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CONDENSATION OF CO; IN BRAZED PLATE HEAT EXCHANGERS

Abstract

by Niel Martin Hayes, M.S.
Washington State University
August 2009

Chair: Amir Jokar

The experimental study of carbon dioxide condensation in brazed plate heat exchangers is
the main objective of this research project. The current level of concern for our environment is
at an all time high, and as such, it is important that we look to methods and resources that will
lead to a cleaner and healthier future for the planet. This thesis details one such effort to reach
this goal, focusing on how a natural refrigerant undergoes the condensation step of the
refrigeration cycle in compact heat exchangers.

Condensation flow consists of two phases, vapor and liquid, existing simultaneously,
however, in order to analyze and formulate the two-phase flow characteristics, it is essential to
characterize the single-phase flow through the tested minichannel heat exchangers. Three brazed
plate heat exchangers with different interior configurations, each consisting of three channels, are
considered and tested in this study.

For the single-phase analysis, data were taken using hot and cold water counter flowing
through the middle and side channels, respectively. Data were also taken flowing hot water in
the middle and chilled dynalene in the surrounding channels. The modified Wilson plot

technique was applied to obtain single-phase heat transfer coefficients, and the Fanning friction

v



factor was estimated for the pressure drop. The resulting correlations were within reasonable
ranges of standard deviation and uncertainty, and compared well with other relevant studies.

For the two-phase analysis, carbon dioxide was the working fluid, flowing through the
middle channel, while dynalene, the cooling fluid, flowed through the side channels of the three
different exchangers. Condensation of carbon dioxide occurred at saturation temperatures
ranging from 0°F (-17.8°C) to -30°F (-34.4°C) and heat fluxes spanning 800 Btu/hr.ft* (2.5
kW/m?) to 5,000 Btu/hr.ft* (15.7 kW/m?). Comparisons of the two-phase heat transfer and
pressure drop characteristics are given for the heat exchangers, and conclusions are made from
the two-phase data. The purpose of this study is to mathematically understand the condensation
behavior of CO; in brazed plate heat exchangers; not to compare different refrigerants’ capacities

with that of CO, or compare heat exchanger performances one with another.
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CHAPTER 1: INTRODUCTION

Global warming concerns are gaining momentum in the twenty-first century and as such,
environmentally friendly refrigerants are quickly becoming a necessity rather than just an
interesting topic to speculate about for the future. Carbon dioxide, CO, or R-744, is a top
contender, as instigated in the Montreal protocol, to phase out the use of ozone depleting
chlorofluorocarbon (CFC) and hydrochlorofluorocarbon (HCFC) refrigerants, especially in low
temperature applications. As mentioned by Bodinus [1], the idea of using carbon dioxide as a
refrigerant started in the mid 19" Century by Alexander Twining; however, it was not readily
implemented until Franz Windhausen made a CO, compressor in 1886. CO, refrigeration
systems gained popularity until the late 1920s and early 1930s in the Great Depression. Due to
the rise in demand for smaller systems in the non-commercial refrigeration market, coupled with
the extremely high pressures required to use CO; as a refrigerant, an innovation was needed.
Companies such as General Motors and DuPont funded research to develop new refrigerants that
could operate under much lower pressures, as summarized by Pearson [2]. Thus, synthetic CFC
refrigerants were invented, which allowed refrigeration units to be sized much smaller and
cheaper due to lower working pressure requirements. Figure 1.1 shows the contrast in vapor
pressure curves for CO, compared with several other refrigerants. When these new refrigerants

were developed, research and use of R-744 was close to none-existent.
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Figure 1.1 Saturated vapor pressure curves of select refrigerants.

