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Abstract

Experiments were conducted to measure the heat transfer characteristics of non-
boiling two-phase segmented flow in a solar thermal collector. The solar thermal
collector was manufactured to have a serpentine flow path (residential serpentine deign)
and the diameter of collector pipe was 0.0109 m.

The working fluids used in the experiments were water, ethylene glycol and air.
Single phase water was examined first, and the results were used as a basis for
comparison for the water-air two-phase flow results. Two-phase experiments using
ethylene glycol-air and single phase ethylene glycol were then conducted. The flow
rates of the water-air and ethylene glycol-air phases were varied between a range of
values during each experiment and the system pressure and temperatures were recorded
at each combination of flow rates.

The experimental data was used to calculate the number of variables, such as the

heat transfer rate Q, temperature difference between the entrance and exit of the solar
thermal collector AT, average bulk temperature T, , the time required for raising the

temperature inside the tank from 25°C to 70°C, and the energy gained from the tank E
. It has been shown that the heat transfer enhancement of two-phase flow system was

better than the single phase flow system.

Several experiments were conducted to study the effects of liquid void fraction ¢, .

The effect of liquid void fraction showed that the heat transfer rate was highest in all
experiments when the liquid void fraction was 0.5, while the heat transfer rate was at
its lowest value when the liquid void fraction was 0.79. The effect of void fraction was
found to be a controlling factor due to its impact on liquid slug length, which in turn
affects the heat transfer rate. Finally, the four two-phase experiments were compared
with single phase flow experiment. The result illustrated that the two-phase flow system

was better than the single phase flow system.
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Chapter 1

Introduction
1.1 General

This thesis uses a solar collector and aims to design a two-phase solar heater by
employing the theoretical principles of gas-liquid segmented slug flow with a constant
heat flux. Various experimental studies reveal gas bubbles in the flow stream increases
the quantity of heat transferred to the experimenting fluid. If heat transfer is increased,
less time is required to heat the fluid. No current devices exist that use gas-liquid
segmented plug flow for solar water heaters; and this thesis aims to prove the
applicability of this concept. Experiments are conducted by the developing single phase
flow as a base and compared with two-phase flow. The main aim of this thesis is to
improve the performance and heat transfer rate. The system also shows additional
improvement in the performance coefficient of the base, suggesting a potential for
various commercial applications. Some of the benefits for consumers include a
reduction in energy consumption, and heating time, as well as availability for a limited
quantity of sunlight. Increasing costs and environmental degradation increase in
concerns of typical energy generation. Hot water consumption is a demanding
residential applications. If we efficiently harness solar energy to provide a more
effective method to supplement either electrical or gas fired water heating, it will
provide significant economic and environmental protection. The system can also reduce

fossil fuel consumption, and reduce public demands on electrical grids.
1.2 Two-Phase Flow

Two-phase flow mainly occurs in a system that consists of two phases (typically gas-
liquid) with a meniscus that separates the phases. Two-phase flow is not only restricted
to gas-liquid flows but can also refer to solid-gas, solid-liquid, and liquid-liquid flows.
The two-phase flows possess numerous applications that mainly occur in different

chemical, petroleum, bio-medical, refrigeration and air-conditioning systems, among



others. The fluid system might be either macro-scale, mini-scale, or micro-scale
depending upon the application. Recently, two-phase flows have been reported to have
many uses in microfluidic systems including MEMS (micro electromechanical
systems), LOC (lab-on-chip) devices and Nano fluidic systems. Numerous researches
have also been conducted over the last sixty years, on two-phase flow. Initially research
typically focused on macro-scale flows, however, recent researches has focused on both

micro-scale and mini-scale flows.

A wide range of different models have been established both analytically and
theoretically for predicting pressure drop in two-phase frictional and transport
characteristics. These parameters are importance to many engineers who are working
with such two-phase flow systems. Furthermore, the models used for two-phase flow
can be further categorized into two unique classes: homogenous flow models and
separated flow models. The homogenous flow model firstly employs effective fluid
properties determined from the important properties of both phases currently in the
flow. Major properties such as viscosity and density are mainly determined via effective
property models, followed by frictional pressure drop, and then the transport
characteristics are calculated by using equations for calculating single phase flow.
Typically, a homogenous flow model can be referred to as a zero-slip flow model.
Whereas, a separated flow model mainly tries to show that both phases possess unique

thermophysical properties and have different velocities.

1.3 Flow-Pattern Definitions and Classifications

The most fundamental difference between the single-phase flows and gas-liquid
two-phase is the presence of flow patterns and flow regimes in the case of two-phase
flow. Flow pattern basically refers to the overall geometrical configuration of both gas
and the liquid phases in the pipe. When gas and liquid simultaneously flows in a pipe,
the two phases can actively distribute themselves in a variety of different flow
configurations. The flow configurations are significantly different from each other in
interface spatial distribution due to different flow characteristics, velocity and the
holdup distributions.

All existing patterns of flow in any two-phase flow system are highly dependent on

the following variables:



e Operational parameters that include gas and liquid flow rates.
e Physical properties associated with the two phases, including gas and liquid
densities, surface tension and viscosities.
e Geometrical variables, such as pipe diameter and inclination angle.
Flow pattern determination is an important problem, specifically in analysis of two-
phase flow. Major design variables associated with the flow strongly depend on the
existing flow pattern. The design variables include gradient, pressure, heat, mass-

transfer coefficients, liquid holdup, residence-time distribution, and chemical reaction.

1.3.1 Horizontal and Near-Horizontal Flow

Flow patterns that are horizontal and near-horizontal can be classified as stratified flow
(for both stratified-smooth and stratified-wavy), annular flow, dispersed-bubble flow
and intermittent flow (including both the slug flow and elongated-bubble flow). Gas-

liquid flow regimes in horizontal pipes are illustrated in Fig. 1.1.

iii) Elongated bubble flow iv)Siug flow
v) Stratified flow vi)Stratified wavy flow

Figure 1.1: Gas-Liquid Flow Regimes in Horizontal Pipes (Ove Bratland, 2010)

1.3.1.1 Stratified Flow (ST)

This flow pattern mainly occurs at relatively lower gas and liquid-flow rates. The two
phases get separated from the force of gravity, where the liquid-phase typically flows



at the pipe’s bottom, while the gas-phase flows at the top. A Stratified-flow pattern is
also sub-classified as stratified-smooth or stratified-wavy.

1.3.1.2 Intermittent Flow (1)

Intermittent flow is mainly characterized by the alternative flow of liquid and gas. Either
plugs or slugs filling the entire cross-sectional area of the pipe, are separated by gas
pockets containing a highly stratified liquid layer that flows along the entire bottom of
the pipe. The mechanism of its flow follows that of a fast moving liquid slug that

overrides the much more slowly moving liquid film that is placed ahead of it.

1.3.1.3 Annular Flow (A)

Annular flow occurs at a relatively high gas-flow rate. The gas-phase flows at the center
and might contain entrained droplets of liquid. The liquid flows specifically in the form

of a very thin film present around the pipe wall.

1.3.1.4 Dispersed-Bubble Flow (DB)

At considerably high liquid-flow rates, the liquid-phase typically occurs in nearly a
continuous-phase which the entire gas-phase is dispersed in the form of discrete
bubbles. The transition to this flow pattern can be defined with the help of a condition
in which the bubbles are suspended first in the liquid or gas pockets, which typically
touches the very top of the pipes, and are eventually destroyed.

1.3.2 Vertical and Sharply Inclined Flow

For a range of inclination angles, the stratified regime disappears and is replaced by
churn flow. The flow patterns are usually more symmetric around the pipe and less
affected by the force of gravity. Gas-liquid flow regimes in vertical pipes are illustrated
in Fig. 1.2.
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1.3.2.1 Bubble Flow

In bubble flow, the gas-phase is dispersed into much smaller discrete bubbles that move
upward in a zigzag motion as well as in a constant liquid-phase. The distribution of
bubbles is nearly homogeneous via the pipe cross section.

1.3.2.2 Slug Flow

Slug flow in vertical pipes is very symmetric around the pipe axis. The majority of the
gas-phase is located in a much larger bullet-shaped pocket, known as the Taylor-bubble
and has a diameter approximately equal to the pipe diameter. The flow consists of

successive Taylor-bubbles as well as liquid slugs filling the pipe’s cross section.

1.3.2.3 Churn Flow

Churn flow is characterized by a highly oscillatory motion of the liquid-phase. Churn
flow is similar to slug flow, with no clear or strict boundaries between the two phases.
Typically, this occurs at much higher gas-flow rates, where the liquid slugs fill the entire

pipe and, are much shorter and frothier.

1.3.2.4 Annular Flow

Similar to horizontal flow, this type of flow is characterized by a fast-moving gas center
having entrained liquid droplets and a much slower-moving liquid that flows around the
entire pipe wall.



1.3.2.5 Dispersed-Bubble Flow

Similar to horizontal flow, dispersed-bubble flow in vertical and highly inclined pipes
occurs at a relatively higher liquid-flow rate. The overall gas-phase is dispersed as

discrete bubbles in the continuous liquid-phase.

1.4 Segmented Flow

Two-phase segmented flow has been extensively examined over the last ten years. It is
characterized by splitting the entire fluid stream into a consecutive series of shorter
plugs. One phase is the carrier or base fluid, while the second phase is the segmenting
media or dispersed phase. Additionally, many previous researchers referred segmented
gas-liquid flow as Taylor plug flow. The main reason is the work of Taylor (1961) who
examined plug flows from an understanding of both the film thickness and deposition
at the wall. Plug flow (Taylor flow) is the earliest form of segmented flow patterns;
however, because surface tension is a non-dominant factor in macro-scale studies, it is
almost impossible to create a steady train for the plugs with a thin liquid film.

Within liquid plugs of any segmented flow, the internal circulations will rise due to
solid-liquid, gas-liquid, or liquid-liquid interfaces. These thermal enhancements mainly
occur in segmented flows because of two mechanisms. One of mechanism is the internal
circulations present within the liquid plugs and the other mechanism typically resulted
from an increased velocity that was experienced by the liquid plugs, due to reduced
liquid fraction, usually for a constant flow rate of mass. Furthermore, the latter was
determined to be impossible by Muzychka et al. (2009), who used heat transfer theory.
This leaves just the internal circulation mechanism for explaining the thermal

enhancement that result from segmented flow.

1.5 Solar Water Heating Systems

Solar water heaters have been used since the 1800s. However, the main difference
between early solar water heaters and modern versions is in the configuration modern
systems, where the solar heaters are placed on a roof. Solar water heaters are
environmentally friendly and help reduce energy bills (Staff and Campbell, 1978). Solar

heaters come in different configurations and variations in terms of cost, design,



performance. Many systems also have auxiliary systems such as electricity or gas

heaters.

1.5.1 Types of Solar Water Heating Systems

Currently, there are two major types of solar heating system configurations available,
including natural and forced circulation. Natural circulation systems are simple and the
overall cost of manufacturing is quite low. However, these systems are suitable only for
warm climates since freezing occurs in colder climates. Forced circulation systems are
more suitable for climates that are below freezing temperatures (Goswani et al, 2000).
Natural circulation systems are also called thermosyphon systems. A typical schematic

for this type of system is illustrated in Fig. 1.3

Mixing dex
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(a) Schematic diagram (b) Photograph

Figure 1.3: Schematic Diagram of Natural Circulation System (Goswani et al, 2000)

There is a wide range of disadvantages associated with thermosyphon solar heating
systems since they are relatively taller units which makes them visibly intrusive on
buildings and they are prone to damage in windy conditions. The overall design

typically incorporates a cold water storage tank installed on the top.

1.5.1.1 Open and Closed Systems

Natural and forced circulation can be further categorized. In an open system, an open
container is installed at the highest point to absorb volumetric expansion of the liquid
that is caused by changes in temperature. The pressure in open systems is maintained at
the static pressure associated with the liquid column. Closed (sealed) systems are

typically designed for operating at a higher pressure (1.5-10 bar), which affects physical



properties, including the liquid’s evaporation temperature. Closed systems need
additional safety devices (German Solar Energy Society, 2007).

1.5.1.2 Direct and Indirect systems

Direct systems typically operate with water that continuously circulates from the solar
heating storage tank to the main collector. Direct solar systems can be installed in
different configurations. The system is typically connected to a separate pre-heater or
can be linked to a combined cylinder having dedicated solar water storage unit.
Additionally, this system can be connected to an already existing hot water vessel
having a traditional heat source (German Solar Energy Society, 2007). An indirect
system possesses two entirely separate circuits: the solar and the cold mains water
circuits. This type of system is most commonly used in the UK. The system typically
involves transferring heat from the fluid that passes through the main solar collector.
This system also has the advantage of preventing contaminants from entering via

incoming cold mains can diminish the efficiency of the solar collector (CIBSE, 2007).

1.5.1.3 Integrated Collector Storage Systems (Passive)

Integrated collector storage (ICS) systems employ hot water storage as a part of the
solar collector, with the surface of the solar storage tank employed as an absorber. To
improve stratification the hot water is drawn from the tank’s top and cold water enters
the tank’s bottom on the opposite side. The major disadvantage associated with ICS
systems is related to high thermal losses due to the high surface area of the solar storage
tank that cannot be insulated thermally since it is used for absorption. In ICS systems,
the water temperature substantially drops during the night, particularly during the winter
(Soteris A. Kalogirou, 2003).

1.6 Solar Energy Collectors

Solar energy collectors have similarities to heat exchangers and can transform energy
from one form to another, i.e. solar radiation into thermal energy. The main component
allowing the exchange or transfer of energy is the solar collector. The solar collector
absorbs radiation and converts it into heat. The heat is transferred to a fluid, either water
or a glycol mixture, and flows through the collector (Kalogirou, 2004). The energy

collected from the process is transferred from the fluid or to a solar water heating storage



tank. Two ways that solar collectors can be mounted are stationary or tracking. For
mounting the collector in a stationary position, analysis are needed at the design stage
for the optimum inclination of the solar panels for both location and usage. The solar
collectors remain fixed to this tilt angle throughout the year. In a tracking system, the
solar collector’s inclination will change with the sun’s angle to receive the optimum

amount of solar radiation (Kalogirou, 2004).

1.6.1 Flat Plate Collectors

Flat plate collectors are typically manufactured in two different forms. Solar collectors
using liquids with no glazing are manufactured with a black absorbent polymer coating
in the absence of any insulated backing. The manufacturing cost for these are low,
however, one major disadvantage is they have high heat losses, making them highly

inefficient and are not suitable for low temperature installations (Sabonnadiere, 2009).

Glazing (glass)

Shexing. Seip o Lo e Aluminium Frame:
Aluminium Alloy Strip Selective Absorber
Frame Insulation Back Absorber
Manifold

Figure 1.4: Flat Plat Collector (Solar Server, 2011)
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Figure 1.5: Flat Plate Collector Exploded View (Sabonnadiere, 2009)

Another type of flat plate solar collectors employs glazing (Fig. 1.4 & 1.5) and uses an
absorber plate to absorb solar radiation and heats copper tubes containing a transfer
liquid (Sabonnadiere, 2009). The entire side of the casing and underside of the absorber
plate remains heavily insulated to reduce conduction losses during operation. The liquid
tubes are welded to the main absorbing plate and can also be manufactured as part of
the plate. These tubes are later connected at the ends large diameter header tubes
(Kalogirou, 2004).

In order to receive the maximum amount of solar radiation per unit area, a tracking
collector should be used. For both maximum efficiency and energy extraction, a solar

collector should be aligned perpendicular to solar radiation.

1.6.2 Collector Performance

Collector performance can be characterized by two experimentally determined
constants:

« conversion factor: the solar collector efficiency when the ambient air
temperature is equal to the collector temperature.

» heat loss coefficient: the mean heat loss of the solar collector per aperture area
for any measured temperature difference between the collectors and ambient
air temperature.

These solar collector constants are mainly determined in reference to predefined
conditions (such as angle of incidence, global radiation intensity, wind velocity, air
temperature, etc.) (Fanniger, 2012). Furthermore, the heat balance of a collector should

also possess three different components, absorbed heat — lost heat = removed heat by
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the transferring fluid. A heat loss coefficient for solar collector is (Sen, 2008) heat loss
coefficient = (absorbed heat — lost heat) / incident solar radiation.

1.7 Research Objectives

The main aim of this thesis is to examine the potential and applicability of heat transfer
enhancement of uniformly segmented fluid streams. This requires a highly and
controllable two-phase segmented plug flow to the solar thermal water heating system,
that is optimized the research also compare the thermal water heating system with a
benchmark, single-phase system. Two- phase flow at different sizes of liquid length and

sizes of air plug length are also examined.

1.8 Outline

The remainder of thesis is organized as follows. Chapter 1 gives an introduction on the
concept of using non-boiling two-phase segmented flow as a working fluid. The flow
pattern definitions and classifications are presented. Solar water heaters and the types
of solar water heaters are illustrated as well. The descriptions of research objectives are
introduced. Chapter 2 provides a literature review of works addressing related topics.
Chapter 3 shows the mechanism of heat transfer enhancement, system configuration,
and components of the experiments. Chapter 4 illustrates the experimental results for
the segmented flow used in the solar thermal collector. Chapter 5 provides a conclusion

of the current study and recommendations for future studies
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Chapter 2
Literature Review

2.1 Introduction

This chapter presents experimental and numerical research on two-phase flows as well
as on the two-phase, with a focus on two-phase segmented flow. Improvements needed
to implement frictional pressure drop and a transport correlation are developed through

extensive research and are organized chronologically.
2.2 Literature Review

In 1949, Lockhart and Martinlli studied two-phase flow with air and liquids that flowed
inside pipes having different diameters. The diameters of the pipes ranged from 0.0586
inches to 1.017 inches, and the liquids included kerosene, benzene, water and oils. Four
different types of isothermal two-phase and two-component flow were identified,
namely the turbulent liquid-turbulent gas, turbulent liquid-laminar gas, laminar liquid-
turbulent gas, as well as laminar liquid-laminar gas. Lockhart and Martinelli (1949)

correlated both the two-phase pressure drop that resulted from all four flow mechanisms

()
)

Equation (2.1) is related to X by the ratio of both single pressure drops, similar to both

into the following Martinelli parameter X

X?%=

(2.1)

individually flowing in the pipe. Lockhart and Martinelli (1949) presented their
graphical correlation for each of the flow mechanisms that were identified. The
Lockhart-Martinelli plots can be used for determining the two-phase flow

characteristics for liquid, as well as gaseous phases with Eq. (2.2) and (2.3):

L), 2

%)

# =
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% ="p (2.3)

S
When the flow multiplier for the phase is determined, the frictional pressure of two-
phase eventually drops and can also be calculated by using Eq. (2.2) or (2.3). Lockhart
and Martinelli (1949) additionally demonstrated that the liquid fraction, «;, along with
the void fraction, a, can also be correlated to the Martinelli parameter, X. However, the
overall design of the equations was done to predict a drop in two-phase pressure and
that only a graphical correlation was given.

Additionally, Taylor (1961) conducted experiments to examine plug flow,
primarily film thickness or fluid deposition at the tube wall. The fluids that were used
consisted of glycerin with a strong sucrose solution (i.e. golden syrup) which was
further diluted with distilled water to make the viscosity 28 poise at 20°C. Glass tubes
having a 2 mm and 3 mm internal diameters and lengths of approximately 1.22 m were
used for the testing sections. A gas bubble was then released into the test section and
the total amount of film that was left after the bubble was then measured.

The results of Taylor’s (1961) experiments were graphically presented by plotting the
parameter, m (liquid that was left in the tube) against the capillary number. The
experiments were conducted over a much broader range of the capillary number, 0 < Ca
< 2.0. It was concluded that when the capillary number gradually increases the liquid
film also increases. This relationship is not linear. At relatively higher values of the
capillary number (i.e. Ca > 0.56) the parameter m would eventually reach a limiting
value (m= 0.5). After Taylor’s (1961) study, various other researchers began to refer to
segmented gas-liquid flow as Taylor plug flow. One of the most important
characteristics identified by Taylor (1961) was the presence of circulation pair zones,
within the liquid plugs. Additionally, these zones were caused by the presence of either
liquid/gas or liquid/liquid interfaces. These circulations affected the overall flow in a
manner that promotes the radial transport of both heat and mass, as well as boundary
layer renewal, mainly due to the fresh fluid that was being transported to the liquid

plug’s leading edge.

13



Oliver and Wright (1964) studied a series of different measurements for investigating
the overall effect of plug flow on both heat transfer and friction in laminar flow. They
concluded that the internal circulation significantly increases the heat transfer
coefficient and, therefore, Graetz-Leveque theory and Shah and London (1978) cannot
be applied to plug flow. Furthermore, the experiments consisted of both single and two-
phase flow in 0.25 inch test sections of varying lengths (3 to 4 feet). Additionally, the
liquids that were used in this experiment were 56.5% glycerol, 88% glycerol, 0.75%
sodium carboxymethylcellulose (SCMC), 1.5% SCMC, and 0.5% polyox, in water and
2% of celacol solution. The gas was air.

The experimental results were represented graphically with Nusselt number and Graetz
number, as well as the ratio of two-phase flow to single phase flow of Nusselt number
and void fraction. Lastly, Oliver and Wright (1964) stated that the overall effect of void
fraction was independent of the plug length, however, circulation effects are highest
with plugs. A simplified model for a two-phase plug flow heat transfer coefficient was
based on the experimental data. A modification of the Graetz-Leveque model was later

developed:

(2.4)

Where Nurp is two-phase Nusselt number, Nugp is single-phase Nusselt number and
R; is Liquid holdup.

Hughmark (1965) established a correlation mainly for estimating hold-up (void
fraction) in the horizontal slug flow. He based this correlation on a relationship of
bubble velocity and the liquid slug Reynolds number. Additionally, the bubble velocity

during slug flow was reported by Hughmark (1965):
Q+Q
uszz[ 'A gj (2.5)

Where Q, is flow rate for liquid phase, Q, is flow rate for gas phase, A is cross section

area and K, denotes a function of the liquid Reynolds number that remains constant at
0.22 when the Reynolds number is greater than 400,000,which is within the turbulent
regime for the liquid phase. Additionally, Hughmark (1965) presented the liquid

Reynolds number as:
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Re, = [MJﬂ (2.6)
A H

Where Re; is Reynolds number for liquid phase, p; is density for liquid phase and g,
is dynamic viscosity for liquid phase.

Hughmark (1965) also developed a much simpler model for slug flow heat transfer
that was dependent on the momentum-heat transfer analogy for turbulent flow. The
Graetz-Leveque equation used for laminar flow. The simplified model is:

Nr=DyRe, :1.75(—5‘51]3{ﬂ} 2.7)
[ LN H

Where D is diameter, hyp is heat transfer coefficient for two-phase, K; is thermal
conductivity, Cp is specific heat and L is channel length.

Hughmark (1965) also compared (Eq. (2.7) with experimental data from Oliver and
Wright (1964). The average absolute deviation the experimental data model is
approximetly 8.4%.

Chisholm (1967) established an equation to predict drop in two-phase frictional
pressure:

& =1+%+% (2.8)

Where @, is liquid two-phase flow multiplier, X is Lockhart-Martinelli and C is
Chisholm constant.

Equation (2.8) relates the two-phase multiplier for liquid to the Martinelli parameter
along, as well as mass quality. The Constant, C, is based on different types of flow,
summarized in Table 2.1.

Table 2.1: Values of Chisholm Constant

Turbulent — Turbulent Flow C=20
Laminar — Turbulent Flow C=12
Turbulent — Laminar Flow Cc=10

Laminar — Laminar Flow C=5

Oliver Hoon (1968) tested isothermal flow of both Newtonian and non-Newtonian
pseudoplatic fluids in slug flow and concluded that the circulation or streamline

deflection is present within the liquid slugs, and is dependent on the thickness of the
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liquid film. Both slug flow and annular flow were studied in a 0.25 inch glass testing
section. To measure the void fraction, quick-close valves were adjusted both before and
after the test section. The quick-close valves were closed simultaneously and the trapped
liquid was drained and then measured. A camera was mounted on a movable platform
to photograph the slugs. Graphite particles were introduced as tracer particles. Oliver
and Hoon (1968) also determined that the entire streamline pattern in Newtonian slug
flow was characterized by circulation and streamline deflections were observed only
with non-Newtonian slug flow. The experimental data was compared to Lockhart and
Martinelli’s (1968) plots and agreed well for Newtonian fluids, however, non-
Newtonian were far below the calculated values. Oliver and Hoon (1968) plotted the

results of the experiments by Graetz number against the Nusselt number:

Gz =%ReTP Pr% (2.9
R@E{Q+Qﬂ2ﬂ- (2.10)
A Hy

Where Gz is Graetz number, Re;p is two-phase of Reynolds number, Pr is Prandtl
number and p; is density for liquid phase.

