant two-phase correlations.

5.2 Two-PHASE HEAT TRANSFER CORRELATIONS

All the refrigerant correlations as discussed in paragraph 4.4 are tested in the original form as
they are found in the literature, except for the refrigerant Rousseau et al. (2003:232)
correlation. In this case the enhancement factor was changed since the correlation was

developed for condensation in fluted-tubes.

In general it will be ideal if one of the correlations could predict the heat transfer coefficients
within 10% of the experimental values. A total of five lines are drawn in all the graphs of
experimental versus calculated results. The two outer lines are the —30% and the +30%, the
two inner lines are the —10% and the +10%, with the last line the 0% deviation. In conclusion,

for a good correlation the data points will be between the —10% and the +10% lines.
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5.2.1 CORRELATION OF GUNGOR AND WINTERTON (1986)

From Table 5-5 it can be seen that the correlation over-predicts the values by more than 90%

for both the R22 and R407C.

Average deviation (%)

Mean deviation (%)

R22

92.0

97.32

96.2

91.56

R407C

Table 5-5 Deviation of the measured Nusselt numbers to the calculated Nusselt numbers for R22 and R407C

according to Gungor and Winterton (1986:351).

It is clear from Figure 5.6 and Figure 5.7 that the correlation over predicts most of the R22 as
well as the R407C data. A possible reason for this is due to the following:
e the correlation does not incorporate the geometry of the fluted-tube, or

e the correlation does not bring the temperature glide of R407C into account.

Gungor and Winterton (1986:351)
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Figure 5.6 Experimental versus calculated Nusselt numbers for R22 with the correlation of Gungor and
Winterton (1986:351).

Experimental determination of the forced convective boiling heat
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Gungor and Winterton (1986:351)
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