With the introduction of the new CFCs/HCFCs refrigerants, such as R-12 and R-22, the
refrigeration market’s needs were met, but at the same time these innovations created
environmental problems. The chlorine molecules in CFCs/HCFCs proved to be harmful when
leaked and released into the atmosphere. The ozone molecules in the stratosphere, which protect
humans from harmful ultra-violet rays, are absorbed and destroyed by the chlorine molecules
through a chemical reaction. In the early 1990s, a few hydrofluorocarbon (HFC) refrigerants,
such as R-134a, were developed in which chlorine molecules were totally replaced by hydrogen
molecules. In spite of this improvement regarding the ozone depletion problem, HFCs are still
not perfect refrigerants due to their excess carbon, which contributes to the potential for global
warming. In general, the existing refrigerants in the market today have two potential harmful
effects on environment: Global Warming Potential (GWP) and Ozone Depletion Potential
(ODP). Global Warming Potential measures how harmful a greenhouse gas can be compared to

carbon dioxide, which is defined as the GWP base reference having a value of 1. Ozone



Depletion Potential characterizes how harmful a chemical compound can be in depleting the
ozone layer on a scale of 0 to 1. These two measured potentials are typically presented for

common refrigerants in Table 1.1.

Table 1.1 Adverse effects of refrigerants on the environment from UNEP [3]

Refrigerants ODP GWP (100 year time horizon)
R-12 (CFC) 1.00 10,890

R-22 (HCFC) 0.050 1810

R-134a (HFC) 0 1430

R-744 (CO») 0 1

While it is known that CO, is one of the most common contributors to global warming
problem, the synthetic refrigerants that can leak into the atmosphere are orders of magnitude
more harmful to the environment than CO,. Comparing GWPs and ODPs of R-744 to R-134a,
R-22, and R-12 in Table 1.1, one can find that more research and application must be established
to further the progress of CO; as an eco-friendly refrigerant.

Not only is carbon dioxide promising as a refrigerant with respect to the environment’s
protection, but it also works as a great refrigerant due to its abundance, safety, as well as its
thermophysical properties. Halder and Sarkar [4] found that CO, had several advantages over
conventional refrigerants, which included lower pumping power requirements (attributed to a
lower required volumetric flow rate), higher efficiency in heat exchangers, and higher latent heat.
However, one of the leading factors in the decline of CO; as a practical refrigerant in the early
20™ century was due to the lack of technology in using this refrigerant under its high pressure

demands in smaller applications. With the substantial development in heat exchanger and



compressor technologies, now CO, can seriously be considered as a potential working refrigerant
in industrial as well as non-commercial applications.

Since the 1930s, plate heat exchangers have served well for single-phase heat transfer
applications, e.g., beverage and food processing, pharmaceutical industries, paper and rubber
industries, and dairy pasteurization, as mentioned by Shah and Wanniarachchi [5]. The
introduction of brazed plate heat exchangers in the 1970s offered a new manufacturing process
that brazes the plates together rather than using gaskets, bolts, and carrying bars. This new
technology opened the possibilities of using refrigerants that require higher operating pressures.
Plate heat exchangers in general are innovative in how heat transfer is achieved. The compact
design allows high heat transfer per unit volume compared to other types of heat exchangers.
Complex inner geometries contribute to creating turbulence at relatively low flow rates
compared to those of shell and tube exchangers, which results in high heat transfer coefficients at
low flows. One of the drawbacks to the brazed plate heat exchanger though, is the difficulty of
freeing the plates of fouling, unlike the earlier gasket and bolt plate heat exchangers that could be
disassembled, cleaned, and reassembled. If over time fouling buildup occurs in the brazed plate
heat exchanger, this could contribute to a decline in plate performance over the life of an
exchanger.