Horvath et al. (1973) conducted experiments to measure the radial transport in
homogenous flow, as well as two-phase slug flow. They used an opened tubular,
heterogeneous enzyme reactor, with 60 cm length and 2.32 mm internal diameter. The
substrate solution was working fluid. The length to diameter ratio (L/D) of this entire
setup was 260. Experiments for homogenous flow were conducted for measuring the
radial mass transport ratio to substrate solution. An average Nusselt number for single
phase flow was calculated with Eq. (2.11). The logarithmic mean concentration C;,, was
calculated with Eq. (2.12)

J=NuD 7 Lg, (2.11)

n (€€ )~(CoCuo) (2.12)
In[ G 'Cw,i j
C, _Cw,o

Horvath et al. (1973) then experimented with two-phase plug flow and again measured

the entire radial mass transport. The average Nusselt number for two-phase plug flow

was calculated by using an altered version of Eq. (2.11) :
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J=Nu D L(l-¢)c, (2.13)

The new variable,e, introduced in Eq. (2.13) represents the void fraction (typically
expressed as oz in a two-phase). It was determined that when radial transport in plug
flow is compared to single phase flow, the Nusselt number increases significantly.
Horvath et al. (1973) also conducted experiments on homogenous and two-phase slug
flow in case of a coiled reactor. The rate of reaction and average Nusselt number was
calculated. The Nusselt number is dependent on the ratio of tube diameter to coiled

diameter:
=t (2.14)

WhereD,,D.and R* represent the tube diameter, coil diameter, and coiled aspect ratio,
respectively.

Horvath et al. (1973) determined for low Reynolds numbers and low void fractions, the
coiling could produce 80% to 100% increase the average Nusselt number. The
experimental data was presented in a plot of average Nusselt number and dimensionless
plug length, for both coiled and non-coiled experiments.

Vrentas et al. (1978) studied characteristics associated with a plug flow field with solid
spheres in a liquid tube. The experimental study was one of the first published studies
on solid-liquid slug flow. Furthermore, Vrentas et al. (1978) showed that an increase in
pressure drop across the entire tube in liquid slugs of every size also resulted in a highly
elevated power requirement. Hence, both liquid film thickness and slug length should
be selected to optimize the entire system of solid-liquid slug flow. Provisions for
recycling and maintenance of the spheres is not factor in gas-liquid systems.

Different theoretical assumptions were made by Vrentas et al (1978) to ensure the
analysis of solid-liquid slug flow was comparable to calculations on velocity and
temperature fields for cylindrical cavities with a uniform translating wall. The Nusselt

number was defined for an ideal heat exchanger as:

nu= (M) D PeTyr (2.15)
K  L(2T)

Where J is the overall rate of reaction, Nu is average Nusselt number, c;,, is logarithmic
mean concentration, T, represents the dimensionless average temperature of the fluid.

Vrentas et al. (1978) employed a horizontal heat exchanger with a gear pump for
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different experiments. The ratio of length to diameter (L/D) was 128. Dow corning
silicone oil was the working fluid. Two grades, 100 ¢St and 1000 cSt, were selected.
Stainless steel spheres were introduced on consistent intervals. The spheres and fluid
flowed in a 0.95 cm ID tube and less than a 0.0025 cm clearance was present between
the spheres and tube wall. A reciprocating piston was transfered the spheres between
the exit and entrance of the heat exchanger. Freon TF vapor (CCI,F-CCIF,) maintained
a steady wall temperature while it condensed. The fluid’s exit temperature was not
reliable when the experimental data was collected; thus, the heat transfer coefficient
that was reported by Vrentas et al. (1978) was based on heat flows that were deduced
from measured condensation rates.

Vrentas et al. (1978) represented their experimental data graphically by plotting the
Peclet number versus Nusselt number for a range of different dimensionless plug
lengths, in the form:

1

D3
Nu:1.62£PeEj (2.16)

Muzychka and Yovanovich (2004) established a generalized model to the heat transfer
coefficient in the combined region of entry of various non-circular ducts. The model
was created by a combination of the solution with a model developed initially for Graetz
flow. The model developed for Graetz flow was developed by a combination of a model
that was designed for fully developed flow with Leveque approximation. The flow

model is:

fRe
Nu ﬁ=cl( A J (2.17)

8\/7‘5_8 Y
Where f is fanning friction factor, ¢ is aspect ratio and y is shape factor.
Where ¢; = 3.24 for uniform wall temperature (UWT) and c¢; = 3.86 for uniform wall
flux. The y parameter is based on channel geometry, with the upper and lower bounds
are fixed at 1/10 and 3/10, respectively. A Leveque approximation for a thermal

boundary layer was developed near wall and the velocity profile is linear:

fRe )3
Nu,=c,c, — (2.18)
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Where c, is one for various local conditions and is 3/2 for average conditions. The ¢
variable represents the dimensionless parameters that are dependent on specific
arbitrary length scales, and c5 is approximately 0.427 for different UWT conditions and
0.517 for UWF conditions. Muzychka and Yovanovich (2004) combined Egs. (2.17)
and (2.18) by employing an asymptotic correlation method introduced by Churchill and
Usagi (1972). The model represents the Graetz flow:

1\° s %
fRe ~ )3 fRe
o R =] 219

Values for various constants in Eg. (2.19) are summarized a table presented by

Muzychka and Yovanovich (2004). The generalized model to predict a heat transfer
coefficient for a combined entry region was later established by combining Eq. (2.19)
with a flat plate solution. Hence, by applying an asymptotic correlation a general model

was developed:

1
m |m
5 5

Nu ; (2')= [cf/(z_fe)J + czcs(fR:*ﬁ js +{Cl[;3;§ j} (2.20)

The parameter m in Eq. (2.20) is a function of the Prandtl number:

1

m=2.27+1.65Pr3 (2.21)
The generalized model is valid for 0.1 < Pr < oo, 0 < z* < o0, uniform wall temperature
and uniform wall flux, as well as for local and average Nusselt numbers. Muzychka and
Yovanovich (2004) made a comparison of the model to available data found that the
model clearly agreed within + 15% for the majority of non-circular ducts.
Kreutzer et al. (2005) wanted to established a pressure drop model for segmented flow
that could be used in capillaries, with considering both the plug and bubble length. The
plug length is determined with data from experimental pressure drop data. Experiments
were conducted with the capillary tube having an internal diameter of 2.3 mm. An inlet
was constructed a tapered channel as well as a hypodermic needle, allowing both the
liquid plug and bubble length to vary. The segmented flows consisted of air-decane, air-

water, and air-tetradecane were examined. Gas and liquid superficial velocities varied
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from 0.04 m/s to 0.3 m/s. Kreutzer et al. (2005) also found experimentally and
numerically that for plug flow with Re >> 1, extra pressure terms can use the capillary

number to Reynolds number ratio (Ca/Re). The model is represented as:

16 1(ca)™
f:@[HO'l?F(%J J (2.22)

Kreutze et al. (2005) numerically modeled plug flow by employing the CFD code
FIDAP. Comparing numerical and experimental data, a correlation was developed by
replacing the value 0.17 in Eq. (2.22) by 0.07. The difference between experimental and
numerical data was not attributed to experimental error and was explained in terms of
the Marangoni effect caused by impurities in the experimental fluids. When Eqg. (2.22)
is used for modeling single phase flow, L, approaches infinity. The model reduces to
Hagen-Poiseuille flow for laminar flow:

16
f=— 2.23
Re (2.23)

Lakehal et al. (2006) studied flow simulations of computational microfluidics to
examine heat transfer in smaller tubes. The simulations were used the CMFD code
TransAT¢ that was developed at ASCOMP. Three flow patterns were studied, at
different flow rates, in a 1 mm internal diameter pipe and included: slug flow, bubbly
flow and bubbly-train slug. A uniform wall temperature was maintained and the effects
of flow pattern on heat transfer were analyzed. The wall temperature was maintained at
340 K and the inflow temperature at 300 K.

The results obtained from Lokehal et al. (2006) show that the rate of heat removal in
two-phase flow is much higher than single phase flow. A model for heat transfer in the

two-phase slug flow is:

4

Nu ~ Nu,, +CPr’“Re?, (2.24)
Where Nu,, represents the single phase Nusselt number, which is 3.67 for a uniform
wall temperature and 4.36 for uniform wall flux condition. The variable C in Eq. (2.24)
is the model constant with a value of 0.022. The model is valid for segmented flow in
micro-scale devices with L = 0 mm and Pr > 1. Lakehal et al. (2006) described the

model (Eq. (2.24)) as being a guideline for engineers for different designing purposes.
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Yu et al. (2007) used experimental and numerical methods to examine a bubble shape,
size formation mechanisms during segmented flow in micro-channels. Mechanisms
were investigated for varied flow rates, mixer geometries, and capillary numbers. Yu et
al. (2007) also examined two mixer geometries. Among these, one was typically a cross-
shaped mixer with a channel that was perpendicular to one main channel and the other
was a converging mixer and the liquid inlets were 45 to the main channel. All channels
had a square cross-section, with a 125 um and 250 um side length. The fluids included
air, sucrose solution (viscosity of 30 cP), glucose solution (viscosity of 60 cP), and a
mineral oil (viscosity of around 75 cP). The simulations were conducted with the Lattice
Boltzmann method (LBM). One of the biggest advantages of this method for two-phase
flows is the main phase separation spontaneously took place in either the non-ideal fluid
or between two specific immiscible fluid components and did not require interface
tracking. The simulations were conducted 600 grid points, but to reduce simulation
time, 300 grid points were used for the short channels. Yu et al. (2007) also presented
experimental and LBM simulation results that were visually depicted as pictures for
different combinations of flow rate and capillary number. The main combinations
included Ca = 0.007 and Q4: Q; = 1:1, Ca=0.035and Q4: Q; = 1: 4, and Ca = 0.017
with Q4: Q; = 1: 2. The differences observed between the two mixer geometries were
visually depicted. It was reported that the ratio of larger gas to liquid flow rate
eventually leads to much longer gas bubbles. Maintaining the same ratio of flow rate
while decreasing the capillary number implies that by changing fluids it could
eventually yield a much longer gas bubble. The mixer geometry possessed effects on
both bubble length and the spacing between bubbles. Converging channel geometry
creates much longer liquid plugs between gas bubbles at Ca = 0.035 with Q4: Q; = 1: 4,
however, the oval bubble size was reported to be very similar in both the cases.

Mohseni and Baird (2007) later studied electro-wetting on dielectric (EWOD) as a
driving force that can be used for a relatively new method to cool digitized heat transfer
(DHT) micro devices. The EWOD is used to transport droplets of highly electrically
and thermally conductive liquid metal alloys by applying an electric field normal to the
entire direction of flow. The EWOD force is generated by lining the micro-channel both
with the electrodes and sequentially firing to slug the leading edge continuously
between the grounded electrodes. Mohseni and Baird (2007) also stated that this is one
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of the best ways of generating two-phase segment flow of different liquid metal alloys
and can lead to orders of higher magnitudes of thermal conductivities when compared
to non-metallic liquids, including water and oils. The liquid metal alloy for the Galinstan
was suggested to be the best candidate for a EWOD micro-cooling device as it was
inexpensive, non-toxic, readily available, and is 65 times less thermal resistant than
water. Mohseni and Baird (2007) derived simplified equations for various EWOD
applications:
U= cV: H
24 L

(2.25)

Where uq,-p is average bulk velocity of the experimented droplet, ¢ is capacitance per
unit area, V is voltage, H is for height of the channel and L is channel length. The simple
expressions for different characteristics of heat transfer for both uniform wall
temperature and uniform wall flux conditions were also presented. For UWT conditions,

the expression for heat transfer is:
q=pnVHWc(T,-T)) (2.26)
Where n denotes the droplet ratio, W is channel width, and p; is density for liquid metal

alloys. In UWF conditions, an additional expression for the outlet temperature is:

gqw

T, = +T, (2.27)
pnVHWc

Awad and Muzychka (2007) established a simpler expression for both the upper and
lower bounds for the frictional pressure gradient in two-phase in both the mini-channels
as well as the micro-channels. For the lower bounds, which were typically based on the

Ali et al. (1993) correlation derived for laminar-laminar flow, the following Eq was

developed (2.28):
(%j _326(1x)w 1+(ij Pufte (2.28)
dz f,lower szl 1-x pg Ky .

The upper bound was based on the Chisholm correlation derived for laminar-laminar

flow:

e ) T 2] e
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Awad and Muzychka (2007) also developed an average or mean bound that was based
on the arithmetic mean of both the lower and upper bounds

(%LWZBZG é&:)ul {“2.5[ % jo.s( g_; Tf’ (i_? T'SJ{ % )(pp_;}(i_?]] (2.30)

The mean model (Eq. (2.30)) is equivalent to the Chisholm correlation, with C = 2.5.
Fries et al. (2008) studied segmented flow in a rectangular micro-channel with laser
induced fluorescence (LIF) as well as confocal laser scanning microscopy (LSM). The
microfluidic channel was 2 m in length and had a height and width of 200 + 2 um.
The fluids included water, ethanol, and glycerol in their respective aqueous solutions at
various concentrations, nitrogen was also used. Fries et al. (2008) changed the flow
rates from around 20 - 60 uL/min a liquid phase to 30 - 100 uL/min mainly for the
gaseous phase. The superficial velocities for all these flow rates were 0.008 — 0.025 m/s
in the liquid phase and 0.013 — 0.042 m/s for the gaseous phase. The liquid plug length,
pressure drop, gas bubble length, and film thickness over the range of superficial
velocities were comprehensively examined.

Fries et al. (2008) lastly reported that during analysis of the liquid plug lengths, a full
channel length was observed as having a constant plug length, excluding ethanol. It was
also found that the plug length increases with an increasing superficial liquid velocity
at a continuous gas flow rate. When the length of the gas bubble was examined, the
bubbles elongated because of the pressure drop. The length of the gas bubble was
graphically plotted versus the length of the reactor for ethanol-nitrogen. It was found
that the length of the gas bubble was dependent on the pressure and for a constant
superficial gas velocity of 0.042 m/s, an increase was seen in the overall liquid flow
rate, which resulted in a decrease in the length of the gas bubble.

The Kreutzer et al. (2005) model initially under-predicted the obtained data. The main
reason was Kreutzer et al. (2005) initially examined circular channels, but Fries et al.
(2008) worked on rectangular channels. Fries et al. (2008) compared the pressure drop
data to three already existing models that were based on the theory of Lockhart and
Martinelli (1949). The three models were the Chisholm (1967) model, Lee and Lee
(2001) model, and Mishima (1996) model. It was found that good agreements were
made with models that were based on micro-channels, but models that were developed

for a macro-scale over-predicted the pressure drop measurements.
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Fries et al. (2008) then measured the film thickness with LSM. The results for these
film thickness measurements were graphically compared with correlations that were
derived from past literature and included those proposed by Kreutzer et al (2005),
Bretherton (1961) and Kolb and Cerro (1991). It was reported that for a higher capillary
number, the gas bubbles would elongate and the related measurements became more
comparable to past literature. For much smaller capillary numbers (Ca < 0.001), the
corner film thickness was almost independent from the Capillary number. It was
confirmed that if Ca < 0.01, no significant changes could be observed in the film
thickness that reduced the capillary number. This also agreed with the initial
measurements of Kolb and Cerro (1991).

Narayanon and Lakehal (2008) analyzed both the Nusselt number and pressure drop for
bubble and plug flow via simulations that were conducted with a CMFD code
TransAT€, which was established at the ASCOMP. The simulations were performed
under axisymmetric conditions for single and two-phase flows with zero-gravity down-
flow and up-flow configurations. Furthermore, the simulations were compared to
experimental data of Chen et al. (2002).

Narayanan and Lakehal (2008) reported that for overall bubbly flow, an average Nusselt
number of 10.7 was obtained for all three cases with different orientations with respect
to gravity. For plug flows, an average Nusselt number of 15 was obtained, but a
discernible trend was present with respect to gravity orientation. In addition, the down-
flow case had a 4% higher average Nusselt number when compared to the case of zero-
gravity. The results were graphically presented by plotting the local Nusselt number
with the dimensionless channel length. For overall bubbly flow, the local Nusselt
number changed smoothly with a maximum at the gas bubble center, where the liquid
layer was squeezed. For overall plug flow, the local Nusselt number’s maximum value
occurred at the rear end, where the gap between the interfaces and wall was very small.
Orientation with respect to gravity is also played an important role in shifting the
location of breakup upstream for up-flow and resulted in a much larger breakup
frequency. Nusselt numbers were obtained of similar magnitudes as those from Monde
and Mitsutake (1995) and Ua-Arayaporn et al. (2005). The average Nusselt numbers

from the experiments of Narayanan and Lakehal’s (2008) simulations transported 3 to
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4 times more heat than single phase flows. Narayanan and Lakehal (2008) also proposed
a simplified model for Nusselt number that can be used for practical applications:

4

Nu ~ Nu, CPr®*Peg, (2.31)

Where Nu,, is the Nusselt number for completely developed single phase flow, with a
value of 3.67 for uniform wall temperature and 4.36 for uniform wall flux. The constant
Cis 0.022.

Muzychka and Awad (2008) presented three different methods for two-phase flow
modeling in both mini-channels and micro-channels. The first method was a series of
effective property models that were used for homogenous flows and consisted of
various models for density, viscosity, fanning friction factor and Reynolds number. The
second method was a new asymptotic model that was used for two-phase frictional
multipliers. It was developed by using an initial asymptotic analysis method introduced

by Churchill and Usagi (1972). The asymptotic model is:

ol (1Y F
¢ {1+(ij } (2.32)

1

¢;:[1+(x2)1*’ (2.33)
Where P has a value minimizing the root mean square (RMS) error between the model
predictions and the published data. The third method presented by Muzychka and Awad
(2008) to model two-phase flow in mini-channels and micro-channels, was a rational
bounds model used for the two-phase frictional pressure gradient. The model was
established by Awad and Muzychka (2007) and was previously detailed in this literature
review. The effective and efficient property models for viscosity were compared to
published data of Ungar and Cornwell (1992), Tran et al. (2000), Cavallini et al. (2005),
and Field and Hrujak (2007). The effective viscosity model that best predicted the
experimental data was the Maxwell Eucken 1l model, which had the lowest RMS error
of only (16.7% ):

(2.34)
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Both the asymptotic models and the mean bounds model developed by Muzychka and
Awad (2008) (Egs. (2.32), (2.33) and (2.30)) were compared to published data by
plotting two-phase flow multipliers against the Martinelli parameter X.

Muzychka et al. (2009) in the following years reviewed the problems of classic Graetz
flow, as well as heat transfer characteristics. Two different models were developed
using the asymptotic characteristics associated with plug and Poiseulle flows that could
be used for constant wall boundary conditions. The models were created using the
asymptotic correlation method of Churchill-Usagi for developing thermal Graetz flow.
For the slug flow, a dimensionless heat transfer model was given by Eq. (2.35). The
Poiseulle flow model mainly for dimensionless heat transfer was given by Eq. (2.36):

R

2
0| | 161 J{ 1) 236

E a

L3
In both Eqgs. (2.35) and (2.36), q* represents dimensionless heat transfer and L* the
dimensionless length. Muzychka et al. (2009) used Eqgs. (2.35) and (2.36), as well as

N w

heat transfer theory to prove that the best and only way in which thermal enhancement
could be achieved is if a desired change is made in the local velocity profile through
segmentation. It showed that the circulations in liquid plugs were the only mechanism
that causes heat transfer enhancement:

q :W (2.37)
L= (L./D) (2.38)
Pe,

Muzychka et al. (2009) compared the Egs. (2.37) and (2.38) to the already published
data. A comparison was graphically developed by plotting dimensionless heat transfer
against the dimensionless length. The data was initially produced by Oliver and Young
Hoom (1968), Horvath (1973), Narayanan and Lakehal (2008) and Prothero and Burton

(1961). The plots indicated that a much better scaling of the dimensionless data was
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obtained whenever the true wetted surface area and plug lengths were considered.
Muzychka et al. (2009) proposed a definite model to predict heat transfer for segmented

flow of laminar gas-liquid on wetted surface areas:

N

f

| w
)
wlN

2
q'=|| 224 +(i] (2.39)
NE

4L
Where L;* denotes the dimensionless plug length:

wn

~_mo, LK

L : (2.40)
4mc,

S

Walsh et al. (2009) investigated segmented flow under uniform wall heat flux
conditions. They conducted several experiments to test segmented flow, in a heated
section of a different stainless steel tube (2 m in length and 1.5 mm internal diameter).
The temperature measurements were taken with four k-type thermocouples and a FLIR
systems (IR) camera. Walsh et al. (2009) also presented a plot of time that averaged the
mean wall temperature rise with the overall distance from the tube’s entrance, for single
phase flow and three segmented flows with ratios of slug length to a diameter of 1.6,
5.7, and 14.3. The generalized trends for shorter slugs provided augmented heat transfer
over the entire testing section. Moderate length slugs could also result in the degradation
of overall heat transfer rates within entrance regions, and improve heat transfer in fully
developed regions. Longer length slugs could result in degrading heat transfer rates
throughout the entire system. The study was on heat transfer rates for segmented flows
with entrance region details.

Walsh et al. (2009) presented a plot for the local Nusselt number that was normalized
by the liquid wetted region against the inverse of the Graetz parameter Gz. The final
plot showed the slug flow could eventually degrade heat transfer within the entire
entrance region, however, it would typically augment heat transfer within the
completely developed region. Walsh et al. (2009) established a model for predicting the
local Nusselt number in segmented flows that already consisted of various deriving
expressions for the developing and completely developed regions. The entrance region
asymptote was derived by taking exact mean values between both plug and Poiseulle

flow limits:
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X(s,Ent)

D
NU :Nux(P,Ent)+L_|:Nu(pI,Ent)-Nu(p,Ent):| (241)

S

A completely developed flow limit was derived by adding the enhancement because of

slug flow to the Poiseulle flow limit:

Nux(

s,Dev)

D )2
=NUX ;e +31.5 O (2.42)

S

Walsh et al. (2009) combined two different asymptotic limits in Eq. (2.41) and (2.42)
by utilizing the asymptotic correlation method of Churchill-Usagi. The model

developed is:

1 n"
Nux(s)={<wuxm))n+(Nux<s_m))n} 003

Where the parameter n had a value of 10 and the model was in excellent agreement
experimental data. Walsh et al.’s (2009) findings help in providing a much greater
understanding of the overall physics associated with segmented flow.
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Chapter 3
Methodology

3.1 Introduction

This chapter presents the mechanism of heat transfer enhancement and heat transfer
coefficients in internal flow. The pressure drop that occurs in the pipe and basic relations
in two-phase flow are illustrated. The system configuration and apparatus is used to set

up the experiment are presented as well.

3.2 Mechanism of Heat Transfer Enhancement

The factors that enhance heat transfer rate in the two-phase flows of non-boiling are:
internal circulations present in the slugs that increase radial heat transfer rate, and an
increased slug velocity. Muzychka et al. (2011) demonstrated the first one to be valid,
and argued that by increasing the main convective heat transfer coefficient, (denoted as
h), greater heat transfer cannot be achieved due to the segmented flow having a
considerably smaller contact area than the single phase flow. Fig. 3.1 illustrates the

internal circulations that are caused by the shear forces in moving plugs.

(a)

(b)

Figure 3.1: Internal Liquid Plug Circulation (a) Hydrophobic Surface (b) Hydrophilic
Surface (Muzychka, 2011)

The internal circulations caused inside liquid slugs circulate liquid from the center to
the upper wall, where heat transfer can occur. This provides an efficient renewal
mechanism to the thermal boundary layer and causes an increased heat transfer rate.