This research project was sponsored and supported by the American Society of Heating
Refrigeration and Air-conditioning Engineers (ASHRAE) and a company which manufactures
heat exchangers. This study focused on the condensation of carbon dioxide in brazed plate heat
exchangers. It is one of the first ASHRAE sponsored projects designed to better understand the
physics of the condensing phenomenon of carbon dioxide in heat exchangers consisting of

complex inner geometries. The objectives for the research project are outlined as follows:



e Conduct tests on three stainless steel brazed plate heat exchangers consisting of

different plate geometries;

o

(0}

(0}

(0}

Low (soft) profile, (inclination angle) B=60°-65°

High (hard) profile, (inclination angle) f=30°-35°

Medium (mixed) profile, (inclination angle) B=45° or mix of low and high
profiles

Corrugation pitch, A=0.25” (6 mm) — 0.6” (15 mm)

Corrugation depth, (plate spacing) b=0.08" (2 mm) — 0.16” (4 mm)

Plate width, length, and thickness to be selected accordingly

e Test data will be taken on each of the plate configurations described above

operating at the following conditions

(0]

(0]

(0]

(0]

Saturated CO, temperature range: 0°F (-17.8°C) to -30°F (-34.4°C)
Heat flux range: 800 Btw/hr.ft* (2.5 kW/m?) to 5,000 Btu/hr.ft* (15.7
kW/m®)

Inlet condition: superheated gas to saturated vapor

Exit condition: saturated liquid to sub-cooled liquid

Approach temperature: not to exceed 10°F (5.6°C)

e Data reduction for both single-phase and two-phase heat transfer and pressure

drop data will be performed and presented in the form of correlations and charts.

A detailed literature search is presented in Chapter 2. Due to the fact that condensation

of carbon dioxide in brazed plate heat exchangers has not been reported to date in open literature,

other similar research was reviewed. Studies which involved carbon dioxide as a refrigerant are

reported, then several well established single-phase heat transfer and friction factor correlations



in plate heat exchangers are compared. Condensation in plate heat exchangers is then reviewed
and then a compendium on evaporation in plate heat exchangers is presented.

The facility equipment being used for both single-phase and two-phase experimentation
is explained in chapter 3. Details of the geometry of the three different brazed plate heat
exchangers are given as well as information on the chiller and CO, pump. Specifications and
explanations are given for the instrumentation such as RTDs, thermocouples, pressure
transducers, and flow meters.

Chapters 4 through 6 discuss the single-phase portion of the study. The single-phase
experimentation schematic, setup and test procedure comprise chapter 4. Single-phase analysis
procedures including the modified Wilson plot technique and pressure drop equations can be
studied in chapter 5. Chapter 6 presents the single-phase results and conclusions of single-phase
heat transfer and pressure drop in the three different tested brazed plate heat exchangers. The
results compare well with other well established studies and single-phase correlations are stated
with an uncertainty analysis and conclusions.

The last chapters, 7 through 9, report the two-phase condensation of carbon dioxide in the
tested heat exchangers. Similar to the single-phase chapters, the two-phase schematic, setup and
experimental test procedures are discussed in chapter 7. The two-phase data reduction process is
detailed in chapter 8, and chapter 9 shows, compares and discusses the two-phase heat transfer
and pressure drop data between the different plates. The summary and conclusions chapter,

gives a brief overview of the project and its results, and concludes this thesis.



CHAPTER 2: LITERATURE REVIEW

The focus of this research is to understand the condensation behavior of CO; in three
brazed plate heat exchangers with differing interior plate configurations. To date, no research
has been reported in literature on condensing CO; in brazed plate heat exchangers. Nevertheless,
there has been research on other refrigerants being condensed in brazed plate heat exchangers as

well as CO; being used as a refrigerant in refrigeration cycles.

2.1 Carbon Dioxide as a Refrigerant
Searching and reviewing the open literature, there is no single work reported on the
condensation of CO, in brazed plate heat exchangers to date. However, there is research that has

been done on carbon dioxide being used in refrigeration systems, as outlined in Table 2.1.