Diffusion, however, is not important to the entire process; hence, the boundary layer
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continues to grow until and unless the circulation eye receives the generated heat.
Examples of uniformly segmented two-phase flows are shown in Fig. 3.2

D D D  Lid=4
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Figure 3.2: Gas-Liquid Slug Flows for Different Slug Lengths (Muzychka, 2011)

3.3 Heat Transfer Coefficients in Internal Flow

Similar to both externally forced and natural convection, the coefficient of heat transfer
can also be defined for internal flow. Unlike various external flows in which the
temperature of free stream remains constant (T,), the main temperature difference
between both the moving stream and wall does not stay constant over the entire length
of either the duct or channel. In duct or channel flow, the temperature difference
between walls and fluid can be characterized in several ways, such as

e Wall to Bulk Mean, T,,_T,,

e Walltoinlet, T,,_T;

e Meanwall toinlet, T,, — T;
The most accurate characterization should depend on the application. In single fluid
system like heat sinks, one of the best and simplest approaches is using the temperature
difference of wall to inlet. However, in two fluid systems, such as heat exchangers, one
of the better choices is employing the temperature difference of wall to bulk. The most
commonly used reference temperature for defining the coefficient of heat transfer in
internal flow can traditionally be explained in the context of bulk temperature:

J. I pcpwTdA

m= ” pcpwdA

(3.1)
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However, for both constant specific heat as well as density, the equation takes the

following form:
1
Tm=— || wTdA 3.2
WA‘” (3.2

Total heat flux gq,, can be directly related to the coefficient of local heat transfer
(denoted by h,) by of a definite characteristic temperature difference existing in the
overall local flow:

q,=h, (T,-T,,) (3.3)
Where T,, — T, is used for the temperature difference between the local wall and bulk.
In cases where a duct has a prescribed wall has a constant temperature, the overall heat
flux differs because of the changes occurring in the entire bulk temperature. In cases
where the duct has a prescribed wall flux remaining constant, the overall wall
temperature also varies. Hence, in these different applications, the following equation
applies:

q,,=hz(T,.-T,) (3.4)

In integrated analysis, employing the mean wall temperature in flux-related problems
and mean flux for specified temperature. One can also define a dimensionless local and
mean heat transfer coefficient or Nusselt number for constant wall temperature and the
constant heat flux of wall. The overall heat transfer rate is non-dimensionalized with
the Nusselt number and can be defined as:

( h(
RO K .
Where ¢ is used to represent a length scale that is related to the entire duct geometry.
The heat transfer coefficient is an important variable for heat transfer. Furthermore, it
is also unfortunate that many overuse and misuse this highly significant parameter. The
above equation shows a highly unnatural approach to non-dimensionalizing the
associated heat flux, since the temperature scale of wall to bulk fails in naturally
appearing in the main solution for either the temperature field or the heat flux. Both the
local as well as averaged heat fluxes can be simply obtained in this particular manner.
The temperature difference of wall to bulk undoubtedly holds a strong place in those

problems that are involved with the heat exchangers; however, single fluid devices
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including heat sinks and many other microfluidic devices where heat transfer typically
occurs from a single fluid are not necessary.

3.3.1 Constant Wall Temperature (T, = Constant)

When the entire wall of the duct is uniformly maintained to have a constant wall
temperature T,,, the following equations can be derived based on the mean fluid

temperature of wall to bulk:

q,(
Nu,=———A—— 3.6
e K(TW-Tm) (3.6)

__ 90
Nu=—12" 3.7
e K(TW-Ti) 3.7)

This definition is useful in the entire boundary layer region, for developing asymptotic

solutions. To calculate the Nusselt number, we integrate along the duct length:
— 1k
Nuc=E_([ Nu,dz (3.8)

It is often easier to employ heat exchanger theory for an isothermal wall to obtain the

mean Nusselt number, defined in terms of temperature difference of wall to bulk:
M:l-exp _ﬂ (39)
T.-T, mC,

The left side of the equation can further be written in terms of significant dimensionless

mean temperature of bulk:

0 = T, (3.10)
T-T,
Or
1-9m=1-exp(-hp—l_] (3.11)
mC,
By introducing the thermal duct length, L* = TV that is dimensionless and € being
Dh
an arbitrary length scale, we get:
Nu=— | X (3.12)
(P/A)L L6,

If h is defined on the basis of temperature difference of wall to bulk fluid, then this

requires the log mean of temperature difference:
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s (L), T)
T -T.
In W [}
[Tw 'To j

Where T, represents the outlet bulk temperature:

(3.13)

Q=hAATIn (3.14)

The mean Nusselt number becomes equivalent to:
mc: a
K ATIn

(3.15)

Where g= % represents the average heat flux. For a Nusselt that is defined on the basis

of the temperature difference of wall to inlet, we still use (T, — T;), i.e.,
Nui=———— (3.16)
Equation (3.6) can be expressed dimensionlessly:

\ qt

q :K(T_Ti) (3.17)

and

q= A (f) ) {1-exp£- NucL ﬂ (3.18)

L A/(Pf)

Equation (3.18) can be used in different applications to calculate the overall heat
transfer rate on the basis of wall to inlet temperature differences.

3.3.2 Constant Heat Flux (q,, = constant)

In many applications, especially when involving electric resistance heating, it might be
more practical to employ a constant boundary condition for heat flux. By maintaining a

constant flux at the wall, g,,, the Nusselt number can be defined as:

__ qwe
Nu = 7.7 (3.19)
Or
_oqw/
Nu, == (T T) (3.20)
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In the thermal boundary region, using a uniform and constant heat flux, the local Nusselt
number can be used to assume the wall to bulk fluid temperature increase and the entire

wall temperature distribution:

T =T +- W (3.21)
‘ KNu,
Where T, is found by a enthalpy balance:
T, =T+ 9Pz =T+z Gu/K K2 (3.22)
mC, A/PL

Where, by considering the overall expression mainly for the relationship with Nu the
local wall or the wall to bulk temperature difference can be determined. In case of single
fluid heat exchanger, the dimensionless wall temperature:
_ (T T)K

qw/(

AT,

w

(3.23)

3.4 Basic Relations in Two-Phase Flows

In this section, common equations to analyses the experimental data of two phase flows
are presented:
3.4.1 Mass Flow Rate

Mass flow rate (m) is the mass of a substance passing per unit of time. In the
experiment, the two phases flow are water, glycol, and air. The mass flow of two phases
is:

rhtotaI: m|+ mg (324)

Where 1 is the total mass flow rate for water and gas, m, is the mass flow rate of liquid,

and ni is for gas. The mass flow rate can also be defined as:

Mg :pQZpUA (3.29)
Where Q is the volume flow rate, p is the mass density of the flowing fluid, U is denotes
the flow velocity of various mass elements, and a denotes the cross-sectional vector

area.
3.4.2 Mass Flux

The mass flux (G) is the rate of mass flow per unit area. Mass flux can be defined as:
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G=—="—""=pU 3.26
AT AP (3.26)

The combined mass flux of two-phase flow can now be defined as:
Gtotal = G| +Gg (327)

3.4.3 Mass Fraction

The mass fraction (x) is the ratio of one fluids mass flow rate to the total mass flow rate

of the entire mixture ( m;,:4;)- The mass fraction can be defined as:
rhl

,+m,

X= ———=

: (3.28)
m

total

Thus, when x is 0, only i, is present. However, when x equals 1, m; is present.

3.4.4 Void Fraction

The void fraction ( @) is parameter for characterizing two-phase flow. It is important
to determine several important parameters, including two-phase density and two-phase
viscosity. It is also used in several models to predict flow pattern transitions, heat
transfer, and pressure drop. There are three different expressions used for determing
void fraction, shown below:

L
a =—2 3.29
Chordal I—g + L| ( )

Where L, is the length of air phase, and L, is length of liquid phase. Also,
g =t (3.30)
A - A
Where A, the cross-sectional area of the air is phase and 4, is the cross-sectional area
of the channel in liquid phase. Also,

_ Y% (3.31)
Oy, — .
Vol Vg +\/|

Where V is the volume of the channel with air and V; is the channel volume with liquid.

Three cases for void fraction are presented in Fig. 3.3
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1. Chordal Void Fraction

2. Cross- Sectional Void Fraction 3. Volumetric Void Fraction
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Figure 3.3: Geometry of Void Fraction

The volume of fractions for each of phase is employed for finding the phase velocities:

u:i:Ql/A: Gl
Y1a 1 pl(l-a)
u :&_%_GZ
*a o 0}

The slip ratio considering both mass fluxes and mass quality is:

_U, _ p.x(1-a)
u, p,(1x)
The expressions for the volume fraction as a function of slip ratio is:

:;

1+5(Q,/Q;)

o 1
1+S(1_Xj )
X )Py

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)



3.4.5 Volumetric Flux

The volumetric flux (represented by j) is the total rate of volume flowing across a unit

area and the volumetric flux is:

j_;__:u (3.38)

The total volumetric flux of both liquid and air becomes is:

_Q*Q,

Jtotal -

=U,+U (3.39)
| g9

The volumetric quality (£) is defined in a similar manner to that of the mass quality,
however, it uses the specific component of volumetric flow rates instead of mass flow
rates and can be represented numerically by:

Q,

=g,

(3.40)

3.5 Pressure Drop

The pressure drop for any fluid is caused by variation in potential energy and kinetic
energy, as well as friction present on the walls of the flow channel. Two-phase pressure
drops for flows inside tubes are the sum of three different contributions including the

static pressure drop, APsqq ., frictional pressure drop, APfyiction, @and momentum

pressure drop, AP omentum :

APtotal :APfriction +APstatic +AP, momentum (3 ' 41)
or
dP_P d( 1
-——=—r1,_+p_gsin(0)+G* —| — 3.42
= s nasin(0) 5 o L @42
Static pressure drop for a homogenous two-phase fluid is:
AP, =p,g Hsin(0) (3.43)

Where H shows vertical height, 6 is angle with respect to horizontal position, g is
gravitational force, and p,,, is mean density of both phases. The mean density for both
phases can be calculated by either void fraction, solid fraction or liquid fraction of the

dispersed phase. The mean density of the two-phases (both liquid and air) is:
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pm=(1-0)p, +ap, (3.44)

The mean density for liquid and air depends on the mass fraction:

-1
o =|1X. X (3.45)
pl pg

Where p, is for density of liquid and p, is density of air. The momentum pressure
gradient per unit length of tube is:
APmomentum :G2 i(ij (346)
dz\ p,,

The problematic term is the frictional pressure drop, which is expressed as an function
two-phase (liquid and air) friction factor (f) and for steady flow a channel with a cross-
sectional area expressed as:

PL  2fp, U,
ricion . a tw T o~

A D.

AP, (3.47)

Where L represents the length of the channel, and D; represents the internal diameter of

the tube. The friction factor can be expressed as:

0.079
Where
Re=PnUnDi (3.49)
My

Where pu,, represents the total mixture viscosity for both phases. It has different
formulas which are dependent on the application, i.e. liquid-liquid, gas-liquid and solid-
liquid mixtures. Common formulas in gas-liquid are the Cicchitti, McAdams and the
Dukler models.

e McAdams Model:

41
w=| XX (3.50)
TR
e Cicchitti Model:
B = (1) by +xpt (3.51)
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e Dukler Model:
B - l:(l-x)& X ﬁ} (3.52)
Pm Py Pyq
For horizontal tube, no change is observed in static head, i.e. 8 = 0 and H= 0; hence,
Apsiatic 1S €qual to zero. For adiabatic flow, if x = constant, then, Ap,omentum 1S €qual
to zero. The two-phase pressure drop for a horizontal tube can be defined as:

_PL 2P, U,
riction A w D

AP,

total

AP, (3.53)

Where sin(6) is equal to 1, suggesting the tube is present in a vertical position; hence,
the drop in momentum pressure is the change in kinetic energy of flow and can be

expressed as:
v \? 2 VY 2
APmomentum =Gt20tal (1 %o ) + % - (1 % ) + al (354)
pl(l_a’o) pga‘o pl (l-a‘i) pga‘i

Where Ggorq 1S the total mass flux, both x, and x; represent the outlet and inlet of mass

friction, and «, and «; represent the outlet and inlet of volume friction.

3.6 Dimensionless Parameters

Dimensionless numbers are commonly employed for placing two-phase flow data into
efficient and convenient forms. These include Laplace, Reynolds, Capillary, E6tvos,

Bond, Weber, Nusselt, Froude and Prandtl numbers.

3.6.1 Reynolds Number

Reynolds number (Re) is basically a dimensionless quantity for predicting similar flow
patterns but in different fluid flow conditions. The Reynolds number is the total ratio of
inertial forces to viscous forces and, is useful for quantifying the relative significance
of these two forces. Reynolds number can be expressed as:
Re:@ (3.55)
1l
Where U represents the velocity of the object relative to flowing fluid, D is diameter of

the tube, u is dynamic viscosity and p is fluid density.
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3.6.2 Capillary Number

The capillary number (Ca) represents the relative effect of various viscous forces and
the surface tension that acts across an interface between a liquid and gas, or between
two immiscible liquids:

ca=tY (3.56)
(e}

Where pu represents the dynamic viscosity of flowing liquid, U represents the
characteristic velocity and o represents either surface or interfacial tension between two

different phases.

3.6.3 Eotvos Number

Eotvos number (Eo) is a dimensionless number used for characterizing the overall
shape of bubbles and drops moving in a fluid. The Edtvds number can be expressed as:

_ Apgl?® gL? (Prpg)
=== S

Eo (3.57)

Where Ap is the difference in density of two-phase flow (pl — pg), L represents the

characteristic length, o is the surface tension and g is gravity.
3.6.4 Bond Number

The Bond number is a measure of surface tension forces compared to body forces. A
higher Bond number shows that the entire system is unaffected by surface tension
effects and a lower number shows that surface tension greatly dominates. The Bond
number can be expressed as:

_Apal?_al’(p-py) gl (py-py)
- (0} - (0} - (¢}

Bo (3.58)

3.6.5 Laplace Number

The Laplace number (La) represents a ratio of surface tension to momentum-transport

inside a fluid and can be represented by:

la= |—°% (3.59)

oL (py-p, )
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Where Ap represents the difference in density of two-phase flow (pl - pg), g represents

gravitational force, L is the characteristic length, and ¢ is the surface tension.

3.6.6 Weber Number

The Weber number can be expressed as:
pU’L
(¢

We= (3.60)

Where p is fluid density, U is fluide velocity, L represents the characteristic length, and

o represents surface tension.

3.6.7 Froude Number

The Froude number (Fr) represents the ratio of velocity to the gravitational wave
velocity. The Froude number can be used to determine the resistance of a submerged
object (partially) that moves through water, and also permits the comparison of various
other objects of various sizes. The Froude number can be expressed as:

= (3.61)

3.6.8 Prandtl Number

The Prandtl number (Pr) is the ratio of momentum diffusivity to thermal diffusivity:

C
Przﬁz% (3.62)
o

Where

:L (3.63)
pC,

Where 9 represents the kinematic viscosity, wpis dynamic viscosity, a is thermal

diffusivity, k is thermal conductivity, c, is specific heat, and p is density.

3.7 System Configuration

The system contains several different types of subsystems used for obtaining segmented
two-phase plug flow. The system configuration is illustrated in Fig 3.4.
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Figure 3.4: System Configuration
3.7.1 Flat Plate Collector (Residential Serpentine) and Light Table

A flat plate collector absorbs heat simply by absorbing solar radiation. The components
of a flat plate collector include solar glass, powder-coated aluminum frame, Al-absorber
sheet, mineral wool insulation, collector pipe, highly-selective absorber coating, secure
glass fixing, meander tube (series type), and revolving groove for assembly. (The flat
plate collector specifications can be found in Appendix A).

The flat plate collector used in this thesis had a specific cross sectional area and absorber
area of 2.15 m? and 2 m?, respectively. The Fig. 3.4 illustrates the solar collector that

used in research
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Figure 3.5: Serpentine Design of Flat Plate

A halogen light (2500 w) is attached at the top of the flat plate collector, with a table,
to supply a constant heat flux. The components of the light table include:
e A wooden frame structure, with dimensions of 1.82x 1.09 x 0.11 m and nine
legs. The dimensions of each of table leg are 0.23 x 0.04 x 0.04 m.
e A reflectix is placed inside the wooden frame to reflect the light that reflects
from the flat plate collector surface.
e Eight halogen lights simulate the sun in the laboratory. The total supplied power
is 2500 watts. The light table is illustrated in Fig.3.6

Figure 3.6: Light Table
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3.7.2 Turbine Flow Meter and Principle of Operation

Turbine flow meters measure the specific velocity of liquids, gases and vapors in the
pipes, including chemicals, hydrocarbons, cryogenic liquids, water, air, and industrial
gases. The sensor consists of rotor assembly supported on a shaft that is held in place
by triple tube clusters and by locking nuts within the flowmeter housing. The rotor spins
on a ceramic ball bearing that is self-lubricated. A magnetic pickup coil is attached to
the outside of flow meter housing.

A lower mass rotor design allows a highly rapid dynamic response. The deflector cones
are used for eliminating the downstream thrust on the rotor. It also allows the dynamic
positioning and orientation of the rotor to be between the deflector cones. The dynamic
positioning of the lower mass rotor helps in providing a wide range of capabilities, as
well as long bearing life compared to traditional turbine flowmeters. Straightening tubes
of integral flow aim to minimize the overall effects of the upstream flow turbulence.
Every rotor blade that passes the pickup coil actively generates a strong electrical pulse.
The overall frequency of these electrical pulses is directly proportional to the overall
flow rate. Summation of the pulses measures the total liquid volume that passes the
meter. The total number of electric pulses per unit of the volume is known as the
calibration factor. The calibration factor is used to calculate the flow rate and the total

amount of flow.

3.7.3 Centrifugal Pump

Major applications of centrifugal pumps include booster service, water circulation,
general purpose pumping, spraying systems, and liquid transfer. Centrifugal pumps are
used for transporting fluids by converting rotational kinetic energy into hydrodynamic
energy. Rotational energy typically is from an engine or electric motor. The fluid enters
the pump impeller along or near the built in rotating axis and is then accelerated by an
impeller and flows radically into a diffuser (volute chamber).

Both the inlet and outlet of the pump is reduced with 0.5 inch barbed hose connections.
The barbed hose connections connect the outlet of pump with the inlet of 4-way
connections, and to connect the outlet of the flow mater with the inlet of the pump. A

XFC2002-0B Micro-Inverter is used to control the pump speed.
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3.7.4 Fluid Reservoir

The reservoir is a domestic water tank. The reservoir has three connections on the top
and one on the bottom side. One of the three top connections is used for filling the tank,
the second connection is used for the return line from the solar heating system. A
temperature sensor and pressure relief valve is also installed at the top. This valve is
used to protect the tank from explosions that can be caused by reductions in the
temperature and pressure in the tank. The bottom connection is used for joining the
main line feeding the pump. The main outlet of the quick connection is connected to the

flowmeter inlet and the outlet of the flowmeter is connected to pump inlet.

3.7.5 Intermediate Tubing

PVC tubing is providing the required flexibility and clarity. The dense bore helps to
maximize the flow rate and reduce sediment build-up. There were two types of
intermediate tubing used in this experiment, black plastic tubing and clear PVVC tubing.
Black plastic tubing (0.0127 m) is used to connect the reservoir inlet to the pump inlet.
Clear PVC tubing (0.0127 m) is used to connect the outlet of the pump to the 4-way
connection inlet (i), the 4-way connection outlet (i) is connected to ball valve inlet (i),
ball valve outlet (i) is connected to the flowmater inlet, the flowmater outlet is connect
to the air injection manifold inlet. Clear PVC tubing (0.0097 m) connects the air
injection manifold outlet to the solar collector inlet, the solar collector outlet is
connected to the 4-way connection inlet (ii), the 4-way connection outlet (ii) is
connected to the ball valve inlet (ii), and the ball valve outlet (ii) is connected to the

reservoir outlet.

3.7.6 Air Injection System

The air injection system used in the experiment includes that a compressor,
microcontroller and air injection manifold. Component configuration of the air injection

system is illustrated in Fig.3.7.
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Figure 3.7: Configuration of Air Injection System

3.7.6.1 Compressor and Air Hose

The compressor used in air injection system is a Campbell-Hausfeld 8 Gallon
compressor, and has a 125 psi maximum rating with a power of 120v. The air hose has
two universal quick connections to join the compressor and air injection manifold. The
diameter of the air hose is 0.0095 m. The compressor specifications are presented in
Appendix B.

3.7.6.2 Injection Manifold

The air injection manifold used in the experiment consists of several components. The

component configuration is illustrated in Fig. 3.8

Figure 3.8: Injection Manifold
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Table 3.1: Components of the injection manifold

Item No. [The name of the item (Unit)Inch)
1 %" Pneumatic Quick-Connect
2 %" NPT Check Valve
3 %" Male-1/4" Female-Inch - BSP-Bushing length 15mm Brass Pipe Fitting
4 Y4" NPT Solenoid Valve
5 Y," Brass Male and Male Coupling-NPT
6 3 Hose Barb
7 Yo" NPT-T-Junction
8 " Female PipeThread- %" Male Pipe Thread Brass Coupling
9 %" NPT Check Valve
10 ¥%" Hose Barb

3.7.6.3 Solenoid valve

The solenoid valve used in this thesis is an Omega-Flo 2-Way General Purpose

Solenoid. The basic components of the solenoid valve are presented in Fig. 3.9.

Figure 3.9: Solenoid Valve Components

Table 3.2 Components of the Solenoid Valve

Number of Item Name of Item

Valve Body
Inlet Port
Outlet Port
Coil/Solenoid
Coil Windings
Lead Wires
Plunger
Spring
Orifice

OO NO|OTHD|WIN -
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3.7.6.4 PIC Controller

A PIC Microcontroller controls the solenoid valve in the air injection manifold. The
PIC Microcontroller is considered the most important and most efficient component
since it can control the total amount of air entering into the Flow-conducted. The PIC
Microcontroller was connected with two potentiometers control the liquid length, and

length of air bubbles.

3.7.7 Data Collection Subsystem

A Keithley 2700 Multimeter is used for data acquisition of pressure, temperature and
flow rates at several locations in system. T-type probes for temperature are installed in
three positions throughout the system. One of the T-type probes is installed close to the
entrance of the solar collector to measure inlet temperature, one is installed at the exit
of the solar collector to measure outlet temperature, and one is installed inside of tank
to measure liquid temperature inside the tank. Two Amplified Voltage Output Pressure
transducers (PX176) measure the inlet and outlet liquid pressure. A EXTECH 382200

series power supply was used for providing excitation to Keithley 2700 Multimeter .

3.7.8 Setup and Operation of Experiment

The domestic water tank has three connections on the top and one on the bottom side.
One of the three top connections was used for filling the tank, the second connection is
used for the return line from the solar heating system. A temperature sensor and pressure
relief valve was also installed at the top. This valve was used to protect the tank from
explosions that can be caused by reductions in the temperature and pressure in the tank.
The bottom connection is used for joining the main line feeding the centrifugal pump.
The main outlet of domestic water tank was connected to inlet of the centrifugal pump
by using black plastic tubing (0.0127 m) and outlet of the centrifugal pump was
connected to inlet of ball valve (i) by using clear PVVC tubing (0.0127 m). The outlet of
ball valve (i) was connected to inlet of the flowrate by using PVC tubing (0.0127 m).
The two 4-way connections were used to install two T-type probes for temperature for
measuring inlet and outlet temperature from solar thermal collector and two Amplified
Voltage Output Pressure transducers (PX176) for measuring inlet and outlet pressure

from solar thermal collector. These sensors were connected to a Keithley 2700
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Multimeter. The outlet of flowrate was connected to the inlet of 4-way connections (i)
by using PVC tubing (0.0127 m). The outlet of 4-way connections (i) was connected to
inlet of ball valve (ii) by using PVC tubing (0.0127 m) and outlet of vale (ii) was
connected to inlet of T-juctution by using PVC tubing (0.0127m). The outlet of t-juction
connected to entrance of solar thermal collecter by using PVC tubing (0.0097 m). The
purpose of using t-juction was that connecting the air injection system with the Flow-
conducted. The air injection system used in the experiment includes that a compressor,
microcontroller and air injection manifold. The type of compressor used in air injection
system is a Campbell-Hausfeld 8 Gallon compressor, and had a 125 psi maximum rating
with a power of 120v. The compressor used to provide the system with air. The air hose
had two universal quick connections to join the compressor and air injection manifold.
The diameter of the air hose was 0.0095 m. The air injection manifold used in the
experiment consists of several components. The component configuration is illustrated
in Fig. 3.8. The type of solenoid valve used in air injection manifold was an Omega-Flo
2-Way General Purpose Solenoid. This valve was controlled by using a PIC
Microcontroller. The PIC Microcontroller is considered the most important and most
efficient component since it can control the total amount of air entering into the Flow-
conducted. The PIC Microcontroller was connected to two potentiometers control the
liquid length, and length of air bubbles. During the single-phase experiments, the
solenoid valve remained close while the experiment was running. However, for the two-
phase flow, the solenoid valve was opening and closing at certain time intervals during
the experiment. Water and glycol have been used in these experiments for both single
and two-phase flow. Each experiment ran for 30 minutes, the mass flow rate, inlet and
outlet pressure and temperature readings were recorded in specified time intervals.

In the Single-Phase experiment, the liquid (water or Glycol) was pumped to the system
using the centrifugal pump from the domestic water tank, the liquid then transferred to
the Ball Valve that was used to switch the liquid on and off. After that, the liquid
transferred through Flowmeter that recorded the readings of the mass flow rate. In the
next step, the liquid reached Four-way connection (i) that included two sensors, pressure
sensor and temperature sensor. These sensors are used to measure and record the
readings of the Inlet pressure and temperature of the liquid and transfer it to the Data

Acquisition system. The liquid then passed through the solar thermal collector that was
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used to heat the liquid using Light Lamps, after that, the liquid outlet from the solar
thermal collector and went through four-ways connections (ii) that is used to measure
and record the readings of the outlet pressure and temperature and transfer it to the Data
Acquisition system. The liquid then return to the domestic water tank to start new cycle
in the system.

In the Two-Phase, the liquid was (water or Glycol) pumped to the system using the
centrifugal pump from the domestic water tank, the liquid then transferred to the Ball
Valve that was used to switch the liquid on and off. After that, the liquid transferred
through Flowmeter that recorded the readings of the liquid velocity. In the next step,
the liquid reached Four-way connection (i) that included two sensors, pressure sensor
and temperature sensor. These sensors are used to measure and record the readings of
the Inlet pressure and temperature of the liquid and transfer it to the Data Acquisition
system. In the next step the liquid reached T-junction that is used to mix the liquid with
the air that is generated from Air Injection System. Then, the segmented flow passed
through the solar thermal collector that was used to heat the liquid using Light Lamps,
after that, the liquid outlet from the thermal collector and went through four-ways
connections (ii) that is used to measure and record the readings of the outlet pressure
and temperature and transfer it to the Data Acquisition system. The liquid then return
to the domestic water tank to start new cycle in the system.

3.7.9 Fluids

The working fluids used in all experiments were water, glycol, and air.
Table 3.3. The properties for water, glycol and air

Parameter (Unit) Value Parameter (Unit) Value
Cp[Water] (J/kg.K) | 4130 Cp[Glycol] (J/kg.K) | 2428.46
K[Water] (W/m.K) | 0.59 K[Glycol] (W/m.K) | 0.258
p[Water] (Kg/m?) 1000 p[Glyco] (Kg/m?) 1115

o[Water] (N/m) 0.073 o[Glycol] (N/m) 0.048

u[Water] (Pa.s) 0.001 u[Glycol] (Pa.s) 0.0169

p[Air] (Kg/m3) 1.18 u[Air] (Pa.s) 1.81e~>

Dr[Collector] (m) 0.010922 Lr[Collector] (m) 18.88
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Chapter 4

4.1 Introduction

In this chapter, the experimental data for single and two-phase flow is presented.
There are two sets of data for single and two-phase flow. For single-phase flow, the
working fluid used for the first set was water and glycol for the second set. For two-
phase flow, the working fluid was water-air for the first set and glycol-air for the second
set. In the first set of data, three experiments are conducted for single and two-phase
flow with a constant flow rate. The experiments conducted in the second set are four
experiments for single and two-phase flow with a constant flow rate as well and six

experiments conducted with different types of liquid void fraction (a;).

4.2. Data analysis

After the experimental setup was completed several experiments were conducted at
different flow rates, and experimental data was collected at each flow rate. The
experimental data was used to calculated several variables, such as the rate of heat
transfer (Q), tank temperature slope, average bulk temperature, time required for raising
the tank temperature from Tyinimum 10 Tmaximum, €NErgy gained by the tank (E) and
enhancement ratio.

The rate of heat transfer in the collector is calculated by Eq. (4.1):
Q=rc, (T,-T;) (4.1)

Where 71 is the mass flow rate of the working fluid, c,, is the specific heat of the working
fluid, T, is the outlet temperature of the working fluid from the solar thermal collector,
and T; is the inlet temperature of the working fluid to the solar collector.
The slope of the tank temperature is calculated by using Eq. (4.2):

AT Tf 'Ts

== 4.2
Tank At tf -t ( )

S

Where Ty is the tank temperature at the final point in the experimental data, T is the
tank temperature at the starting point of the experiment, t; is time at the final point in

the experimental data, and ¢, is time at the starting point of the experiment.
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The average bulk temperature of the solar thermal collector is given as Eq. (4.3):

= T4,
Teuk = O; ' (4.3)

Where T, is the outlet temperature of the working fluid from the solar thermal collector,

and T; is the inlet temperature to the solar thermal collector.
The time required for heating the temperature of the tank from T,,;, t0 Tpqx Can be
calculated by using Eq. (4.4):

TR — Tmax _Tmin (44)

STank
The average heat transfer rate into the tank during each experiment is calculated by
using Eq. (4.5):
: AT
E=pcV — 4.5
PeY — (4.5)

Where p is the density of the working fluid, c,is the specific heat of the working fluid,

V is the volume of the working fluid inside the tank, and % is the slope of the tank

temperature rise.
Also, the enhancement ratio of two-phase flow is defined as the ratio between the rate
of heat transfer for two-phase flow and the rate of heat transfer for single-phase flow at

a constant flow rate. The enhancement ratio of two-phase flow is calculated by Eq. (4.6):

Enhancement,, s = Oroone (4.6)
QSingIe—Phase

4.3 Single and Two-Phase Flow in a Solar Collector with Water

The first experiment is conducted with a flow rate of 1.562 L/min. As illustrated in Fig.
4.1-a, the outlet temperature increases considerably from 25°C to 30°C between O s to
101 s and between 101 s to 1152 s the outlet temperature rises slowly from 30°C to 32°C
for two-phase flow. For single-phase flow, the outlet temperature increases suddenly,
from 19.9°C to 21.9°C between 0 s and 80 s, and from 80 s to 1152 s the outlet
temperature increases slightly from 21.9°C to 24.0°C. The sudden increase in outlet

temperature that occurs in both cases, single and two-phase flow, at the beginning of
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the experiment was due to the experiment stabilization. The inlet temperature in both
cases remains constant. The difference between outlet and inlet temperature (AT) in
both cases also remains constant during the experiment, except at the beginning when
the experiment is not stable. The reason is that the amount of heat transmitted from the
surface of absorption to the fluid during the flat plate collector is constant. Fig 4.1-b
shows that the temperature difference for two-phase flow (AT;p) is higher than the
temperature difference for single-phase (ATsp), with an average value of 8.38°C and
8.36°C for two and single-phase flow, respectively. The difference between temperature
in both single and two phase-flow (AT;,tq:) IS approximately 0.02°C. Fig. 4.1-c
illustrates that the heat transfer rate (Qrp) increases dramatically, from 126.0 W to
786.8 W between 0 s to 121 s, and from 121 s to 1152 s the heat transfer rate increases
from 786.8 W to 924.2 W for two-phase flow. For single-phase flow, there is a
substantial increase in the heat transfer rate (Qsp) from 521.9 W to 753.2 W between
0 sto 80 s, while between 80 s to 1152 s the heat transfer rate rises slightly, from 753.2
W to 896.7 W. As illustrated in Fig 4.1-c, the heat transfer rate (Q;p) for two-phase
flow is higher than the heat transfer rate (Qsp) for single-phase flow, with an average
value of 920.02 W and 883.17 W for two-phase and single-phase, respectively. The
difference between the heat transfer rate (AQ) in both single and two-phase flow is

approximately 36.85 W. The heat transfer enhancement of two-phase flow is approxia.
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Fig.4.1. Thermal effectiveness at 1.552(L/min) for (a) inlet and outlet temperature, (b)
temperature difference, and (c) heat transfer rate
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The flow rate used in the second experiment is 2.062 L/min. Fig. 4.2-a shows the
relationship between the inlet and outlet temperature. The outlet temperature increases
gently from 26°C to 28.1°C between 0 s to 1173.0 s for two-phase flow. For single-
phase flow, there is a sudden increase in outlet temperature at the start the experiment,
from 19.6°C to 20.8°C, between 0 s to 40.4 s. From 40.4 s to 1173.0 s the outlet
temperature increases gradually from 20.8°C to 24.8°C. Between 0 s to 1173.0 s, the
inlet temperature is relatively stable during the experiment for two-phase flow, with a
value of 20.8°C, while there is a gradual increase in inlet temperature, from 15.8°C to
18.5°C, between 0 s to 1173.0 s, for single-phase flow. Part (a) also shows that the
difference between inlet and outlet temperature remains approximately unchanged in
both cases of single and two-phase flow during the experiment, with average values of
7.19°C and 6.311°C for two and single-phase flow, respectively. The cause is the heat
transferred from the flat plate collector to the fluid that is passing through the collector
at a constant rate. The relationship between the temperature differences in single and
two-phase flow, with the time when the flow rate is 2.062 L/min is shown in Fig. 4.2-
b. During the period between 0 s to 1173.0 s there is a gradual increase in temperature
difference from 6°C to 7.2°C for two-phase flow. For single-phase, the temperature
difference increases considerably, from 3.4°C to 5.7°C, between 0 s and 121 s while
there is a small increase in the temperature difference from 5.7°C to 6.4°C over the
period between 121 s and 1173.0 s. Furthermore, the temperature difference for two-
phase flow is higher than the temperature difference for single-phase flow, with an
average value of 7.19°C and 6.31°C for two and single-phase flow and the difference
between temperature difference in both cases (AT;,:4;) iS approximately 0.88°C. As can
be noted from the relationship with the heat transfer rate, there is a gradual increase in
the heat transfer rate from 854 W to 1030 W between 0 s to 1173.0 s for two-phase
flow. For single-phase flow, there is a significant increase in the heat transfer rate, from
546 W to 807.3 W between 0 s and 121 s and from 121 s to 1173 s, the heat transfer
rate rises slightly from 807.3 W to 903.4 W, although the heat transfer rate for two-
phase flow is higher than in single-phase flow, with an average value of 1020.0 W and
898.24 W for two and single-phase flow, respectively. Also, Fig. 4.2-c shows that the
difference between the heat transfer rate (AQ) in both cases, single and two-phase flow,

is approximately 121.8 W. The heat transfer enhancement of two-phase flow is 1.14.
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Fig.4.2. Thermal effectiveness at 2.062 (L/min) for (a) inlet and outlet
temperature, (b) temperature difference, and (c) heat transfer rate

Fig. 4.3-a in the third experiment, when the flow rate is 2.516 (L/min), illustrates the
transient relationship between inlet and outlet temperature for single and two-phase
flow. The outlet temperature increases slowly from 27.7°C to 28.7°C for two-phase flow
between 0 s and 890 s and the inlet temperature is relatively stable during the
experiment, with an average of 23.15°C. The outlet temperature for single-phase shows
the same behavior for two-phase flow, and there is a small increase in outlet
temperature, from 23.4°C to 25.2°C between 0 s to 890 s, while the inlet temperature for
single-phase flow remains approximately unchanged during the experiment, with a
value of 19.9°C. Furthermore, as can be seen from Part (a), the difference between inlet
and outlet temperature (AT) in single and two-phase flow is relatively constant during
the experiment, with a value of 5.4 and 5°C for two-phase and single-phase,
respectively. The heat transferred from absorber to fluid with a constant rate during the
solar collector and the difference between temperature difference in single and two-
phase flow (AT;,:q;) IS approximately 0.4°C. Fig. 4.3-b shows that from 0 s to 890 s
there is a gradual increase in the temperature difference for two-phase flow from 4.6°C
to 5.5°C. There is a sudden increase in the temperature difference for single-phase from
3.8°C to 4.5°C, between 0 s and 101 s, while from 101 s to 889.7 s the temperature
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difference rises gradually from 4.5°C to 5.1°C. Also, Part (b) illustrates that the
temperature difference for two-phase flow is higher than that the temperature difference
for single-phase flow, with a value of 5.4°C and 5.0°C for two-phase and single-phase
flow, respectively. Fig. 4.3-c shows the relationship between the heat transfer rate in
both cases, single and two-phase flow, and time when the flow rate is 2.516 L/min.
From O s to 890 s, the heat transfer rate increases from 791.8 W to 949.5 W for two-
phase flow. For single-phase flow, there is a significant increase in the heat transfer rate
from 662.4 W to 798.6 W between 0 s to 121 s and from 121 s to 889.7 s the heat
transfer rate rises slightly from 798.6 W to 889.4 W. Part (c) also shows that the heat
transfer rate for two-phase flow is higher than the heat transfer rate for single-phase
flow, with an average value of 937.16 W and 881.63 W for two-phase flow and single-
phase flow, respectively. Also, the difference between the heat transfer rate in both
cases(AQ), single and two-phase flow, is approximately constant during the
experiment, with a value of 55.52 W. The heat transfer enhancement of two-phase flow
is 1.06.

As illustrated in Figs. 4.1-4.3 the two-phase flow system is better than the single-phase
flow system. This is because of the two major effects in the further enhancement of the
heat transfer rate in the two-phase flows of non-boiling: the internal circulations present
in the slugs that eventually lead towards a much greater radial rate of heat transfer, as

well as an increased slug velocity.

31

29

‘EQO000000000000000000000000000000000000000000
*

N
~

N
w

AAAAAAAAAAL
AAAAAAAAAAAAL
AAAAAAAAAAAAAAAAAA

A
A

L
SIS NESEEEEEEEEEESENEEEEEESEEEEEENEEEEEEEEEEEEER

Temperature (°C)
N N
= w

[E
(\e]

e Single-Phase Inlet

4+ Single-Phase Outlet
17 = Two-Phase Inlet

¢ Two-Phase Outlet
15

0 200 400 600 800 1000
Time (s)

(@)

58



AT (°C)

Heat Transfer Rate (W)

6.0

5.5 T “““““,0
PR
[ ““‘.00000 - .
5.0 A .00.000“ AAAAAAAAAAAAA
[ oo’ N AAAAAAAA
L e AaAaatana
4.5 st AAAAAAA
.5 4 A
L A
R
- A
4.0 T
3.5 A 4 Single-Phase
+ Two-Phase
3.0 —_—t
0 200 400 600 800 1000
Time (s)
(b)
1000
950 +
C IR X N
oo o“‘ ’
900 + PR
oo“““ AAAAAAAAAAAA
850 + sovett? T
ot A Aagat A
“‘ A, A, , A 4
3
[ oo A AAA
800 S WA
[ A
[ A
750 ;A
F A
700 +
N 4 Single-Phase
650 + + Two-Phase
600 —_—r
0 200 400 600 800 1000
Time (s)

(©)

Fig.4.3. Thermal effectiveness at 2.516 (L/min) for (a) inlet and outlet
temperature, (b) temperature difference, and (c) heat transfer rate

59



Table 4.1: Summary of results for single-phase (water) and two-phase flow (water-air)

experiments.

Type of 0 m

Test Experiment (L/min) (kars)

ATc (OC) Qc (W) EnhTwu—Phase EnhTwo—Phase%

1a Single-Phase 1.527 0.0255 8.36 883.17

1.04 4.2
1p Two-Phase 1.595 0.0266 8.38 920.02
2a Single-Phase 2.068 0.0344 6.31 898.24

1.14 13.6
2p Two-Phase 2.057 0.0343 7.19 1020.01
3a Single-Phase 2.559 0.0426 5.01 881.63

1.06 6.3

3p Two-Phase 2.473 0.0411 541 937.16

4.4 Single and Two-phase Flow in a Solar Collector with Glycol

Four experiments are conducted by using glycol for single-phase and glycol-air for two-
phase flow with a constant flow rate in each case, single and two-phase flow, with an
average flow rate of 0.6, 1.7, 2.1, and 3 L/min.

The first experiment is conducted when the flow rate is 0.653 (L/min) and Fig. 4.4-a
illustrates the relationship between the inlet and outlet temperature in both cases with
time. The outlet temperature increases considerably from 44.8°C to 49.5°C for single-
phase flow between 0 s and 152 s and from 152 s to 1763 s the outlet temperature rises
slightly, from 49.5°C to 57°C. For two-phase flow, the outlet temperature increases
suddenly from 30.5°C to 33.6°C between 0 s to 121.3 s and there is a gradual increase
in outlet temperature from 33.6°C to 45°C, between 121 s to 1760 s. The inlet
temperature for single-phase remains constant between 0 s to 395.3 s, with a value of
40.9°C and there is a small increase in the inlet temperature from 40.9°C to
48.5°C between 395.3 s and 1763 s. For two-phase flow, the inlet temperature remains
approximately constant from 0 s to 395.3 s, with a value of 23. 1°C, while from 395.3 s
to 1760 s there is a slight increase in inlet temperature from 23.1°C to 35.1°C. Part (a)
shows that the difference between inlet and outlet temperature in both cases, single and
two-phase, is approximately constant, with a value of 10.06°C and 9.22°C for two-phase
and single-phase, respectively. Therefore, the heat is transferred from the absorber to
the fluid with a constant rate when the fluid is passing through the solar collector. Fig.

4.4-b illustrates the relationship between the temperature difference (AT) in single and
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two-phase flow and time when the flow rate is 0.653 L/min. There are three regions that
can be seen in Part (b). The first region shows that from 0 s to 394 s the temperature
difference increases considerably from 7.7°C to 11.9°C for two-phase flow and from
4.1°C to 9.9°C for single-phase flow. The temperature difference is at its highest level,
with a value of 11.95°C at 424 s for two-phase flow and 9.94°C at 395 s for single-phase
flow. From 455 s to 1760 s, there is a gradual decrease in the temperature difference
from 11.82°C to 9.89°C for two-phase flow and from 425 s to 1763 s, the temperature
difference decreases slowly from 9.89°C to 9.06°C for single-phase flow. The decline
that occurred in the third region is due to the loss that occurred in the non-insulated
pipe. Part (b) shows that the temperature difference for two-phase flow is higher than
the temperature difference for single-phase flow, with a value of 10.06°C and 9.22°C for
two-phase and single-phase flow, respectively. Also, the difference between
temperature difference for two and single-phase flow (AT;,4:q) IS approximately
1.09°C. The relationship between the heat transfer rate in single and two-phase with time
can be seen in Fig. 4.4-c. It shows that there is a sudden increase in the heat transfer rate
from 225.2 W to 348.1 W between 0 s and 394.5 s for two-phase flow. The same
behavior can be seen in the case of single-phase flow, a sudden increase in the heat
transfer rate from 121.80 W to 290.4 W, between 0 s and 364 s due to the fact that the
experiment is taking time to become stable. The heat transfer rate reaches a peak of
350.5 W at 424 s for two-phase flow and 291 W at 359 s for single-phase flow. After
this point, the heat transfer rate decreases gradually in both cases, from 346.6 W to
290.0 W between 455 s and 1760 s for two-phase flow and from 289.9 W to 265.7 W
between 425 s and 1763 s for single-phase flow. The reason for this is the loss that
occurred in the non-insulated pipe. Fig. 4.4-c illustrates that the heat transfer rate for the
two-phase flow is higher than for the single-phase flow, with an average of 295.04 W
and 270.25 W for two-phase and single-phase flow, respectively. The difference
between the heat transfer rate in single and two-phase flow is approximately 24.79
watts. Also, the heat transfer enhancement of two-phase flow is 1.10. The temperature
of the tank (Tr4n%) increases gently with time in both cases, but the temperature of the
tank is increased more quickly for two-phase flow than single-phase flow, which leads
to the tank temperature slope for two-phase flow (i—:)TP being higher than the tank
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temperature slope for the single-phase flow(i—:) , With a value of 34.7 zc and 23.1 f
SP

for two-phase flow and single-phase flow, respectively. Thus, the number of hours
required for raising the tank temperature from 25°C to 70°C for two-phase flow is
approximately one hour and eighteen minutes and for single-phase flow it is two hours.
The energy gained from the tank for two-phase flow (ETP) is higher than for single-

phase flow (ESP), with a value of 782.9 W and 512.24 W for two-phase and single-

phase flow, and the difference in energy between single and two-phase row(AE) is
approximately 261.66 watts. Fig. 4.4-d shows that the two-phase flow system is better
than the single-phase flow system. Fig. 4.4-e illustrates the relationship between the
average bulk temperature (T},) and tank temperature with time in single and two-phase
flow. In this experiment, it can be seen in Part (e) that the amount of change in average
bulk temperature is close to the amount of change in temperature inside the tank in both

cases, single and two-phase flow, except at the beginning period, when the experiment

is not stable.
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Fig.4.4. Transient thermal effectiveness at 0.653 (L/min) for (a) inlet and outlet
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difference in the tank, and (e) average bulk and tank temperature.

64



Fig. 4.5-a shows the results of the inlet and outlet temperature in single and two-phase
flow for the experiment conducted when the flow rate is approximately 1.7071 (L/min).
The outlet temperature for the single-phase flow increases suddenly from 45.6°C to
47.6°C between 0 s to 90 s and between 90 s and 1698 s the outlet temperature increases
gradually from 47.7°C to 56°C. For two-phase flow, from 0 s to 1705 s, the outlet
temperature rises slowly from 27.6°C to 43°C. The inlet temperature for both cases
increases gradually from 42.1°C to 50.8°C between 0 s and 1698 s for single-phase flow
and from 23.9°C to 37.8 °C between 0 s to 1705 s. As can be noted from Part (a) the
difference between the inlet and outlet in both cases remains constant over the
experiment, with an average value of 5.19°C and 5.13°C for two-phase and single-phase
flow, respectively. As can be noted from Fig. 4.5-b, between 0 s and 121 s, the
temperature difference increases from 3.7°C to 4.9°C for the two-phase flow and
between 121 s and 761 s the temperature difference increases gradually from 4.9°C to
5.4°C. Also, the temperature difference reaches a peak of 5.4°C at approximately 791 s.
After that, from 791 s to 1705 s, there is a drop of 0.3°C in the temperature difference,
due to the loss that occurs in the non-insulated pipe. For single-phase flow, there is also
an increase in temperature difference from 3.5°C to 4.7°C between 0 s and 91 s and there
is a slight increase in the temperature difference from 4.7°C to 5.1°C between 91 s to
1674.8 s. Furthermore, the temperature difference for two-phase flow is higher than the
temperature difference for single-phase flow, with an average value of 5.19°C and
5.13°C for two-phase and single-phase, respectively. Part (b) shows that the difference
between temperature difference in single and two-phase flow is approximately 0.25°C.
Illustrated in Fig. 4.5-c is the relationship between the heat transfer rate with time when
the flow rate is 1.7071 (L/min). Between 0 s and 121 s there is a significant increase in
the heat transfer rate from 283.7 W to 361.6 W for two-phase flow and gradually from
361.6 W to 412 W between 121 s and 761 s. Also, the heat transfer rate is at its highest
level at approximately 791s, with a value of 415 W. After that, between 791s and 1705s,
there is a slight decrease in the heat transfer rate from 415.1 W to 399.4 W, with a value
of 21 W. For single-phase flow, there is also a sudden increase in the heat transfer rate
from 270.3 W to 361.6 W between 0 s and 91 s and between 91 s and 1674.8 s the heat
transfer rate increases slowly, from 361 W to 397.4 W. Thus, Part (c) shows that the

heat transfer rate for two-phase flow is higher than the heat transfer rate for single-phase
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flow, with an average value of 401.06 W and 394.48 W for two-phase and single-phase,
respectively. The difference between the heat transfer rate in single and two-phase flow
is approximately 6.58 W. The heat transfer enhancement of two-phase flow is 1.01.
The relationship between the tank temperature (Tr4,) and time when the flow rate was
1.7071 L/min for both cases, single and two-phase flow, can be seen in Fig. 4.4-d. The
temperature inside the tank increases gradually with time in both cases. Furthermore,
the tank temperature for two-phase flow is higher than the tank temperature for single-

phase flow and the tank temperature slope for two-phase flow is higher than the tank
temperature slope for single-phase flow, with a value of 37.6 EC and 19.1 zc for two-

phase flow and single-phase flow, respectively. Thus, the time required for raising the
tank temperature from 25°C to 70°C when using two-phase flow is approximately one
hour and eleven minutes, while the time required for raising the tank temperature from
25°C to 70°C when using single-phase flow is two hours and twenty-four minutes. Also,
the gained energy from the tank is 848.42 W for two-phase flow 430.98 W for single-
phase flow. The difference between the gained energy in both cases is approximately
417.44 W. This shows that two-phase flow is better than single-phase flow. Fig. 4.5-e
illustrates the relationship between the average bulk temperature and tank temperature
with time for single and two-phase flow. For single-phase flow, Part (e) shows that the
temperature inside the tank is very close to the average bulk temperature. For two-phase
flow, between 0 s to 1705 s, the average bulk temperature increases gradually with time,
from 25.7°C to 40.4°C, while the tank temperature also increases gradually with time,
from 22.9°C to 40.4°C, between 0 s to 1674.8 s.
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Fig.4.5. Transient thermal effectiveness at 1.7071 (L/min) for (a) inlet and
outlet temperature, (b) temperature difference, (c) heat transfer rate, (d)
temperature difference in the tank, and (e) average bulk and tank temperature.