Table 2.1 Carbon dioxide used in refrigeration systems, as reported in open literature

Researcher

Heat Exchanger Type

Remarks

Robinson and Groll
[6]

Single straight tubes with outside
fins of constant thickness and
spacing

CO; and R-22 two-phase
behavior was compared and
CO; heat exchanger
dimension ratios were
proposed

Pertersen et al. [7]

Small diameter mechanically
expanded round-tube heat
exchanger and brazed micro-
channel type heat exchanger

Discussed advantages and
disadvantages of how
various exchangers may be
used for CO; refrigeration
cycles in automotive and
residential air conditioning

Kim and Kim [8]

Counter flow type heat exchanger
with concentric dual tubes using
R774/134a and R744/290 mixtures

Experimentation and
simulation were performed
showing that as mass
fractions of R744 increased,
cooling capacity and
compressor power increased
but COP decreased

Rauch et al. [9]

Double pipe heat exchangers

Numerical and experimental
results of trans-critical CO,
cycle discovering optimal
gas cooler pressure values in
the trans-critical CO, cycle

Rigola et al. [10]

Double pipe counter flow

Numerical analysis was
performed

Brown et al. [11]

Evaporator and condenser heat
exchanger types not specified in
simulation program

Visual Basic programs were
used to simulate single and
two-phase CO; vapor
compression cycles

As far as research on developing CO, as a refrigerant, Hwang et al.[12] explored CO,
behavior and produced a database to provide a better understanding of the environmentally
friendly compound. The researchers utilized fin and tube as well as microchannel heat
exchangers to explore CO, condensation and evaporation properties. Airside pressure drops
were compared according to different air frontal velocities. As inlet pressure of CO, increased,

its heating capacity did the same up to a pressure of about 10 or 1 1MPa. Various overall heat



transfer coefficients were measured, tabulated, and graphically presented. As air frontal
velocities increased, heat transfer values increased. As mass flow rates increased heat transfer
values increased as well.

Rigola et al. [13] compared numerically and experimentally a CO; transcritical
refrigeration system and sub-critical R-134a refrigeration cycle. Although the research was
heavily based on numerical analysis, two prototyped single stage hermetic reciprocating
compressors (one being an improvement of the other) were used in the CO, refrigeration cycle to
validate the numerical results. Both numerical and experimental results showed only a 10%
lower COP in the CO; refrigeration cycle than that of R-134a under similar cooling capacity
parameters.

This research that has been done on using CO; in the refrigeration cycle, both
numerically and experimentally, shows that the compound can be a promising option, but more

research is definitely needed to help it move into mainstream HVAC applications.

2.2 Single-phase Flow in Plate Heat Exchangers

To be able to properly study two-phase flow in the plate heat exchangers, comprehensive
single-phase flow experimentation is required to ensure that two-phase flow will be valid. Table
2.2 and Table 2.3 show experimental correlations for single-phase heat transfer coefficients and

friction factors, respectively, in plate heat exchangers, as presented in Ayub [14].



Table 2.2 Single-phase plate heat exchanger heat transfer correlations using an enlargement
factor of unity (¢=1)

General Single-Phase Heat Transfer Correlation: Nu=C, Re™ Pr (u/ U, )&

Kumar [15]
B Re C] Cz C3 C4
30 | >10 0.348 0.663 |0.33 | 0.17
45 | 10-100 0.400 0.598 [0.33 | 0.17
60 | 20-400 0.306 0.529 10.33 | 0.17
Focke et al. [16]
B Re C] Cz C3 C4
30 20-150 1.89 046 |05 |0
150-600 0.57 0.7 05 |0
600-16000 1.112 0.6 05 |0
45 45-300 1.67 044 |05 |0
300-2000 0.405 0.7 05 |0
2000-20000 0.84 0.6 05 [0
60 120-1000 0.77 054 |05 |0
1000-42000 0.44 0.64 (05 |0
Thonon [17]
}] Re C1 C2 C3 C4
30 50<Re<15000 | 0.2946 0.700 [ 1/3 |0
45 50<Re<15000 | 0.2998 0.645 [ 1/3 |0
60 50<Re<15000 | 0.2267 0.631 [ 1/3 |0

10



Table 2.3 Single-phase plate heat exchanger friction factor correlations using an enlargement
factor of unity (¢=1)