The third experiment is also conducted with a constant flow rate, which is at 2.148
L/min. As can be noted from Fig. 4.6-a, the outlet temperature increases gradually from
48.1°C to 57.8°C for single-phase flow between 0 s and 1759 s and from 0s to 1759s
the outlet temperature increases gradually with time, from 43.3 °C to 54.3°C, for two-
phase flow. Also, from 0 s to 1759 s the inlet temperature rises gradually from 43.3°C
to 52.9°C for single-phase flow and there is a slight increase in inlet temperature from
39.7°C to 49.2°C for two-phase flow between 0 s to 1759 s. Furthermore, it should be
noted that the difference between the inlet and outlet temperature (AT) in both cases,
single and two-phase, is fairly constant during the experiment, with an average value of
5.28°C and 4.85°C for two-phase and single-phase flow, respectively. Also, there is a
significant increase in temperature difference from 3.6°C to 4.9°C for two-phase flow
between 0 s to 546 s. Between 546 s and 1759 s the temperature difference increases
with time and the temperature difference for two-phase flow fluctuates widely during
the experiment. For single-phase flow, from 0 s to 181 s there is a sudden increase in
temperature difference from 3.7°C to 4.15°C and the temperature difference increases
gradually with time from 4.2°C to 4.9°C between 181s and 1759s. Thus, Fig. 4.6-b
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shows that the temperature difference for two-phase flow is higher than the temperature
difference for single-phase flow, with an average value of 5.28°C and 4.85°C for two-
phase and single-phase flow, respectively. Also, the difference between temperature
difference for both cases (AT;ptq;) 1S approximately 1.09°C. Fig. 4.6-c shows the
relationship between the heat transfer rate with time for single and two-phase flow, and
that there is a significant increase in the heat transfer rate from 341.3 W and 457.5 W
for two-phase flow between 0 s and 455 s. From 455 s to 1759 s, the rate of heat transfer
rises gradually with time and the heat transfer rate went up and down widely during the
experiment. For single-phase flow, there are dramatic increases in the heat transfer rate
from 351.2 W to 406.72 W between 0 s and 151, while there is a gradual increase in the
heat transfer rate from 406.72 W to 465.3 W between 151s and 1759s. Thus, Part (c)
illustrates that the heat transfer rate for two-phase flow is higher than the heat transfer
rate for single-phase flow, with an average value of 523.27 W and 459.09 W for two-
phase and single-phase flow, respectively. The difference between the heat transfer rate
for two and single-phase flow is approximately 64.18 watts. The heat transfer
enhancement of two-phase flow is 1.14. Also, Fig. 4.6-d illustrates the relationship
between the tank temperatures in both cases when the flow rate is 2.148 L/min. The
tank temperature increases gradually with time for single and two-phase flow. The tank
temperature for two-phase flow is higher than the tank temperature for single-phase

flow, which causes the tank temperature slope for two-phase flow to be greater than the
tank temperature slope for single-phase flow, with a value of 22.7% and 17.8% for two-

phase and single-phase flow, respectively. Furthermore, the time required for heating
the tank temperature from 25°C to 70°C for two-phase flow is approximately one hour
and fifty-four minutes, while the time required for raising the temperature from 25°C to
70°C for single-phase flow is also approximately two hours and thirty minutes. Thus,
the obtained energy from the tank for two-phase flow is approximately 512.21 W and
for single-phase flow is approximately 401.65 W. The difference between the obtained
energy in both cases is 110.56 w. This shows that the two-phase system is better than
the single-phase system. Fig. 4.6-¢ illustrates the relationship between the average bulk
temperature and tank temperature with time for single and two-phase flow. In this

experiment, it can be seen in Part (e) that the amount of change in average bulk
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temperature is close to the amount of change in the temperature inside the tank for single
and two-phase flow.
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The flow rate in the fourth experiment is 2.987 L/min. Fig. 4.7-a illustrates that there is
a sudden increase in the outlet temperature for single-phase flow from 57.7°C to 60.1°C
between 0 s and 60 s. From 60 s to 1759 s there is a gradual increase in outlet
temperature from 60.1°C to 67.3°C. Between 0 s and 121 s the inlet temperature rises
significantly from 54.2°C to 56.7°C and between 121 s and 1759 s the inlet temperature
increases gradually from 56.7°C to 62.9°C. For two-phase flow, there is a gradual
increase in the outlet temperature from 57.7°C to 67.3°C between 0 s and 1759 s and
from 0 s to 1759.5 s there is a significant increase in inlet temperature from 54.2°C to
62.9°C. Part (a) shows that the difference between inlet and outlet temperature (AT) is
relatively stable over the experiment, with a value of 4.45°C and 4.27°C for two-phase
and single-phase flow, respectively. Furthermore, Fig. 4.7-b shows that there is a
strange relationship between temperature difference and time at the beginning of the
experiment for single-phase flow because the experiment took time to stabilize. This
period is identified between 0 s and 333 s and after the period the temperature difference
for single-phase flow increases gradually from 3.8°C to 4.3°C between 333 s and 1758

s. For two-phase flow, from 0 s to 1759 s there is also a gradual increase in temperature
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difference from 3.6°C to 4.4°C for two-phase flow. Thus, the temperature difference for
two-phase flow is higher than the temperature difference for single-phase flow, with an
average value of 4.45°C and 4.27°C for two-phase flow and single-phase flow,
respectively. The difference between temperature difference in both cases is
approximately 1.04°C. Fig.4.7-c shows the relationship between the rate of heat transfer
with the time for single and two-phase flow. Between 0 s and 30 s, the heat transfer rate
for single-phase flow increases with time and from 30 s to 333 s there is a drop of 72 W
in the heat transfer rate due to a stabilization period. Between 333 s and 1758 s, there is
a gradual increase in the heat transfer rate from 503.8 W to 575.3 W. For two-phase
flow, the heat transfer rate increases gradually from 478.5 W to 592.1 W between 0 s to
1759 s. Thus, Part (c) illustrates that the heat transfer rate for two-phase flow is higher
than the heat transfer rate for single-phase flow, with an average value of 604.4 W and
571.19 W for two-phase and single-phase flow, respectively. The difference between
the heat transfer rate for single and two-phase is approximately 33.21 W. The heat
transfer enhancement of two-phase flow is 1.06. Fig. 4.7-d shows the relationship
between the tank temperature with time for single and two-phase flow. In the period
between 0 s and 1759 s there is a gradual increase in tank temperature with time in for
single and two-phase flow. The tank temperature slope for two-phase flow is greater

than the tank temperature slope for single-phase flow, with a value of 20.5% and 14.3

% for two-phase and single-phase flow, respectively. The likely cause is that the tank

temperature for two-phase flow is higher than the tank temperature for single-phase
flow. Thus, the time required for raising the tank temperature from 25°C to 70°C for
two-phase flow is approximately two hours and eleven minutes and for single-phase
flow it is also approximately three hours and six minutes. Also, Part (b) shows that the
obtained energy from the tank for two-phase flow (Ezp) is higher than the obtained
energy from the tank for single-phase flow, with a value of 462.57 W and 322.67 W for
two-phase and single-phase flow, respectively. This shows that the two-phase flow
system is better than the single-phase flow system. Fig. 4.7-e illustrates the relationship
between the average bulk temperature and tank temperature with time for single and
two-phase flow. For single-phase flow, the temperature inside the tank increases

gradually from 56.3°C to 66.6°C from 0 s to 1758.9 s, while the average bulk temperature
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also rises gradually from 56.3°C to 65.5°C between 0 s to 1758.9 s. The temperature
inside the tank is higher than the average bulk temperature, with an average value of
63.1°C and 61.9°C for the tank and average bulk temperature, respectively. For two-
phase flow, there is a gradual increase in the temperature inside the tank from 56.6°C to
66.5°C between 0 s and 1759.4 s, while the average temperature also increases gradually
from 55.9°C to 65.1°C between 0 s to 1759.4 s. The tank temperature is higher than the
average bulk temperature, with an average value of 61.6°C and 60.5°C for the tank and

average bulk temperature, respectively.

As illustrated in Figs. 4.4, 4.5, 4.6, and 4.7 the heat transfer rate enhancement of two-
phase flow is better than single-phase flow due to the various internal circulations
present in the slugs that eventually led towards a much greater radial rate of heat

transfer, as well as an increased slug velocity.
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Table 4.2. Summary of single-phase (glycol) and two-phase flow (glycol-air)

experiments.

. . _ Time to
Test Ex-gé??rr?;nt (L/%in) (kg;s) AT.(C) % (ic) (3\7) (5\5) Hfzeg°g?2k
70°C)
1. | Single-Phase | 0649 | 00121 | 922 | 231 |270.96 | 512.24 2
1, | Two-Phase | 0657 | 00122 | 1006 | 347 | 29823 | 7829 1:18
2, | Single-Phase | 1702 | 0.0316 | 513 | 191 | 39448 |43098 |  2:24
2, | Two-Phase | 1712 | 00318 | 519 | 376 |401.06 | 84842 |  1:12
3, | Single-Phase | 2068 | 0.0389 | 486 | 17.8 |459.09 | 401.65 |  2:30
3, | Two-Phase | 2198 |00408 | 528 | 227 |52327|51221| 154
4 | Single-Phase | 2.963 | 00550 | 427 | 143 |571.19 | 32267 |  3:06
4, | Two-Phase | 3.012 | 00559 | 445 | 205 | 60457 | 46257 |  2:12

Table 4.3. Experimental heat transfer enhancement of a two-phase flow solar collector

Type of . . o
Tes ; m o AT (°C Q
t Expezlmen (L/gin) (kg/s) ATc( C) E (F) (V\;) EnhTwo—Phase %EnhTwo—Phase

1, | Single-Phase 0.64 | 0.012 9.22 23.1 270.9

9 1 6 1.10 10
1, | Two-Phase 0'35 0'%12 1006 | 347 29§'2
2. | Single-Phase 1.70 1 0031 5.13 19.1 394.4

2 6 8 1.01 1.67
2 | Two-Phase 1'27 1 0'%31 519 | 376 40&'0
3, | single-phase | 296 | 0038 | pg5 | 179 | 4930

8 9 9 1.14 14
3, | Two-phase | 219 | 0040 | g | 5pq | 5232

8 8 7
4, Single-Phase 2.96 | 0.055 4.27 14.3 571.1

3 0 9 1.06 538
4y Two-Phase 3'21 0'%55 4.45 20.5 60;1'5
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4.5 Experiments at Variable Liquid Void Fraction

The four experiments for two-phase flow are conducted with different liquid length (L;)
and air plug length (Lg), as well as one experiment for single-phase. All these
experiments are also conducted with the same flow rate, which is approximately 1.3
L/min.

Table 4.4. Summary of Experiments at Variable Liquid Void Fraction.

Test ExEé??rr?(:nt (L/g"nin) (kg;s) Ly (cm) (ch?) % (A?:) (3\7)
1 Two-Phase 1368 | 002542 | 97 25 |079| 638 | 39372
2 Two-Phase 1306 | 0.02426 | 47 45 |051| 696 | 410.20
3 Two-Phase 1369 | 002543 | 97 49 |066| 668 | 412.87
4 Two-Phase 1331 | 0.02473 5 52 | 05| 7.00 | 42550
5 Single-Phase 1302 | 00242 | ool 0 1 | 591 | 34755

The liquid void friction (a;) for the first experiment is 0.79 and the flow rate (Q) is
1.368 (L/min). Fig. 4.8-a shows the relationship between inlet and outlet temperature
with time. From 0 s to 60 s, the outlet temperature for two-phase flow increases from
51.2°C to 52.8°C, and between 60 s to 1759.6 s there is a gradual increase in outlet
temperature from 52.8°C to 60.5°C. Between 0 s and 1759.6 s the inlet temperature rises
gradually from 46.7°C to 54.1 °C. As can be seen from Part (a), the outlet temperature
is higher than the inlet temperature, with average values of 60.50°C and 54.12°C for the
outlet and inlet temperature, respectively. The difference between inlet and outlet (AT)
temperature remains constant during the experiment, with an average value of 6.38°C.
Fig. 4.8-b illustrates the relationship between the heat transfer rate (Q) and the time
when the liquid void friction is 0.79, with a flow rate of 1.368 L/min. The heat transfer
rate increases from 278.6 W to 384.6 W between 0 s and 151.6 s. Between 151.6 s to
1577.7 s, the heat transfer rate rises slowly from 384.6 W to 413 W. Between 1577.7 s
to 1759.6 s the heat transfer rate goes down, due to the fact that thermal loss occurs in
the insulated pipe. The rate of heat transfer (Q) during the experiment is approximately
393.72 W. Fig.4.8-c illustrates the transient relationship between average bulk

temperature (T,) and tank temperature (Trqn,) for two-phase flow, when the liquid
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void fraction is 0.79 and flow rate is 1.368 L/min. In this experiment, it can be seen in
Part (c) that the temperature inside the tank rises gradually from 50.2°C to 57.9°C
between 0 s to 1759.6 s, while there is a gradual increase in average bulk temperature
from 48.9 °C to 57.3°C between 0 s to 1759.6 s. Part (c) illustrates that the tank
temperature is higher than the average bulk temperature, with an average value of
54.04°C and 53.54°C for the tank and average bulk temperature, respectively. The

difference between the tank and average bulk temperature is approximately 0.5°C.
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Fig.4.8. Transient thermal effectiveness for two-phase flow at 1.368 (L/min)
and liquid void fraction of 0.79 for (a) inlet and outlet temperature, (b) heat
transfer rate, and (c) average bulk and tank temperature.

The flow rate in the second experiment (Q) is 1.306 L/min and the liquid void fraction
(a;) is 0.51. Fig. 4.9-a illustrates the transient relationship between inlet and outlet
temperature. There is a gradual increase in outlet temperature from 56.9°C to 64.2°C
between 0 s to 1766.1 s, and the outlet temperature for two-phase flow increases from
51.2°C to 52.8°C between 60 s to 1759.6 s. The inlet temperature for this experiment
increases slowly from 51.2°C to 57.3°C between 0 s to 17766.1 s. Also, Part (a) shows
that the outlet temperature is greater than the inlet temperature, with an average value
of 64.23°C and 57.27°C for outlet and inlet temperature, respectively. The temperature
difference (AT,) for this experiment is higher than the temperature difference for the
first experiment(AT; ), with an average value of 6.96°C and 6.38°C for the second and
first experiment, respectively. The temperature difference between the first and second
experiment is 1.09°C. Fig.4.9-b shows the relationship between the heat transfer rate
and time when the liquid void fraction is 0.51 and flow rate is 1.306 L/min. There is a
gradual increase in the rate of heat transfer from 330.9 W to 410.257 W between 0 s
and 1766.1 s. The heat transfer rate for this experiment is higher than the heat transfer
rate for the first experiment, with average values of 410.25 W and 393.72 W for the

second and first experiment, respectively. Part (b) illustrates the transient relationship
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between the average bulk temperature and tank temperature when the liquid void
friction is 0.51 and flow rate is 1.306 L/min. It can be seen in Fig.4.9-c that the
temperature inside the tank increases gradually from 54.8°C to 62.4°C between 0 s to
1766.1 s. Also, there is a gradual increase in average bulk temperature from 54.1°C to
60°C between 0 sto 1766.1 s. Part (c) illustrates that the tank temperature is higher than
the average bulk temperature, with an average value of 58.56°C and 57.46 °C for the
tank and average bulk temperature, respectively. The difference between the tank and
average bulk temperature is approximately 1.1°C.

70 r
65 +
[ 1]
......Q.....Q.Q....
.......
;L-J\ . .................
® ! e000®
e 0 ....... AAAAAAAAR
: | AAAAAAAAAA
- AAAAAAAA
g AAAAAAAAAAAAAAAAAAAAA
E :AAAAAAAAAA
2 50 +
. -: 4 Inlet
e Outlet
b
0 500 1000 1500 2000
Time (s)
(a)
440
420 + |
-
— 00‘0‘ ‘000‘ *® “
e
% 400 T ‘o,‘ o“‘oo‘o. ..
s ot
& 330 + »
% oo . “‘00“‘
g 360 '5 “ IS
= [ *
© -
o 340 +°
T
320 -5
300 +¥— . . . : . . | | : | | | | |
0 500 1000 1500 -
Time (s)
(b)

82



a
w

*
62 “.v’
‘00‘
61 R Ak
0“ AA

__ 60 o*’ AL
[®] *® AA
< o ast
v 59 * * A
2 53 94
e NG
& 57 A art
e ot aasst

56 o*

00”‘ AA‘AA
55 ¢ AA A * Two-Phase (Tank)
AA
54 AAA A Two-Phase (Average)
53 4 . . . - } - - - - } - + + + }
0 500 1000 1500 2000
Time (s)
(c)

Fig.4.9. Transient thermal effectiveness for two-phase flow at 1.306 (L/min)
and liquid void fraction of 0.51 for (a) inlet and outlet temperature, (b) heat
transfer rate, and (c) average bulk and tank temperature.

The third experiment is conducted when the liquid void friction (a;) is 0.66 and flow
rate is 1.369 L/min. Fig.4.10-a shows the transient relationship between inlet and outlet
temperature. From 0 s to 30 s, the outlet temperature increases from 58.5°C to 59.8°C
and between 30 s to 1759.5 s there is a gradual increase in outlet temperature from
59.8°C to 66.4°C. Between 0 s and 1759.6 s the inlet temperature rises slowly from
54.9°C to 59.7°C. As can be seen from Part (a) the difference between inlet and outlet
(AT) temperature remains constant during the experiment, with a value of 6.68°C. Fig.
4.10-b illustrates the relationship between the heat transfer rate and time when the liquid
void fraction is 0.66 and flow rate is 1.369 L/min. The heat transfer rate increases from
222.1 W t0 339.8 W between 0 s and 60 s and between 60 s to 1516.8 s the heat transfer
rate rises slowly from 339.7 W to 428 W. Between 1516.8 s to 1759.4 s the heat transfer
rate decreases due to the fact that the loss occurs in an insulated pipe. The heat transfer
rate during the experiment is approximately 412.87 W. Part (b) illustrates the transient
relationship between average bulk temperature and tank temperature when the liquid
void fraction is 0.66 and flow rate is 1.369 L/min. It can be seen in Fig. 4.10-c that there
is a gradual increase in the temperature inside the tank, from 58.7°C to 64.5°C, between

0 sto 1759.5 s. Also, there is an increase in average bulk temperature from 56.7 °C to
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57.6°C between 0 s to 60 s and between 60 s to 1759.5 s the average bulk temperature
increases gradually from 57.6°C to 63.1°C. Part (c) illustrates that the tank temperature
is higher than the average bulk temperature, with an average value of 61.54°C and 60.24
°C for the tank and average bulk temperature, respectively. The difference between the

tank and average bulk temperature is approximately 1.3°C.
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Fig.4.10. Transient thermal effectiveness for two-phase flow at 1.369 (L/min)
and liquid void fraction of 0.66 for (a) inlet and outlet temperature, (b) heat
transfer rate, and (c) average bulk and tank temperature.
The liquid void fraction (a;) for the fourth experiment is 0.5 and the flow rate is 1.331
L/min. Fig. 4.11-a shows the transient relationship between inlet and outlet temperature.
From 0 s to 60 s, the outlet temperature for two-phase flow increases from 60.6°C to
62.3°C and between 60 s to 1759.4 s there is a gradual increase in outlet temperature
from 62.3°C to 68.1°C. Between 0 s and 1759.4 s the inlet temperature rises gradually
from 56.8°C to 61.1°C. As can be seen from Part (a), the difference between inlet and
outlet (AT) temperature remains constant during the experiment, with an average value
of 7.09°C. Fig. 4.11-b illustrates the relationship between the heat transfer rate and time
when the liquid void fraction is 0.5 and flow rate is 1.331 L/min. The heat transfer rate
increases from 228.6 W to 370.3 W between 0 s and 181.9 s and between 181.9 s to
1182.9 s the heat transfer rate rises slowly from 370.3 W to 418.54 W. Between 1182.9
s to 1486.4 s the heat transfer rate decreases from 418.5 W to 403.0 W due to the fact
that the loss occurs in an insulated pipe. The heat transfer rate starts to increase gradually
from 403 W to 425.5 W between 1486.4 s to 1759.4 s. Part (b) illustrates that the heat
transfer rate during the experiment is approximately 425.49 W. Fig. 4.11-c illustrates
the transient relationship between average bulk temperature and tank temperature when

the liquid void fraction is 0.5 and flow rate is 1.331 L/min. It can be seen in Part (c) that
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the temperature inside the tank increases gradually from 60.8°C to 66.7°C between 0 s
to 1759.5 s. Also, there is an increase in average bulk temperature from 58.7 °C to 59.5°C
between 0 s to 60, and from 60 s to 1759.5 s the average bulk temperature increases
gradually from 59.5°C to 64.6°C. Part (c) illustrates that the tank temperature is higher
than the average bulk temperature, with an average value of 63.60°C and 61.91 °C for
the tank and average bulk temperature, respectively. The difference between tank and

average bulk temperature is approximately 1.69°C.
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Fig.4.11. Transient thermal effectiveness for two-phase flow at 1.331 (L/min)
and liquid void fraction of 0.5 for (a) inlet and outlet temperature, (b) heat
transfer rate, and (c) average bulk and tank temperature.

The sixth experiment is single-phase used to compare with the results of the two-phase
experiments. The flow rate is 1.302 L/min and the liquid void fraction («;) is 1 unit. As
can be seen from Table 4.5, the difference between inlet and outlet (AT) temperature
remains constant during the experiment, with a value of 5.91°C. As presented in Table
4.5, the heat transfer rate during the experiment is approximately 347.55 Watts. This
shows that the two-phase flow system is better than the single-phase flow system.

Fig. 4.12 and Fig. 4.13 show the transient relationship between two-phase tank
temperature at a different flow rate and different liquid void fraction(a;). The tank
temperature in all experiments increases gradually. The tank temperature increases
more quickly when the flow rate is 0.657 L/min and slower when the flow rate is 3.012
L/min. As illustrated in Fig. 4.13, the largest increase in temperature inside the tank
occurs when the liquid void fraction is 0.79, while the lowest increase in temperature

occurs when the liquid void fraction is 0.66.
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Chapter 5
Conclusion and Recommendations

5.1 Conclusion of Present study

The present study is used to examine two-phase segmented flow as a working fluid in a
solar thermal collector. An introduction to this study included the definition and
applications of two-phase flow, flow patterns in two positions, vertical and horizontal
positions and types of solar water heating systems. The literature related to two-phase
segmented flow was presented. The mechanism of heat transfer enhancement and the
heat transfer coefficient in internal flow were illustrated. Next, the basic relations in
two-phase flow, important dimensionless numbers, and a pressure drop that occurred in
the pipe were presented. The system configuration was also shown. Finally, the

experimental results were presented.

The results from single-phase flow were compared to two-phase segmented flow.
The results illustrated that the heat transfer rate and the temperature difference between
the entrance and exit of the solar thermal collector for two-phase flow were higher than
for single-phase flow. Also, the experimental results showed that the time required for
heating the temperature inside the tank from 25°C to 70°C for two-phase flow was less
than for single-phase flow. Also, the obtained energy in the tank for two-phase flow
was greater than for single-phase flow. Four experiments at equivalent flow rates were
conducted to examine the effects of liquid void fraction. The results of these
experiments showed that the heat transfer rate was highest when the liquid length was
5 cm and air plug length was 5.2 cm. The heat transfer rate was lowest when the liquid

length was 9.7 cm and air plug length was 2.5 cm.
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5.2 Recommendations for Future Work

To improve two-phase segmented flow as a working fluid in solar thermal collectors

there are some modifications that must be made.

i)

i)

vii)

viii)

The size of the tube was a little large, which led to air bubbles not occupying
the full diameter of the tube. The reason was that the air that entered the flow
loop was not sufficient, so the effect of gravity was considerable.

The compressor was adjusted to give maximum output pressure, with a value
of 125 psi, and then the compressor switched off. The minimum output
pressure was also adjusted at 75 psi. When the compressor reached this
value, the compressor began to charge again. The experiment was initiated
when the maximum output pressure was 152 psi, but after a few minutes the
pressure inside the compressor decreased and changed the size of the air
bubbles. It is a good idea to use a compressor that provides the same rate of
air when the experiments are running.

The T-type probes used to measure the inlet and outlet temperature should
be installed closer to the entrance and exit of the solar thermal collector and
two T-type probes should be added to the experiment, one installed close to
the tank entrance and a second installed at the tank exit. These T-type probes
can measure the difference between inlet and outlet tank temperature.
Several thermocouples should also be installed in the solar collector to
measure surface temperatures.

Temperature and pressure gauges should be added to the experiment.

Need to assess the gas heating rate during compression.

Need to determine thermal losses from uninsulated pipe.

Need to do outdoor tests in sunny weather.

Also, the two-phase segmented flow should be tested as a working fluid in
a solar thermal collector in different orientations, such as horizontal, vertical,

and angle positions.
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Appendix A

Solar Thermal Collector Specification
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TitanPower-AL2 Collector

SUPERIOR PERFORMAMNCE
Laser-welded aluminum frame results in increased

absorber efficiency

CUTTING-EDGE DESIGM
Constructed of anodized aluminum frame and
tempered glass

EXCEPTIONAL VERSATILITY

Integrated frame mounting system suitable for both
high temperature and cold weather environments

ENDURING RELIABILITY
Features a 10-year warranty
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An Investment
with Real Returns

The TitanPower-AL2 solar fiat plate collector couples together efficiency
and quality with affordability. Its laser-welded aluminum frame ensures
the highest possible stagnation temperatures and guarantees the highest
possible levels of quality control. The use of aluminum also allows for a
thicker absorber, increasing efficiency vwithout increasing the price.

The TitanPower-AL2 is the ideal solar collector for residential domestic
hot water solar heating applications, but can also be used for small and
medium sized commercial solar hot water installations.

= Advanced, high performing serpentine
flat plate solar collector

= Adaptable for steamback applications

* Great dollar per BTU ratings for
residential applications.

* Easy, streamlined mounting and

installation process

Laser-welded aluminum absorber

2 connections at top, along length

or on front

Absorber area 21.53ft*

Gross area 23.14

10-year warranty

Solar Keymark and SRCC Certified

A) Solar glass

B) Al-absorber sheet

C) Powder-coated aluminium frame
D) Collector pipe

E) Mineral wool insulation

F) Meander tube

G) Highly-selective absorber coating
H) Bottom plate made of aluminium

1) Secure glass fixing
J) Revolving groove for assembly
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’?‘ |\ ot Water olsions TitanPower-AL2 Flat Plate Collector

Technical Specifications

Construction Flatplate collector for on-roof, flat-roof and facade mounting
Measurement (in.} 7362 x 45.27

Gross Area (ft®) 2314

Height (in.) 295

Absorber Area (net, ft.%) 21.53 (=aperture area)

Total Weight, dry (lbs) 8377

Fluid Capacity (gal.) 0.46

Mominal Flow Rate (gal./hr.} 21.33 (low flow conditions: 10.57 )

Mominal Pressure Loss (psi) 0.87 (low flow conditions: 0.43, water/propylene glycol 68°F)
Hydraulic Connection Seres connection with collectors side-by-side

Collector Connection 2 pipe ends @12 mm for compression fittings

Absorber Type Al-sheet & Cu-tubes, absorber with 1 serpentine @12 mm
Absorber Coating Highly selective on aluminium (eta plus_al)

Absorption /Emission 9% /S 5%

Covering Low iron, clear, solar safety glass (ESG)

Transmission of Covering BEX

Impact Resistance Cover passed optional impact resistance tests following EM12975-2
Insulation Mineral wool, 1.18°

Collector Case Aluminium frame, powder coated

Efficiency eta O: B0.1% related to the aperure area

al (k1) - 2.28231 Bu/hr/ft/K

Heat Loss Coefficient
a2 (k2) - 0095337 Bru/hr/ft/K

Max. Stagnation Temperature 375.B° F

Max. Operation Pressure (psi) 145.03

Angle of Inclination 20° — ag®

Permissible Wind Load 44 psi

Permissible Snow Load .58 psi

Recommended Heat Transfer Fluid Antifreeze mix based on propylene-glycol

10-Year Wamanty
SRCC Certified
Solar Keymark Certified
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Length 26.251in
Width 11.37in
Height 27.51in
Weight 70 Ibs
SCFM AT 40 PSI 5.5
SCFM AT 90 PSI 3.8
Lubrication Oil-Free
Tank Capacity 8 gal
Maximum Pressure 150 PSI
Running HP 1.3
Style Horizontal
Voltage 120V
Motor Induction
Power Type Electric
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OMEGA-FLO® 2-WAY GENERAL

PURPOSE SOLENOID VALVES

SV3300 Series

v+ |ldeal for Compressed Air,

Inert Gas, Water and
Synthetic Oils

+»* Available in Normally Open

or Normally Closed

»* Process Temperature
to 137°C (280°F)

» 8 W, AC Coils Standard,
12or14 W, AC or DC
Coils Available

SV-3300 Series 2-way solenoid
valves are direct-acting valves
featuring brass, stainless steel
construction and FKM seal
material. The temperature ran
from -10 to 137°C (14 to 280°F)
is ideal for neutral media such
as compressed air, inert gases,
water, and synthetic oils.

A strain-relief connector is
supplied with each unit. A

2" conduit plug is also available.

SPECIFICATIONS
Mounting Position: Any (preferably
with solenoid system upright)
Maximum Process Temperature:
137°C (280°F) due to FKM O-ring
Maximum Ambient Temperature:
Coil Dependent (See ratings on coils)
Voltage Tolerance: =10%
Opening Time (msec):

AC: 10to 20

DC: 20 to 80 depending on orifice

and praessure
Closing Time (msec):

AC and DC: 20 to 30 approximately
Cycling Rate: Approx. 1000 cpm

SV3301 shown
larger than
actual size.

Duty Cycle: Continuous (100%)
Coil Molding Material:
Black Polyester (Class F):
SVBCOIL-115AC
SVBCOIL-24DC/60HZ
SVCOIL-24AC/50 to 80HZ
SVBCOIL-220AC
Black Polyamide (Class F):
SVBCOIL-12DC, SVBCOIL-24DC,
all 12 Watt coils

Black Polyphenylensulphide (Class H):

SVBCOIL-115/60HZ
Black Epoxy Resin (Class H):
All 14 Watt coils

J-13
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Materials of Construction
Body Brass
Armature Tube |Stainless Steal 300
Fixed Core Stainless Steel 400
Plunger Stainless Steel 400
Spring Stainless Steel 300
Shading Ring Copper
Orifice <&" Stainless Steel 300
Orifice >" Brass
Sealing Material FKM

Coil Specifications

Coil Inrush VA | Holding VA
8W 25 14
12w 36 23
14w 43 27




Mormally Closed SV3300 Valve Dimensions

F - Valve Dimensions
. E —s f— ——| Pipe Size A B [
i— l. === é !!:E_ 135 e 154
P o .
T Cz
5 ot Coil Dimensions
; B - Watt D E F
A ‘3 - -] 8 134" 124" 2_!&'
e [ ] 12 174" 1594" o9"
.|

Y

%Ju 14 21" 255" 54"

i

To Order
Operating Pressure
MNormally Closed | Mormally Open Coils M.0.P.D.*
Pipet | Orifice | Cv Flow MIN AC DC
Model No. Model No. Size | Size Factor | Standard | Optional | psi psi psi
SV3aN SV3301-NO 1" 1ig" 010 BW — 0 435 260
by S 0.14 aw — 0 5 230
Sv3an2 SV3302-NO W | Ser | 0.14 —  |12oriawW]| 0 505 435
Ig" 3" 0.22 BW — 0 200 130
SV3303 SV3303-NO 1" 35" 0.22 — 12or14W]| © 435 360
1" " 0.28 aw — 0 145 85
SV3304 SV3304-NO 1" 1" 028 — 12or14W]| © 360 260/290%
1" ¥ie" 0.45 aW — 0 70 30
SV3305 SV3305-NO " ¥ie" 0.45 — 12or14W]| © 170 100/115
SV3306 SV3306-NO g 0.10 aW — 0 430 260
S 014 awW — 0 315 230
SV3307 SV3307-NO Ve | S | 014 —  [12oridW]| 0 505 335
by Y 022 aw — 0 200 130
SV3308 SV3308-NO Ve | %" | 022 —  |12oriawW]| 0 435 360
1y 1" 0.28 aw — 0 145 B5
SV3308 SV3308-NO 1" 028 — 12or14W]| © 360 260/290%
" 0.45 aw — 0 70 30
SV33i0 SV3310-NO " 0.45 — 12or14W]| © 170 100/115¢
T 0.53 aw — 0 45 15
svasti SV3311-NO Tig" 0.63 — 12or14W]| © 100/145¢ 3570%

1 BSP threads. In most cases BSP and NPT are inferchangeable in this size.
1 Rating for 12 W4 W units as shown.

* Maximum opevational pressure differential.

Accessories
Model No. Description
Connectors
SV-CGC Heplacement cable grip connector
SV-CC %" conduit connector
Coils
SVBCOIL-115AC Replacement 8 W coil for 110 to 120 VacB0 to 60 Hz 154°C (310°F) (Class F)
SVBCOIL-12DC 8 W coil for 12 Vdc 154°C (310°F) (Class F)
SVBCOIL-24DC 8 W coil for 24 Vdc 154°C (310°F) (Class F)
SVBCOIL-24AC/OHZ 8 W coil for 24 Vac/50 to 60Hz 182°C (360°F) (Class F)
SVBCOIL-220AC 8 W coil for 220 to 240 Vac/50 to 80 Hz 154°C (310°F) (Class F)

SVBCOIL-115/60HZ

8 W coil for 115 Vac/60 Hz 182°C (360°F) (Class H)

SVA12COIL-120/60HZ

12 W coil for 120 Vac/60 Hz 154°C (310°F) (Class F)

SV12C0IL-12DC

12 W coil for 12 Vdc 154°C (310°F) (Class F)

SV12COIL-24DC

12 W cail for 24 Vdc 154°C (310°F) (Class F)

SV14C0IL-24DC

14 W coil for 24 Vidc 182°C (360°F) (Class H)

SV14COIL-24/50-60HZ

14 W coil for 24 Vde/50 fo 60Hz 182°C (360°F) (Class H)

SV14C0IL-12DC

14 W coil for 12 Vdc 182°C (360°F) (Class H)

Comes complele with operaior's manual, 8 W coll and cable grip connector.
Ordering Examples: SV3308, ';" nomally dosed wvalve for 14" orifice.
SV3303-NO, 5" nomally open valve for 3" onfice.

J-14
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$include<16F87T7.H>

fFdevice adc=10: JfSet ADC to 10 bic

#fuses HS, NOWDT, MOPROTECT , HOBROWHOUT , HOPUT J/Configuration Fuses

fuse delay (clock=20000000) FFf20Mhz Clock

Fusze rs232 (baud=5600, xmi =PIN c&,rcv=PIN C7T, PARTTY=N, BIT3=8)

forg Ox1FO00, Ox1FFF{} S /Reserve Memory for Bootloader

intlé potl space;
intlé potd length;

vold main()

puts ("Valve Controlleririn™): f/Print a message to serial port

setup adc ports(all analog): ffszet all pin= on ports L and E to analog.
setup_adc (ADC_CLOCK DIV 32): fiset BRDC conversion speed for 20 Mhz Clock.
set adc chanmnel (0); Sizet ADC channel to O

delay u=z(21):

while (true){

set adc channel (0); ff=zet BDC channel to O
delay us(21);

potl space = read adci):

zet adc channel (1):

delay us(21); Sf=zet LDC channel to 1

pot2 length = read adc():

if (potl space >1023)
potl space =1023;

if (potZ length >1023) {
pot2 length = 1023;

output_low (pin_b2) ;
output _high (pin bl);

delay m= (pot2 length):

printf ("%4Lu\t",pot2 length):
output low (pin b2):

output low(pin bl):

delay m= (potl space):

printf ("%4Lurr",potl space) :
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2700, 2701,
2750

Multimeter/Data Acquisition/
Switch Systems

de range of industries and 2 _prb
¥ ]JLY\L.L'X e ulwluum\

npu mod
channd c ur

il 1O capabilities can be usul for trig
handst with other automari

* Combines functions of DMM,
switch system, and datalogger

* True 6%-digit (22-bit) resolution

* Choice of 12 switch/control
plug-in modules

» Up to 200 differential input
channels (with 300V isolation)
for measurement and control

* Convenient front panel inputs

* Froo TestPoint start-up software

* Froo LabVIEW, LabWindows/

CV, Visual Basic, C/C++, and
TostPoint drivers (VI stylo)

» Ethernet, GPIB, RS-232
communications capabilities

* Optional ExcolINX-1A
datalogging software

1.888.KEITHLEY s. oniyj

www.keithley.co

Fast Setup and Operation

The Advantage of Integrated Design

The lr‘lu.:m systems offer a v

adva rum over 'nt\um; g

ies save rack sp._
g the \Nm

nels ROWS OF re-purpes
ditk unn., scaling, kum.lux fil and
igning and building data acquisition systems. The Integra
ACCESSORIES AVAILABLE

FaceLINX. 1A Excel

n Software for 2700, 2701

This makes it possible saes by -
yields with higher test thr IR Exashoccowr
: E 88 5(.Fin DSell Connecor Kt (2 cach)(for
Ethemet Models 7703, 7705 Modsies w/Dsub

701 off 10 BaseT Eth Conneaoes)

01 offers a I( o i

d h.f"" 4 et ™ S0LFin25-Pin D.Shell K (1 cach)
k II"Ih 4 ™ S{LPin Malc, 50-Fn Female and 25-Pin Male IDC

between a computer and a virtually
|"lrngnmhm{|rb1u'nmu \'1. PC with:
Ethernet port can connect to 4 single Model 270

mecwe Kin (1 cach) (Ribbon Cable

jer Board (for Moded 2750)
S0-Fin Maic 10 Female D-Sub CGable, 2m
25.Fin Maie 10 Female D-Sub Cable, 2m
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pr( Py (TR \Mulimeter/Data Acquisition/
2750 Switch bystems

DMM, Data Acquisition,
Datalogging Systom w/2
Slots

DMM, Data Acquisition,
Datalogging Systom w/2
Slots and Ethernet
Support > '-‘k
DMM, Data Acquisition, fn.md.x 0 md 4um data from the Mod
Switching, Datalogging
System w/b Slots

These products are available
with an Extended Warranty.

Temperature Capabllmes

nsirument wi ll
pensation (CJC):

TestPoint runtime start-up soft-
ware; LabVIEW, LabWindows/
CV1, Visual Basic, C/C++, and
TestPoint drivers; manual; and
Model 1751 Safoly Tost Loads.

Built-in measurement functions
include:

« DCV *ACV +«DCI +ACI
* Rasistance (2- or 4-wire, offset

“w
=
=
=
©
w
o
=
)
=]
o
©
®
-
o
c
<
E
@
=
@
5
@
@
=
o
=
=
=
=
L
o
]
®
=)
@
E
3
j
S
o
=
o
@
=

compensation selectable)
(S Install up to five input modules in the 2750 mainframe (or up to two in tha 2700 and 2701 mainframes). All switch/
* Dry circuit ohms (20mV clamp) control modules are fully enclosed in impact-resistant plastic for exceptional ruggedness. Three connector alter-
2750 only natves simplify connecting the modules to DUTs Hm;ged D-sub connactors allow quick, secure connactions and
. ith thermocou- are especially whan perft 2 or whan the systam is installed in a rack. IDC nb-
mpenq—ag:o os” t;trhennistors)ou bon cable adaptars are suppaed with the Model 7701 7707, and 7709 modules for fast, uncomphcated hookups
s in production test and process monitoring appiications. Oversize screw-terminal connactors simplify setup in
* Frequency/Period applications that raquire the greatest connection flaxibility. Additional D-sub and IDC ribbon cable connactor kits
« Continuity and pre-wired cable assemblies are sold separataly.
TYPICAL APPLICATIONS
* Production test of electronic
products and devices

* Accelerated stress testing (AST)
* Process monitor and control
* Device characterization/R&D

* Low ohms, multichannel
measurements

MULTIMET ER/DATA
ACQUISITION/SWITCH SYSTEMS

1.888.KEITHLEY us.ony KEITHLEY

www.keithley.com
A GREATER MEASURE OF CONFIDENCE
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2700, 2701,
2750

20-Channel Differential
Multiplexer Module with

up to 50MHz Bandwidth
w/Automatic CJC and

Screw Terminals

32-Channel Differential
Multiplexer Module with a

25- and 50-Pin Female D
Connector. Supplied with Male
IDC Ribbon Cable Connectors
40-Channel Differential
Multiplexer Module w/Screw
Terminals

Multiplexer Module with a 25-
Pin Female and 50-Pin Male D

w/Automatic CJC and Screw
Terminals

2QHz 500 RF Module with
Dual 1x4 Configuration and
SMA Connections

3.5GHz 5002 RF Module with

Dual x4 Configuration and
SMA Connections

These products are available with an

Extended Warranty.

1.888.KEITHLEY (us. ony

Multimeter/Data Acquisition/
Switch Systems

Rugged 50-pin D-sub connectors ensure Screw terminals use oversize connectors for
dependability and quick setup/teardown in easier, mistake-free wiring. Easy-to-use remov-
production test racks. able terminals are available on some models.
Software Solutions

Whether the task ¢

ate a fully custom acquisiti 0 get the most per-
formance from a M 2 of software solu-

tions makes it easy 1o §

Measurement Ranges for the Integra Series Systems

Measurement Ranges
1n 1@ im 1 1k 1™ 1G
y
DC Voitage 100nV : : I f 1000V
AC Voltage 1000V 1 | : 750V
DC Current 10nA 3A
AC Current 10! l ! 3A
Freqwancy | | SHz 500kHz
Period 2iis i 333ms | |
Resistance (2-Wire) 1040 mE ! 120M22
Resistance (4-Wire) 100 | I | | 120M%
Logartthemic scake | | | | |
-500 0 500 1000 1500 2000
A

Temperature-RTD -200°C : : 630°C | | ]
Temperature-TC -200°C 1820°C
Temperature-Thermistor -80°c : 150°C | | | ]
Unoar scale

M \odel 2750 only

A GREATER MEASURE OF CONFIDENCE
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2700, 2701,
2750

Important Features and Benefits

Full per-channel configurability—Each channel can be
independently configured for making measurements. The
parameters that can be chosen for each channel include speed,
range, resolution, number of power line cycles (NPLC), filtering
type, offset compensation, math functions to be displayed, CJC
type, RTD type, frequency gate time, “m” and “b" values in mX
+ b format, HI/LO fimits, low £ (Model 2750 only), ratio
calculation, and thermistor type.

Channel monitor feature—Monitor any specific input channel
on the front panel display during a scan. This feature can also
sarve as an analog trigger to inftiate a scan sequence based on
some external factor, such as a temperature rising above a pre-
sat limit. Only the data of interest is acquired, so there's no
need to spend hours searching through reams of nomnal
readings to find anomalous data.

Frontfrear switch—Switching between the front and rear panel
maasurement inputs is as easy &s pressing a button. Users can
select the front panel inputs for tasks such as system set-up
and verification, manual probing, troubleshooting, and
calibration, while the rear panel inputs through the modules
allow fast, automated multiplexing and control.
Battery-backed set-up memory—LUp to four different set-up
configurations can be stored in cnboard memony. If the line
power fails during a scan, the system will resume scanning
where it stopped once power is restored.

Multimeter/Data Acquisition/
Switch Systems

Relay counting—Provides preventive maintenance of the
system and switches.

Memaory buffer—The mainframe's non-volatile wrap-around
reading memory allows continuous, unattended datalogging
aver long periods—data in the buffer can be transfered to a PC
controller automatically as new data is acquired. The real-time
clock can be used to time- and date-stamp readings for later

2 TTL-level digital inputs—For implementing external triggers
to initiate & scan sequence.

5 “per-channel" HLLO alarm limit TTL outputs —Trigger
external alarms or perform other control functions without a PC
controller.

Dry circuit ohms [20mV clamp)}—Protects sensitive devices
from demage and prevents self-heating ermors during testing
(Model 2750 only).

¥irtual channel—Stores the results of channel-to channel ratio
and average math operations.

Onboard statistical analysis—Mathematical functions available

&t the push of a button are channel average, mX+b scaling,
minimum, madmum, average, and standard deviation.

GPIB and RS-232 interfaces (Models 2700 and 2750)
Ethemet and R5-232 interface (Model 2701 only)
3-year warranty

Which Integra Mainframe is the Best Choice for the Application?

Use this selecior puide o decide which Iniegra Series mainframe offers the combination of feauures and
capacity thar's right for 2 specific application. IF westing requirements change in the future, switch/control
modules and test code can be easily re-used.

109

2700 i 2750
No. of differential input channels B0 80 200
Matrix crosspoints % 9% 240
Ohms resolution 100 i} 100 &3 1ul}
Dry circuit ohms (20mV clamp) Nor No Yes
No. of shots 2 2 5
Memary buffer 55,000 relgs 450,000 rdgs 110,000 rdgs
Size (2U height) Half-rack width Halfrack width ~ Full-rack width (197
Communications GPIB, RS-232 Ethernet, RS-232 GFIB, BS-232
Scan-Rate (memory) 1805 300s 230
Scan-Rate (bus) 1455 4405 21is
Max. Internal Trigger Rate 2000/ 280 2005
Max. External Trigaer Rate 3735 200s 379

1.888.KEITHLEY (us. oty KEITHLEY
www.keithley.com
4 GARAEATER MEASURE OF CONFIDENCE
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2700, 2701,
2750

DC CHARACTERISTICS!

CONDITIONS: MED (1 PLCF or 10 PLC ar MED {1 LC) with Digitel Filter of 10

Multmeter/Data Acquisition/
Switch Systems

1.888.KEITHLEY s ony

KEITHLEY

www.keithley.com

A GREATER

110

MEASURE

OF

TEST "ES'I"F'-" ACCURACY: <{ppm of resding + ppm of rangs)
CURRENT =5% oROpENCHT  ppm-parts permilion)fe.g., 10pem -0 reypepayyRE
OR BURDEM WOLTAGE: 24 Hour# 90 Day 1 Yaar COEFFICIENT
FUNCTION RANGE  RESOLUTION VOLTAGE 2700/ 2750 23C” 23°C+E" 2°C+8"  0P1B°C & 28°-50°C
Valtage 1000000 m¥ 0l ¥ 10 G 10 G2 15+3 B+ W+ {1 +50°C
L0 ¥ 10 g =10 GO 10 GG 1546 54T W47 1 +1)C
o ¥ 0w =10 G2 >0 G 10+ W+ W45 1+ 1)
g O 0 ¥ WMa=1E  WMO=1E 15=6 H+9 G+9 G+IVEC
= me v 1 m¥ WMZ+1E  1OMD=1% W+6 B+ 549 G+ 1)
E Resistance = D00 0¥ 1 pid 10 mh 59V &+ 4l ] 100 + 41 B+ Iy
H Hame oY 10 10 mh 59V m+u M+0 100 + 2 B+ Iy
= L0 O 100k 1 mh (1] 122V m+u M+ 103 + 20 B+ 1)
[X] 100000 kO 1 md 1 mk 63¥ 122V We6 B+i 100 + & B+ 10C
g_ 00000 kO 10 m 10 ph 59¥ (311 W6 B+6 100+ 6 B+IyC
0 1000000 kO 10 O W0 ph 128 ¥ 128V F T M+ 100 + 10 B+ Iy
= LW MOF 10 0 W0 ph 128¥ 128V W4 B+ 10 100 + 10 B+ Iy
o UL R v 07 phfUMD  TOY Ty 150+ 6 0+ 10 4+ 10 T+ Iy
[ 0000 MOS0 0 07 phfUMD  TOY 70V i = 30 00+ W 2000 + 3 85 + )T
E Dy Clecult 100w O 1 pid 10 mh ¥ &+ 4l ] 100 + 41 B+ I
=8 Febuoc™ 000 O 10 pid 1 mh T H+il B+ @ 103 + di B+ 10T
g L0 O 100k 100 ph 0V H+il W+ 140 + B+ 1)
L] 1000000 kO 1 m W0 pA ¥ 50 180+ 90 00+ 50 B+ 1C
P8 Coatouity {7%) 1000 ki 100 m 1 mA a9Y 122V 40 + 10 100 + 100 100 + 160 B+1)C
N Cureent 0000 mi 0 ook <02V &+ W+ 8 500 + 81 50+ 5
H 100000 mk W ook <01 ¥ 100 + 300 00 + 50 500 + B0 {50 + 50,°C
7] 100000 & 19 wh <@5V* 0+ 3 500 + 8) B0 + B 50+ 5)°C
™ 000 & D ph <I5V 1000 + 15 1300 + 6 1200 + 40 50 +5)°C
‘c-n Channel (Ratio) ¥ Haxio Acouracy = heruracy of seleced (Ranned Range + decuracy of Paired Channel Range
% Channel (Average) # Averge Aroanicy = Aocuracy of selered Channel Range + Aooaracy of Paincd (Bannel Range
TEMPERATURE # DC MEASUREMENT SPEEDS™
[Displayed in *C, °F, or K. Exclusive of probe emors.) Single Channel, 60Hz [50Hz) Operation
Thermocouples {Accuracy based on IT5:80,) FUNCTION DIGITS READINGS s PLCz
90 DAYH YEAR [23°C = 5°C) DY, DL £2 §-<10M), 6508 i@ 1
RELATIVE TO TEMPERATURE  Thermocouple, G5 L | 1
SIMULATED USING CGOEFACIENT  Thermisior (A1 & [ 1
REFERENCE 770X F8CE 550 150 (120) 01
TYPE RANGE  RESOLUTION JUNCTION  MODULE 28°-60°C 554D 30 (240) ol
| w78 (TR (¥ LI LT 550 500 (i) 1
K _Wm 417 LI e LI 1701 and I750 oaly [ 1500 (2000) o
N 2w+ LI 0re LG 701 aaky s 3500 (28N 0.0
T Mo +40IC LI orc LT WE (<10M) 5 14 LY 1
E -Mw+I0C  0MIC [hys L a3k B .
4 o +ITET 0 [Ty (E4 53t B @9 Ll
5 B +ITET L [T LET WL OComp, KTD = 5 15 @7 0]
B +350m +I830C (g 0T [ 9:'1_ ]g []IG_-EJJ g |
* Using T710 Modhele: |: 25°C; K: 170 N T B frpes: 1501 5, 1 Types: 27°C ki 2 -
;;::m ’ 13 " Chaanel (Ratic), [ 5@ [
I e T S & S
0 K A "
'I'! Multiple Channels, Into Mcmory ™ Channels/s
[N Thermbstor: (22K %0 and 10k 700 708 TS0
ﬁ)— AFw  ISCC 001 °C 108°C LNrgeC 7710 Scanning XY T
0 TTI0 Scanning [CY with Limits or Time Smmp On 1T S0s 230
EI DC SYSTEM SPEEDS 5.2 7710 Scanning DX aiermating TWEY S5 115 6
=0
1o Multiple Channels, Into and Out of Memory to GPIB 1%
we 0027 mm or Ethernet Channels/s
E % BANGE CHANGES {eachudes 4W)% Slis [42s) s [d2s) 700 704 ITS0
=2 FUNCTION CHANGES . 5l {42s) 5lls {42s) 702 Scanning DOV @ s o
': A AUTORANGE TIME®: <3 ms <30 ms TTH and TTU8 Scanning Tempennas (TA7) s S0 S0
o Q ASCI] READINGS TO RS-232 192k BAUD: = s 7710 Scanning DOV 16 dils 210
Ty ETERNAL TRIGGER RATE: i 00 7710 Scanning DY with Limits or Teme Stamp On (FT T
S0 ) T7Hi Scanning DX ahermating ZWEY R | T
g
o
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2700, 2701, ML[][HHE[EI‘/DEH& Acquisition/
2750 Switch Systems

DC SPEED vs. NOISE REJECTION ToTES
BMS Maise 1. 20°% ovemEmge exceE on 1000V and 30
10V Range 2 gdlthmgﬁ;wjh " uncerairey. Iom]f;}l'fw Wnd.;:])‘\‘m or Mzl 2730 160 2l ey Clrouke
. 40ppm; 10—14C} Zppm, for Models 7700701 B00C) S0ppe, Hma md LA Woppr, TMmA A0ppm
Rate Fiter Readngsis Digis Zr00Z7s0 It WMAR CMRRv . w1090 e esismce OAH, 10} [ om 1086C1 and 1008ECY sy, For ey Cheuin 3, =29%
iU £ ] 0Ll {008 65 <l2p¥ <25V 10GDF  ldDdn with Input HI connereed m Sense I with Seree HI dsconnecied add 3my
1 ofF  15(13) 65 cdp¥  <HV OIS 140D 4. Refattee 10 alibrasion aoouracy
o1 OF 500 {6 55 <Np¥ <@gV — Bl L3 mwmamm:mnmn&mhncumm )
- o i 6. Spedhicadons are for ¢wire 1, 100, 1960, sd 10080 with offser compensaion on. M-‘-‘.\Iplﬁmmmlﬁ L5 on.
0ol OF 2500 (2000) &5 < I50pé <30pV - B0 48 Wit offsx cepensaion on, OPEN CKT VOLTAGE s 128Y For 2eire £ ad 1,340 1o ppm of range” uncenainny 102
0002 OF 3500 (300 35 —  =lm¥V — & di mange b e only
7. Must have 107 manching of lead restsance in inpur HE and 10k E
. Add the llowing 1o “ppm of reading” encensingy when wsing plug in modules o
DC MEASUREMENT CHARACTERISTICS 0k 10k 1Mo oMo toomn S
All Modules: IXippm 2300 ppm ]
DC VOLTS TT01, 7705, 707, 7709 Modules: o ppa Wppm 1000 ppm % 10x =
AD LINEARITE 2.0 ppm of rrasing = 1.0 ppm of rangr. TT06, TT08, 7710 Modules: 3ppm ) ppn S0 ppm 5000 ppm 1% [=]
INPUT IMPEIMNCE. TTT0 Medule 35°C =5 L0 Tl ppm Tippm 1100 ppm Ti% 3 g_
100mV_10V Ranges: Scleaable = 1062 ) wich -<600pF or LM 1%, 5 A 1.9 when used with plug e o ]
100V, 1000V Hanges: 10ME 1% 1. For EATIC, IC cnly. For VERAGE, DY and Thermoomeples onky. srsilable wich plug in modules only =
Dry Circutt: 1001 + 1%« al 1. Adkl 64V 0 "of rage” unceevainey when wsing Modshs 701, 7718, aad 7707, and 3 for Models 77106 and 7700 @
EARTH ISOLATION: 0¥ peak, > 10642 and <300pF any verminal o chassis. :i :ﬁ'&im 1% e RO e s 15 E
- 3 WC h!pm.cr pa A B % | SN - = C.
INPUT BIAS CURRENT: <73ph m IFC. 14, For 141 unbsabnee I 10 lead 4 CMR S oL o
COMMON MODE CURRENT: <500nApp 2 50Hz or 6z 1% ﬁpco&mbr&mln'ﬂ i) operation wing Bowry defals cperaing condions: (*EST). Amornge of, Display off Lmis E
AUTOZERD ERBOE: Add +(2ppm of range error + V) for « 10 mimmes and £17C “ d“ﬂi"-‘éw o . e P o 45011 oo —— (&}
INPUT PROTECTKON: 1000V all ranes. S00Y with pisg in modiiles: ;ﬁ“mmﬂ“"’m Binary dut i . o Eherncs and 15232 @
17. Sample coune = 1000, s 2o off {imo memory bufen). -
RESISTANCE 18 Ao aero of, KPLC = 001 (Model 7700 nd 2730, NFLC = 0002 {Moded 7701 [
MAXIMUM 4WE2 LEAD RESISTANCE: 50% of range per bad (Dry (i mode). '.\ﬂpu 19 Adduoeal Lncenainiy: PhugHin Modules L
lead for 142 range; 10% of mnge per lead for 1060, 10062, and T2 ranges; 1kd Front Termias I TIUT, TT0%, 7707 1000, 1708, 106 o
reilis ey N Nl
& . Juncl . Jun . Junc
OFFSET COMPENSATION: Sclecabi on 4WE2, 162, 1062, 10023, 1662, and 10K W e — — o = = _E
s I Wit 02 02 04 [T 15 =
CONTINUITY THRESHOLD: Adjusublc | m 1000 £ N -2 rc L] 03 0 ol l-g
) —_— . . T 2WweiT L] [0 4 o8 14
INPUT PROTECTION: 1000V all Source Inpurs, 350V Serer Inpus. Y0V with plugin E 0T - 01 03 ol s
modules B 0w 04 ] 12 oy 12
5 0mec i [T 12 [t} 10
DC CURRENT B +3Mm+100T 18 03 L7 [} 1]
SHUNT RESISTORS: 100mA—34, (U102 20md, 502 20, For lead resissmce >0E. add dhe following unceraingy €1 for messuremen: wmperanes of
INPUT PROTECTION: 34, 350V foc TPAMPE  100°-150°C
11D j4004) [ 1T
THERMOCOUPLES S0k o) Lwc [T
CONVERSION: [T5.90, 10kid pid) (TR g
REFERENCE JUNCTION: Imzmal, Enermal, or Smulaed (Foed) 21. For d-wire 1 only, offss compensaion on, LSYNC on.
OPEN CIRCUIT CHECK: Selreuble per channel. Open 1140 + 3006} 22 Far Dry O 1D range. 2 readngss max
3. For 2730 Prone Inpurs, add the following n Temperauee Coefficient “ppm of reading”™ uncenaingy: 1M00 23ppm, 100D
Bappm, 100 2¥0ppm. Opesating environment spectbed for 7T m 3T and % B3 2 37T
4. Modd 1730 onfy
2% Fron pandd resolution b lmied 162
AC SPECIFICATIONS
Accuracy: +{% of reading + % of range), 23°C + 5°C
) Calibration JHz- 10 Hz- T kHz- 50 kHz- 00 KHz-
Function Range Resolution Cycle 10 He 20 kHz. 50 kHz. 100 kHz 300 kHz 1]
Voliage? 1000000 mV ] p¥ S5 Dy 0.35 + 03 05 + 0.3 011 + 05 04 + 0.08 i +05 E
100 v 10 u¥ jall ranges) [T
10000m ¥ 0 ¥ 1 Year 035 + i3 0 +0.03 012+ 005 05 +0.08 A+ 05 (-
1000000 V 10 ¥ {all ranges) < ]
TSNV 10 p¥ E >
(Temp. Coel \™CF 0035 + R W0 + .00 00+ 05 0l + 006 0+ 01 dm
3 Hz-10Hz 10 Hz-3 kHz 3 kHz-5 kHz EE
Current? 10 A 10 pi 50 Dyl ¥r. 030 + 0 010+ 0.04 014+ 04 1 =
1m0 A¥ 0 pi 0.35 + 006 006 + 006 018 + D6 W—
(Temp. Cof)°C° 0035 + 000G 0015 + 0006 E =
(3 Hz-500 kHz) (333 ms-2 p=) Eg
Frequency® W m¥ 0333 ppm 50 Dy’ 1 Ye. 100 ppm + 0.333 ppm (SLOW Is gane) =Z
and Period w313 pm 100 ppm + 3.33 ppm (WED, 10ms garc) 'J 0
WOV B pm 100 ppm + 333 ppm (MST, lims guee) 5
29
1.888.KEITHLEY ws.onyi EITHLEY §
www.keithley.com <
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MULTIMET ER/DATA
ACQUISITION/SWITCH SYSTEMS

2700, 2701,
2750

Multimeter/Data Acquisition/
Switch Systems

ADDITIONAL UNCERTAINTY +(% OF READING) AC NOTES
Low Frequancy Uncertainty MED FAST 1.30 % ovemangs scept o 730V and 30

Wi Wik 3 — 2. 5pecdy uekrwnnmmmmhmﬂ‘dmm SLOW el MET) are mull sampie AT) conversions.

- FAST Is DN SANTwiE: 300 widh nLi =

M- S0Hz f = 3. Apples w0"_1FC and B°_0°C.

50 Hz - 100 Hx 4 Lo 4. For syu wae Inputs =10% of ACY range, cxcept 100MY range. 10mY mange freuency must be =100 I inpet b <20mY

100 He - 200 Hx L] (AL 3. Applies 1 non-sine waves =ik

200 He - 300 Hx ] 01 6. For 12 unbalance in Lo lead.

=30 Hx (] (1] q:&euhzeiorﬂlz (%06} operation using Bcory defuls operaing condiions (85T). Amorage off, Display of, Limis
(CREST EACTOR: * -2 2 M 45 8 For ALY Inpus: a1 freqquencies of %0 or 600z (=10%), add the llowing o “% of Enge” wcermingy: 100mY 025, 1V
Additional Uneestalnty: s 0 03 0 0T, 10V 0135, 100V Q0F%, TI0V 0013 (Maded 2701 only)

Mo Fumdamental Freg.: SOkl Skl 3l 1HEz
Maxdmum Ceest Factor: 5 u fllsak.

AC MEASUREMENT CHARACTERISTICS

ACVOLTS

MEASUREMENT METHOD: AC-coupled, Trae RMS.

INPUT IMPEDANCE- IME2 +7% i by <IpF

ISPUT PROTECTION: 1000Vp cr 4DOVDC. YNVims with phag in modules.

AC CURRENT

MEASUREMENT METHOD: ACcouplid, Tnse RMS.

SHUNT RESISTANCE: 0162

BURIHEN VOHTAGE: 14 «a0.5¥ms, 34 <1, 5¥%ms. &34 | 5Vms when used wish pheg
in moduls.

INPUT PROTECTION: 34, 2508 fuse.

FREQUENCY AND PERIOD
MEASUREMENT METHOD: Recipeocal counting echnigue.
GATE TIME: SLOW 1, MED) 100ms, and PST 1kms.

AC GENERAL
ACCMREE: 7B
VOLT HERTZ PRODUCE: ==& 17

AC MEASUREMENT SPEEDS™ ®

Single Channel, &0Fz (50Hz) Operation

Function  Digits Readings/s Rata Bandwidth
ACY, ACT 65 25/ Heading SLOW 3 Hz-300 kHz
65 4B (4 N A0 B30 kHz
G5 40 (37) ST 300 Hz-300 kHx
Frequency, G5 1) SLow 3 Hz 300 kflz
Period a5 L1 MED A0 Hx-300 kiz
45 35 (35 ST 300 Hz-300 kHz
450 5 (i5) BT 0 Haz-300 kHz
Multiple Channel
TT10 SCANNING ACV R 2 500s.
TTL0 SCANNING ACY WITH AUTO IVELAY O - Isjneading.
AC SYSTEM SPEEDS ™21
F00f2Ts0 2901
AL Symem Speed: (192k) (115.2K)
Rarge Changes. s
Fanczion Changes:? i (s) i (s}
Auorangr: Time: £ =k
ASCHI Readings v BS-232 {192k haud): il Ioavs
May Exerral Trigger Rae Blls s
1.888.KEITHLEY s ony

www.keithley.com

9. A Fieso off.
10. Sample cont = 1024
11 DETermr: BN Dwiddth 300 with aFLC = 0,006 (2701 mby
12 Maximum ussfal lmk with migger delay = 173ms
13. Inchudes mesarement

GENERAL SPECIFICATIONS:

EXPANSION SLOTS: 2 (2700, I701), 5 (2750).
POWER SUPPLE 100V 120V 220V | 240V = 10%.
LINE FREQUENCE: £3Hz v 66Hz and 30 e é40He, aummarically sersed ar powerup.
POWER CONSUMPTION: Z3¥ (2700), B0V (2701, 2750,
DPERATING ENVIRONMENT: Specificd for 070 o S, Specificd w BI% BH u 35°C.
STORAGE ENVIRDNMENT. —s07C an 701
BATTERY: Lithium baxery-backed memory, 3 years (@ 2370 (Modeh 2700, 2750) Lbium lon beseryhacked
M, W dlp |:|'|mﬂumn?_ (7] gj. (. and =4 hoos charge time. Bamery lifizime: >3 yoars @ 237,
=15 years @@ 50°C (Mindel 270
WARRANTY: 3 years cxchudes banery
EMC: Conforms wo Fumpean Union Dircoeve BA33G/ERC ENG1326-1
SAFETY: Condiems oo Famypean Union Dinceive TH23ERC ENGI0T0], CAT L
VIBRATION: MIL-PRE.ZE800F Class 3, Random
WARM-UP- 2 Beours o raed accaracy.
DIMENSIONS:
Rack Mounting: Bmm high = 213mm wide (1700, 2700} or 5mm wide (2730) % 3mm decp (3.5 in®
B3TS inor 19 in X 14563 in).
Bench Configuration {with bandle and feet): 104mm high = 238mm wide (1700, I700) or &5mm wide
(27500 % 3T0mm decp (4125 in > 9.373 in (2700, Z700) or 19 in (2750) = 14.563 in).
SHIPPING WEIGHT: £.5kg (14 [bs.) (274, I701) or 13kg {28 Be.) {2750}
DEGITAL LA: 2 iimpus=., | for eriggeving and 1 for hardware imerdock:
5 cumpuss, 4 lor Rezding Limie and 1 for Masicr Limiz, Ourpees e TT1 compasible o cn sink 250md,
dinde damped w 4TV
TRIGGERING ANT) MEMORY:
Window Filter Sensbibvity: 0.01%, 0.1 %, 1%, 105, or Fullscke of mnge (nonc).
Reading Hold Sensittvity. 0.01%, 0.1 %, 1%, or 108 of reading,
Trigger Deday: 0 1o 9% brs (lms sepsie )
External Trigger Delay: <Ims (1700, <1ms (2701, 27500
External Trigger Jittes: <Ims (1700, <300us {Z701), S (2750,
Memory Ste: 55,000 readings (Z700), 450,000 readings (Z701), 110000 seadings (2750}
MATH FINNCTIONS: Bl MinMay frerage Sed Do Peakso-Prak (of somd neading). Limi T, %, 1x, and
miX+b with user defined wnies dsplayed.
REMOTE INTERFACE:
GPIL (IEEE-(28 2 é}'.‘[(-. 2750), FS-T32C {2700, 2701, and 2750
Fhernes TCRP (106T and 100KT) (Z701)
SCP (Srndand Commands for Programmabie Insirumenes))
LEVIEW Drivers
ACCESSORIES SUPPLIED: Model 1751 Saficry Tise Leads. Pmducr Informeion CILAOM. (Model 2701 anly
Geming Saamed Foldour, 3m Fhernen cossover cable, sofrware CIAROM with [VEVISA drivers for VI
VCAC=4, LabYIEW TestPoire, and LabWindows CVL, plus free runome sanup sofware |
ACCESSORIES AVAILARLE:
£1R8-THack Mount Rear Suppan Kir (27509
TTILS06 N.odulu.ﬂuu:frx i
TTOModales

Enended Warmangy
Fxce LN IA (Ezced add-n dasbogger sofiware)
Testhoire™ Sofware Developmens Package
FOR MODEL 2701
Ethernet: RBJ-4% conreome, TCRIE 106T and 1000Tx susscnsod.
[P Coafiguration: Su::wDiIfF
Password Protection: 11 Characy
Software: Windows 58, NT, 200, 'IIE and XF companible. Inecemect Explores 5.0 o higher required, Web
jpage server by 2701

e binary daa transier mor P or S0 chata sl for Etherme and) 15-232 {Resading Hement anly).

KEITHLEY
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2700, 2701, Multimeter/Data Acquisition/
2750 Switch Systems

Switch/Control Module Capabilities

Al plug-in modules are compatble with the two-slor Model 2700 and Model
2701 Multimerer/Thma Acquisiion Sysiems and the five-slor Model 2750
Multimeter/Switch System. When the applicadon’s needs change, simply
chanpe modules. Inegra systems reconfigure temselves aummatically.

Module Capabilities Overview
7700 ¥7n 7702 7703 FA0s 7706 7707 7708 709 ym0 7T

72

T Vols v ¥ I v I v v v I

.

DC Current ¥

Temperarure
TAC wkumomatc CJC

TAC wi/External CJC

KITy

Thermistor

Resistance (2- or 4-wirg)

Contimuiny

el N B R B
R R B R N B
N N PN PPN PR P
R R B R N B
e B B e
N e e
NN PN PN TN P

AC Vol

AC Current

e e e R B R R )
] B R ) o B S

-,
-,
“
-
-,

Frequency

Event Counter/Towalizer

-
-
-
-
-
Y i R
-
-
-
<,
-

Signal RoutingConrol

Digital Inpux

R R

Digiral Oupur Il

Aralog Output ¥

RF Switching v

1.888.KEITHLEY ws.ony KEITHLEY

www.keithley.com
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omega.com’
L EUMEG&'_]
PX176/PX177 Series

Pressure Transducer

Mo213/1008

INSTRUCTION

SHEET
mline &: omega.com e-mai: infodomega.cam
ﬂ'm;mm : mmegamanval.info

Common Specifications For All Units

,L s o Accuracy: 1% F5 (includes repeatability,
ﬂ'ﬁ:ﬁﬂm 14t} = lineanity BFSL, and hysteresis)
Bfthang (0.91 m) R . Proof 2x FS < or = 300 psi

+ ENCITATION [REDT {41y oy — - L (e Pressure: 135> or=500 pb.l
fmm:: e a ) Burst I Fs<or=25psi
are 75| PXVZG/PXI77 with Hirschmann Connector  Pressure:  10x F5 < or = 200 psi
- mf"" 5x FS > or = 500 psi range
) o el 1481 Response
Time: 50 Hx
HOTE:
-4 UNF.DI‘Z;I*GI' hit nsrgzoun porl Wetted
e T e e Parts: Brazed assembly of 300 series 55
PX176/PX177 with cable Pressure  1/8 NPT
Port: 3/8 UNF optional on 5000 psi units
Weight 4oz
PX176 Series PX177 Series
Voltage Output Specifications Voltage Output Specifications
Excitation: 420 Vde @ 15 mA Excitation: 12 to 45 Vdc (reverse polarity
(reverse polanity protected) protected) linear derating to 35 Vde
Output: 1-6 Vde from 77 Fto 212°T
Zero Balance: 1015 Vde Output 420 mA
Span Zero Balance: 4+ 04 mA
Tolerance: 5401 Vde Span
Operaling “T?'E Tolerance: 16+ 032 mA
Temp: S5t 105°C Operating Do 212°F
Compensated 30to 185° F Temp: -8t 100°C
Temp: 185 C Compensated Wi lW'F
Temp Effects: Fero 19 FS per 1007 F change Temp: Ate s C
Span 1% FS per 100° F change Temp Effects: Zero 1% |’i
Shock Span 1%
Resistance: 50 g's peak @ 5 ms Shock
Electrical 3 cond shield pigtail leads Resistance: 50 g's peak @ 5 ms
Connection: 3 ft long with drain lead Electrical 2 cond 22 AWG shield paptanl leads
or Hirschmann Connector Conneclion: 3t long with drain lead
Wiring: Red or Pin ftd or Hirschmann Connector
White or brown or Pin #2 Wiring; Red or Pin #1
Black or Pin #3 Black or Pin #2
PRECAUTIONS

# Do nol use the case of the unit to apply torque to make
or break the pressure connection. Always use a wrench
on the hex head directly behind the threaded port.

# Do nol subject the transducer to high temperature asa
result of soldering, brazing, or welding of the system
plumbing. In high humidity environments where

condensation may oceur, mount the transducer so that
the connector attaches from the boltom or side, This
prevents creating a moisture trap

¢ Guard against subjecting the unit to lemperatures above
its specified maximum during operation,
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effects.

| WARNING - Read Before Installation !

* Fluid hammer and surges can destroy any pressure
transducer and must always be avoided. Install a
pressure snubber to eliminate the damaging hammer

¢ Fluid hammer occurs when a liquid flow is suddenly
stopped, as with quick closing solenoid valves. Surges
occur when flow is suddenly begun, as when a pump is
turned on at full power or a valve is quickly opened.

¢ Liquid surges are particularly damaging lo pressure
transducers if the pipe is originally empty. To avoid
damaging surges, keep fluid lines full (if possible], bring
pumps up to power slowly, and open valves slowly. To
avoid damage frem both fluid hammer and surges,

install a surge chamber and a pressure snubber on every
transducer.

* Symptoms of fluid hammer and surge’s damaging
effects:

a) Pressure transducer exhibits an output at
zero pressure (large zero offset). If zero
offset is less than 10% F5, you can usually
rezero the meter, install the proper snubber
and continue monitoring pressures,

b) Pressure transducer output remains
constant regardless of pressure.

¢} Insevere cases, there will be no output.

WIRING - PX176 SERIES

WIRING - PX177 SERIES

Jpia ~+REDor Pin "
4|1
|
o 176 |+ EXCIAED o Pin 24 _ 4 ’ CE)H':I;E?NT - BLACK or Pin #2
VOLTAGE  |_COMMON (BLACK) or Pin #3 *OETERL
QUTPUT | QUTPUT (WHITE OR BROWN) or Pin 42
+
Pin#1 Mgt Used Pin#1 {+)
#2 Oulpul #2 ()
#3 Common READOUT #3 Caae Ground
¥+ EXC #4 Not Used

MNOTE: Pars wilh ™C" suflix have a conneclor. Spare maling connector part number: PX178-Conneclor or FX17T-Connechar,

m OMECANs Dn-Line Servioe Ioternet e-mail
OmegAm infodnmega.com

Servicing Morth Americar

USd: Ora Sy
B0 0001 Corfted  Seameid LT (60T

Tok (200} 25816

FAX: (1) J56-TTI0

L bem
Canadz: Wi

Lml H7LSAL, Carasds

For immediate: technicol or assishance:
US.A and Canadar: Sakas Service: |-800-826-£040 TSI TC-OMECAS
Cuosnmar Sarvice: 18004201178, 1- 80400 BES T

Service: 1-A00LETY- B35 1-B00-LISA -WHEN®

Moo En D00 2350 TH)
AN I - 55T
emuik zm
i i g

Serviing Ewrope
Frywsska £, 7111 Earvira, Caoch Hirabikc
Tk +L20 NS G318
FA: 420 (TSR EITTT14
Toall Fres 0800 14542
sl o mahep £
Dhnimbacsiranss 16, (75 Dechanpironn, Canmany
Tek +40 {7V THE0
K 40 01706 W08
Tell Froo in Garrnarny: (800 30 FETE
rn-l'nl'rﬂanq:.ﬁ

Mﬂ.&DIJu-dh“:hr
ok 0 7T )

EAX: 4k {1161 7,

Toll Froe i Lt Knglore T-E45

..n.i-..ﬂmqpnu

Vit T OUE AT e e o oy it Sl ety ey et AN

- ‘“ﬁ;ﬁ. e o
H—mﬂllﬂhﬁmkumw_mlp\

Mnlmwmnodln&lmmuhhmbhr.ur:l.hrl:ﬂmhmnn,

he. labiiy fr =0 H cortmine, and seservan the sighs io dier npecs
oy 13y s sty Wl e s eyl

Ganmanyi Austiid:

fer, human spplictiorn.

ﬁ WARRANTY/ DISCLAIMER

OMEGA ENCINEERING, INC. waranis this unit & B froa of defacts In matorials and workmanship for 5 parlod of 13 mearths om
dibl ol hasa. OMEGA's WARRANTY adds an additionsl on (1) manth grace pariod 1o the nommal ome 1) vear product
£ covar bandling and shipping tima. This ansurs Sat OMECAT cusiomars racelva maximrm covarags on aach prodect.

I‘I tha welt maifunciions, i mest be rotumad to tha fackory for avaluation. OMEGA Customar Sorvice Dapartmant will Issua an

Atz Fa (A DL TGSy oo P or Wit aguce pon axminzon B OMERA I = s oun 2 2o
detactis, I b opdlrod o upac o chrge. OMEGA WARRANTY cot nt gy s ooy ko o2
perzhazar, Inciuding but not imited 1o mistanding, Impropar Infoefacing, oparation cutsidn of desie limits, Improper mpalr, or

waiEhorirad modfication. This WARRANTY is VOID I the wnht shows avidoncs of having kecn Eamparsd with or shows avidenoa of
kizving hean damaged a5 @ rasull of axzassive corrosion: of curant, haal, melstora or vibration: Impeopar spacification:
misapplicaion: misese or other cparating conditions outsida of OMEGATS contrel, Componants In which wear I ot warrangsd
Includi but ara not imEed 1o contact polals, fusas, and triacs.

HEEA II leazed to offer suggestions on the use of Hs varlows products. Howsver, OMEGA nefther assumes
for anv ombsslens or errors nor assumes labllity for any damages that result from the use of s
mm-mumummmnmn OMEGA, efther verbal or written. OMEGA warrants only that the
E‘hm.ﬂ:tllﬂhvlh:mlmﬂllbiu and free of defects. DMEGA MAKEE NO OTHER WARRANTIES
REPRESENTATIONS OF EXPRESSED OR IMPLIED, EXCEFT THAT OF TITLE. AND: ALL
IMFLIED WARRANTIES INCLUDING ANY WARRANTY OF MERCHANTAEILITY AND FITNESS FOR A PARTICULAR
PURPOSE ARE HEREEY IMSCLAIMED. LIMITATION OF LIABILITY: The remedies of purchaser g2t forth heredn are
excluive, and the total Nabliity of OMEGA with respect to this order, whether based on contract, warranty,
lo'm , Indeminification, strict labllity or m:mllﬂmﬂpmmdmww
wh Imbmhmmﬁﬂlmbﬂlﬂhmmﬂ |, Inchdental of speclal damages.

CONDITIONE: Equipersant soid B OMEGA I5 nof infanded to ba wsad, nor shall 1 be usod: (11 & & "Bask Co ri” under 10 CFR
1 INRCI, used In or with any rucloar Instalation or activity: or (2 n medizal appdications o wsad on humans. Should any Productis)
Esa wsid In oo with any nuckar installation or activity, medical apelicalion, used on Bemares, or misused In oy way, OMEGA 2ssumies
oo raspors Iy a5 sof forth In cur basic WARRANTY!| ER language, and, addtionally, purchasor il indamnity OMEGA
and fold OMEGA Parminss from any NadEy o damapa whabsoavar anising cut of ha uss of the Productis) In such a mannee.

RETURN REQUESTS/ INQUIRIES
Direct all warranty and rna:ulr regeastsinguiras io the OMEGA Customar Service Depariment. EEFORE RETURNING ANY
PRODUCTIS! TO OMEGA, FURCHASER MUST DBTAIN AN AUTHORIZED RETURN (AR} NUMEER FROM OMEGA'S CUSTOMER
SERVICE DEPARTMENT IIN ORDER TO AVDID PROCESZING DELAYS]. Tha assignod AR number should thee bo markad on tha
etsida of tha return packsgn and on By cOFTEspOnCING.
he: purchaza Is gk o shizpivg charces, Iraght, Insurancs ard propar meckaging o peovsnt brazioga i Fans.
FOR WARRANTY RETURNS, plaasa hava tha Tofowing FOR RERARS, onsutt OMEGA for curant rapalr
Informiation avaliablk BEFORE mntacting OMEGA: charges. Have tha tollowing Information swailatia BEFDRE

1. Furchasa Crdar number undor which o produed was contadling OMEGA:
1. oo Dirdesr msmizar fo covar he COST of the rapalr,

wrdder warranky, and | 2. Mool snd sarisl rember of o , and
rosloms rolatt o the | 3. nq:qlrlrmmru ndiw problams ralaiv 1o tha

produd
GIlBEhpcl':Ta“h makn running changes, not model changes, whaneer an improvemant i poasibh. This s¥erds cur catoman the
and wnginssring.
OMEGA in a regitared tradamark of ONEGA ENGINEERING, INC.
@ Copyright 2008 DMIECA ENGINEERING, INC. All righin rasoreed. Thin documant mary net ba coped, 3
recucad i ey alacironic medium or maching-seadal foem, inwhala or in perd, without the prioewr—sen comsant of

FURCHASED,
2. Mods and serial numbar of tha
3 mpalrlnsin.dimsrd‘nrqn: P

trnsinind, o

WEMIN'_
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dfrmrc =
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RTD Elements

Alpmbesmrhsr ﬁor
uu.ormlunlu.OMEGA

assumes no responsiilty if thess
prod.nsarause#furrmd
poses, of on humans, or are
rpmwcd

n any wey.

J 1

pe— §
W i

Miniature L)
connector. i i
OMEGA® Hypodermic Needle The HYPQ is a mini-hypodermic area. Binocular microscope micro-

Temperature Probes are

designed for industrial, laboratory,

manufacturing and chemical

research applications. Five probe
s are available, with diameters

probe, with 0.2 mm (0.008")
diameter. The HYP1 has an OD of
0.3 mm (0.012"), and has an added
feature of being steam autoclavable
to temperatures up to 160°C (325°F).

manufacturing techniques result i rn
an extremely small type T (Coppel
Constantan) thermocouple berng
implanted in a 33 %age 25 mm (1Y)
long stainless steel hypodermic

from 0.2 to 1.65 mm (0.008 to
0.085"). The HYPO, HYP1 and
HYP2 have type T (Coppe!

Constantan) t ermocouple elements
while the HYP3 is available in J, K, T
or E calibration, and the HYP4 has a
100  Platinum RTD (a = 0.00385).

The HYP3 and HYP4 are industrial
probes, with thermocouple and RTD
elements respectively.

The HYPO Mini Hypodermic Iprobe
with a needle diameter of on
0.2 mm (0.008") is the least Irkely

needle. The HYPO has the fastest
response of the hypodermic probes,
and has a continuous temperature
rating of 200°C (400°F). lthas 1.5 m
(6'long PFA coated, AWG leads
with an SMP type subminiature
connector.

to disturb the surrounding insertion

Thermocouple Probe Model HYPO Dimensions: mm (inch) | €——— o7 —»|+— [ T»r
The HYPO mini-hypodermic probe with a needle —_— ' . N
diameter of only 0.2 mm (0.008°) is the least likely winarnksting ¥ Ao s

to disturb the surroundrng insertion area. Binocular St o [062] 00. {00061 00

micro: micro-manufacturing techniques result

in an extremely small Type T (copper-constantan) To Order

thermocouple being implanted in a 33 gauge, Model No. ANSI Color Code

25 mm (1" Llon stainless steel hypodermic HYPO-33-1-(*)-G-60-SMPW-M

needle. The HYPO has the fastest response of afbraton K or T =Coppa Consanian, K= CHROWEGA ALOWEGH
the hypodermic probes, and has a confinuous | soaor e lenghs over 1.5 m (80°) ot an acdlifone cost300 mm (12') and modiy

temperature rating of 200°C (400°F). It has 1.5 m
g)) long PFA-coated, 36 AWG leads with an
MP-type miniature connector.

model number.
OrderingExampb HYP0-33-1-T-G-60-SMPW-M, mini hypodermic probe with
Sﬂo T%%n%hammwue 1.5m (5) long bead wire, and a miniature

Thermocouple Probe Model HYP1

OMEGA® Research, autoclavable probe is designed to

Prve instant readings in plants, other semi-solids and
uids. A 30 gage x 15 mm needie provides this very

tast response. The measurable temperature range |s

cryogenic to 200°C (400°F). Thisis a TyFe

Constantan) grounded-junction probe with PFA msulated

Subminiature Probe

These probes should not be used for
human implantation

extension wire and a subminiature male connector &
termination. The entire assembly is steam autoclavable Model No. ANSI Color Code
to a temperature of 160°C (325°F). All probes have v i
15m (5f; leads. HYP1-30-1/2-(*)-G-60-SMPW-M
- * Speaify calibration: K, T, or E. K= CHROMEGA*-ALOMEGA®,
Dimensions: | 2 e 2 —| r qu r-Constantan, £ = CHROMEGA®-Constantan
mm (inch) ¥ wire Iengns over 1. 5 m(60') at an addifonal cos/300 mm
{ ( 12 ") and modify model
e m"""/ ‘Tn‘zfon e ggonng !ﬁ:’)lxga;rlglo HYPr-ao 1/2 T-G-60-SMPW-M,
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) Dimensions:
L 1“; =7 ® ___|  mminch)
i1.06) | e
|

o Bt [un;-r

Thermocouple Probe Model HYP2 and HYPS
The HYP2 and HYPS Probes have Natural Stience, Industrial HYP2
and Food Procassing uses. These assemblies comes complete
with a Typa T (Copper-Consfantan) elemant, 1.2 m (4) PFA
insulated lead wirast, and usas a standard (21 gage) hypodarmic
needle 38 mm (157 long. 1.2 m (4') lsad wire is standard.
Standard size male connactor tarminatas the lead wire.

Madel No. ANSI Color Code included on HYP2.
HYP2-21-1-1/2-(")-G4B-0STW-M
HYP2-21-1-1/2-(")-G-48-SMPW-M (g
HYP5-21-14/2-()-G-SMPW-M M~ "
FHYPS doss not have lead wires B/
: ciy cabraton: J K TorE o gy, ,"’5‘\5 \
= Iron-Constantan = r-Conatanian . hese probe
K = CHROMEGA™ALOME GA® E = CHAOMEGA*Constantan ,h‘-":;, e B i?u‘.!‘tim"ﬁna.

Eagy gnp handie, add “EGH™ suffy, for additional cost
For lead wire lengthe over 1.2 m (487 at an addftional cost:300 mm (127 and modify model number.

Ordening Example: HYP2-21-1-1.2-T-G-48-05 TW-M, Type T grounded junchion probes,

Thermocouple Probe Model HYP3

OMEGA® Industrial Hypodarmic Probe uses a 16 gage
% 38 mm (1.57) long needle and may contain J, K, T, E
calibrations; they may have a grounded or ungroundad ey
junction, and come with stainless steel overbraidad extansion - P
wira. The stainlass stoel overbraiding adds flexibility and

Add an SMPW connector,
sea ordering example.

extends the probe life. These probas are not autoclavable. & ,.1‘
They ane dasigned for heavy-duty service. 1.2 m (4 lead
wira iz standard. Maximum tip temperature is 200°C (400°F). These probes should not be
used for human implantation.
Model No. ANSI Color Code
HYP3-16-1-172"}{*")-48-RP | ¢1ﬂ5| |
When ordering, specy calibration and whether groundad or | |
ungrounded jundtion iz desired
* P DR,
Specify calibraton: J, K, T, or E. J = lron-Constanian . .
T = Copper-Constantan K = CHROMEGA®:-ALOMEGA® - m_,L%E.:.D—T Dimensions:
E*= OMEG A®-Constantan (025 OO mm (inch)
Specify me asuring junction style: U or G Fora male straight M8 plug add “M8-5-M" fo the mode | number for
Alzo Available; A and 5 {platinum}—consut iacory for price and arditional cost, for a male raight M12 plug add “M12-5-M" to the
dm-sg._ - mode! number for additional cost.
Easy Grip Handle, add “EGH™ suff, for additional cost Fora rmfarr'gﬁ!-arrg\'adﬂ.vl'ﬁfmg add “M8-RM™ to the model
For lead wire lengths over 1.2m (48°) at an addifonal cost'300 mm number foraddional cost, fora male right-an M12 plug add
[}1’2',1 and moaity mode! number. . “M12-A-M" o the mode! number for ad oional cost.
oadd an SMPW male connector add sufix “-SMPW-M " to modei Ordering Example: HYP3-1 6-1-12-K-G-48-SMPWM, Type K
number for additionsf cost groanded junctionprobewity 1.2m (42) leads.
RTD Probe Model HYP4 P ———————
Tha RTD Hypodarmic Probes are offarad for Industrial, --
Matural Sciences and Food Processing use. These probes
contain a 100 @ platinum ATD (x = 0.00285) within a 16 gage ]
x 38 mm {1.57) hypodemic needle, and come with 1.2 m (4) g ol
PFA insulated load wira. -..\ % -
Model No. ANSI Color Code Now Available!] ™~ N o
HYP4-16-1-1/2-100-EU-48-RP MB’{M 1 2 %
All probes were designed for indusirial, fabora!or_r‘.rmanufacmrfng and These probes should not be
chemical research only. They are not intended for medicinal wse, or used for human implantation.
on humans. OMEGA assumes no regponsibility if these produds are
used for medicnal puvposes, or on humans, or are misused in any way. e I T0E T ]
Forlead wire lengths over 1.2m {487 at an addifonal cos#'300 mm |'— (125 [ L5,
(12"} and modify mode! number. |
Fora male straight M8 plug add “ME-5-M" fo the model number for :4,‘:
additional cost, for 8 male sraight Mi2 plug add “M{2-5-M" to the Di ions:
model number for addifonal cost. |n2§fnn_l [u.::sssf:}n mlm'ﬂrn
Fora male right-an F.n{grgmgadd“ﬂs-ﬁ-ﬂ"lolhemdsfnumbar - .
for additional’ cost, for a t-angied M12 plug add “Mi2-A-M"tc  Ordering Example: HYP4-16-1-12-100-ELF48-MTP-M, RTD hypodamic
the model number for 2 ddiionai cost probe with 1.2 m (48" lsads) and MPT-U male connedior.
To add an MPT-U mak connector aod suffi ““MTP-M" for addiional cost.
A-94
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Appendix F

Turbine Flow Meter Specifications
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TURBINE FLOW METER

Stand Alone or Complete Systems with Signal Conditioning

FTB-100 Series

Standard

v +0.5% of Reading
Accuracy

+~ Ball Bearing Design
for Economy

1+ Non-Metallic Bearing
Retainers for Long Life

v Replacement Bearings
Field Installable Without
Loss of Calibration

» Disassembles Quickly
for Easy Maintenance

» Deflector Cones Stabilize
Low Mass Rotor for
Increased Bearing Life

» 41020 mA, 0to 5V,
and Scaled Frequency
Outputs Available

The FTB-100 Series of turbine
meters have a shielded ball

bearing design for high-accuracy
Performance (+0.5% of reading, not
ull scale) at an economical cost.
The non-metallic bearing retainers
minimize friction, thereby allowing
these meters to be used with clean
fluids that have poor lubricating
properties (i.e., water). Ball bearings
also give the widest linear flow
range, particularly in larger turbines.
Bearing replacement and clean-up
are fast and easy, since all internal
parts are easily accessible by
removing a single nut.

These turbine flow meters have
a low mass rotor design which
allows rapid dynamic response,
so they can be used in pulsating
flow applications.

FTB-107 Series
turbine meter.

Deflector cones eliminate
downstream thrust on the rotor and
allow hydrodynamic positioning of
the rotor between the cones. This
f)rovides wider rangeability and
onger bearing life than conventional
turbine flow meters. Integral flow-
straightening tubes minimize the
effects of upstream turbulence.

FTB-100 Turbine Meters are
available with integral signal
conditioners which provide
scaled and unscaled frequencies,
41020 mA, or 0 to 5 volt outputs
Units without integral signal
conditioners are supplied with
mating connector for two-wire
hook-up.

F-57
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SPECIFICATIONS
Accuracy: +0.5% of reading
Repeatability: +0.1% of reading
Maximum Temperature Range:
-268 to 232°C (-450 to 450°F)
Maximum Intermittent Overrange:
150% of maximum range
Minimum Output Amplitude: 30 mV
Peak-to-Peak unscaled pulse
Materials of Construction:

Body: 304 stainless steal

Rotor: 17-4 PH steal

Bearings: Ceramic
Minimum straight pipe requirements:
10 pipe diameters upsiream, 5 downstraam



Economical Ball Bearing Design with NPT End Fittings

Complete The System

p v SELECT10R2

SIGNAL CONDITIONERS 1 DISPLAY, ALARM,

4 to 20 mA, amplified pulse, .| CONTROL DPF&0

or0tobs Vde. Pulse output and voltage
\ or current output.

2| DISPLAY, TOTALIZE,
AND BATCH CONTROL

Scaled pulse or current output
DPF701.

NIST Calibration for Other Viscosity Liquids*
Viscosity Range
Meter Size D.Eto!ﬂluﬂlhmtnmuﬂi

FTB-101 thru 106
Y thru 1*

FTB-107 thru 100 =
1% thru 2° Additional cost

FTB-110 thru 111
2izthru 3°

* Standard MIST calibration is for water (viscosity = 1 &5t

To Order
Maximum | Maximum

Turbine MMNPT | Operating | Pressure Nominal

ModelNo. | forViater LPW (GM) | Fitings | ' (psig) | (psd) | mm(nch) | (PuisestGalion) | ko ()
FTB-1H 1.321013.2 (03510 3.5) ] 5000 a0 62 (2.45) 13,000 0.41(1)
FTB-102 |2.8410284(D75t075)| % 5000 50 52 (2.45) 10,000 0.41)
FTB-103 | 47310360(125t005) | % 5000 52 52 (2.45) 8000 0.41)
FTB-104 6.62to 61 (1.75 to 16) % 5000 a0 70(2.75) 4100 0401)
FTB-105 0.5 to 110 (25 to 20) % 4350 50 B3 (3.25) 2200 0.4(1)
FTB-106 1510 227 (4 to 60) i 3850 5.4 B3 (3.50) 640 0.92)
FTB-107 2310 352 (B 10 83) 1% 3850 43 93 (3.89) 410 092
FTB-108 3010 492 (2 10 130) 1% 3000 a0 111 (4.38) 230 1.4(3)
FTB-109 b7 fo 852 (15 to 225) 2 2500 33 121 (4.75) 120 18104)
FTB-110 05101514 (2510 400) | 2% 9950 40 154 [6.06) g2 23(5)
FTB-111 | 151102460 (4010650) | 2 2000 40 101 [7.50) 55 3.2(7)

Comeas compiete with operator's manual and 10-point NIST caibration certiicate for water

Ordaring Examples: FTB-101, 1% NPT turbing metar with standard MIST calibration for 1 65t viscosiy.
FTB-108, 1 NPT turbine meter with MST calbraton for 5 o5t wiscosity figuid
FCompisie syeiems with signal condtioner available, consult sales.

F-58
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INTEGRAL OR REMOTE
SIGNAL CONDITIONER

FLSC-C1-LIQ

(I

v Loop Powered
4to20mA
» Signal Linearization

v Factory
Configuration
Available

v Windows®
Configuration
Software*

The FLSC-C1-LIQis a
microprocessor controlled 2-wire
4 to 20 mA transmitter. The
FLSC-C1-LIQ converts a low level,
frequency signal from a flow sensor
into an analog 4 to 20 mA output.
The output is proportional to the
flow rate. The FLSC-C1-LIQ is
designed for integral mounting to
the FTB-100, FTB-200 and
FTB-400 Series** liquid turbines.

* Visit OMEGA for details.

SPECIFICATIONS

Input Signal Type: Magnatic pickup
Input Frequency Range: 0.2 Hz fo 4 KHz
Signal Level: 10 mV rms to 30 Vdc
Power Supply: Loop power 10 to 20 Vdc
Reverse polarity protectad

Loop Burden Voltage: 8.5V

Analog Output: 4 to 20 mA

24 mA overflow condition

Load Resistance: Maximum 650
at 24 Vde

Accuracy: +0.02% of full scale
Temperature Drift: 40 ppm/degree C
Communications: RS232 port for
configuration and diagnostics
Operating Temperature: -40 to 85°C
(-40 to 185°F)

Humidity: 0 to 90% non-condensing
Enclosure: Extruded Aluminum
Explosion-Proof ATEX enclosura
Regulatory: CE Compliant

Up to 20 point linearization

Windows Configuration Softwara*
(cable sold separately)

FLSC-C1-LIQ shown
smaller than actual size.

¥-14 NPT Dimensions: mm (inch)
Conduit
Hubs 2
\ (3.63)
7871
(0.31 )ﬁ -
\

Enclosure
Groups IIB + H2 lA. Class Il, Dwi&ZGmmsE.
9%E,F,G). Cenelec EEx d IIC P85,

meets Class |, Div 1 & 2, Groups D. 1, Zones
lass Ill. NEMA 3,4, 7(B c, D)
ULCSA,FHAppImd ATEX Certified.

To Order

Model No. Description

FLSC-Ci-LIQ Loop-powerad signal conditioner, 4 to 20 mA, CE/ATEX
OM-CONV-USB | USE to RS232 convarter

FLSC-C-CABLE | Molex to 9-pin “D" connactor

Comes compiete with operaors manual and endosure.

le: FLSC-C1-LIQ,
LE Molex to

F-59

'Avmfabfe free at omega.comfip
i Son

121

-powered turbine signal condiioner in ATEX enclosure
connector.



INTEGRAL OR REMOTE

SIGNAL CONDITIONER

FLSC-C3-LIQ

QI

» DC or AC Powered

» Pulse and Analog Outputs

» High or Low Alarms
(Optional)

» 20 Point
Linearization

v Factory
Configuration
Available

» Windows®
Configuration
Software*

The FLSC-C3-LIQisa DC
powered, microprocessor controlled
transmitter. It outputs a pulse scaled
per unit of flow, and analog signal
proportional to flow rate.

The FLSC-C3-LIQ-AL can be
configured with high or low alarms.
The FLSC-C3-LIQ is designed for
integral mounting to the 100,
FTB-200 and FTB-400 Series™
liquid turbines.

* Visit OMEGA for detaiis.

SPECIFICATIONS

Input Signal Type: Magnetic pickup,
MCP pickup, contact closure, pulse
Input Frequency Range: 0.2 Hz to 4 KHz
Signal Level: 10 mV rms to 30 Vdc
Power Supply: 13 to 30 Vdc reverse
polarity protaction

Analog Output: 4 to 20 mA, 1to 5V
24 mA overflow condition

Load Resistance: Maximum 650 © at
24 Vdc

Accuracy: +0.02% of full scale
Temperature Drift: 40 ppm/degrea C
Pulse Output: 0 to 5V, 0 to 10V, open
collector, AC squars. Internal pull up
10 k2. Recommended minimum

load rasistance 50 kQ

Pulse Scaling: Divide by 1, 10 or 100 per
fiow unit

Hi/Lo Alarm (-AL Model) Optional:
Relay (2A, 30 Vdc), 0 to 5V, open
collector (0.5A, 30V)
Communications: RS232 port for
configuration and diagnostics
Operating Temperature: -40 10 85°C
(-40 to 185°F)

smaller than actual size.

FLSC-C3-LIQ shown

%-14 NPT
Conduit
Hubs

Dimensions: mm (inch)

)
@8

122
(4.81) (55) (5115265)

79
(0.31).

140

EI#I_L_ —

"\ 6 (0.25) Diameter Mounting Holes

Groups lIB + H2IIA. Class I, Div 1

Enclosure meets Class |, Div 1 & 2, Groups A, B, C
&2 Groups E,F& G
9E, F, G). Cenelec EEx d IIC IP66, UL, CSA, FM Approved. ATEX

D.Class 1, Zones 1 & 2,
lass Ill. NEMA 3,4 7(8, C, D)
Certified.

ORe

Humidity: 0 to 90% non-condensing
Enclosure: Extruded aluminum
explosion-proof ATEX

Regulatory: CE Compliant up to 20 point
linearization Windows Configuration
Software* (cable sold separately)

To Order

Model No. Description

FLSC-C3-LIQ DC powered signal conditioner 4 to 20 mA, CE ATEX
FLSC-C3-AL-LIQ |DC powered signal conditioner 4 to 20 mA, alarm CE ATEX
OM-CONV-USB | USB to RS232 converter

FLSC-C-CABLE |Molex to 8-pin “D" connactor

Comes complete with operators manual and endosure.

* Availabie free at omega.com/fip

Orderin, le: LSC-C3-LAQ, DC powered turbine signal conditioner with
FLSC-CCABLE Motex

to 9-pin “D" connector.
F-60
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