General Friction Factor Correlations: f =C, Re “+ C,

Kumar [15]

IA] Re C5 C6 C7

30 | 10-100 19.4 0.589 0

45 | 15-300 18.29 0.652 0

60 | 40-400 3.24 0.631 0

Focke et al. [16]

IA] Re C5 C6 C7

30 | 90-400 188.75 1.0 1.2575
400-16000 6.7 0.209 0

45 | 150-1800 91.75 1.0 0.3025
1800-30000 | 1.46 0.177 0

60 | 260-3000 57.5 1.0 0.093
3000-50000 | 0.8975 0.263 0

Thonon [17]

B |Re Cs Ce G
30 | <160 45.57 0.670 0
>160 0.370 0.172 0
45 | <200 18.19 0.682 0
>200 0.6857 0.172 0
60 | <550 26.34 0.830 0
>550 0.572 0.217 0

2.3 Condensation in Plate Heat Exchangers

While heat transfer coefficients and pressure drops have been studied extensively in the
single-phase realm in plate heat exchangers as documented by Ayub [14], two-phase
vaporization and condensation have not received as much attention, let alone in brazed plate heat
exchangers.

A comprehensive condensation table of plate channels has been presented by Wiirfel and
Ostrowski [18]. Various entries of that table, as well as more recent findings, are focused on in
the present section of literature review.

Panchal [19] observed condensation heat transfer of ammonia in Alfa-Laval plate heat

exchangers. Two exchangers with chevron angles of 60° (high) and 30° (low) were used. Heat
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transfer was observed using the different parameters of film Reynolds numbers (200-2,000) in
the high angle plate and low angle plates. Experimental data was compared against theoretical
calculations. The conclusion that was made stated that for both low and high angle plates the
heat transfer coefficients increased with the film Reynolds number or remained constant. This
behavior was attributed to high interfacial shear stress for laminar-film condensation and the
occurrence of the shear-stress-controlled condensation at low Reynolds numbers. From their
experimental data though, one can see in Figure 2.1 that the low angle plate heat exchanger has

higher heat transfer coefficients than the high angle plate heat exchanger.

30 T T T T T T T 707 T
EXPERIMENTS
20 | Q- HIGH ANGLE 2

§ LOW ANGLE

W 'Y a
FL TV R ]
i 5: » \‘.\\"‘\ :

= THEORETICAL
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|- ———-—— LOW ANGLE ’ 7
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1 | 1 1 O (N 0 T T I | {
100 500 1000 2000

FILM REYNOLDS NUMBER

Figure 2.1 Heat-transfer coefficient as a function of film Reynolds number, Panchal [19].

Although no analytical relationship was made from Panchal’s [19] experiments, it was
compared to Tovazhnyanski’s [20] Nusselt numbers for high and low angle plates:
Nu = 0.34924Re®7°Pr%* (high-angle plates) (2.1

Nu = 0.11159Re®7>Pr%4 (low-angle plates) (2.2)
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Water-steam condensation was studied by Wang et al. [21] in a plate heat exchanger with
a chevron angle of 90 degrees, consisting of 3 channels (2 plates). Parameters measured and
were flow, steam content, temperature differences and pressures to obtain heat transfer
coefficients. Condensation heat transfer was directly proportional to pressure drop. The heat
flux in the plate heat exchanger was consistently larger than shell and tube condensers, this is
due in part by the complex configurations of the channels, small cross sections, and shearing of
steam flow with high velocities.

Arman and Rabas [22] reported their results using ammonia in their plate heat exchangers
with chevron angles of 30° and 60° to test single component condensation correlation equations.
A propane/butane mixture was used in a plate heat exchanger (angle not specified) to study
binary-component condensation as well. The single component condensation results revealed
that the high chevron angle achieved high pressure drops at Reynolds numbers (5000-7500),
where the low angle plate achieved the same pressure drop at almost 3 times the Reynolds
numbers. Also, from the tables in the paper, it appeared that the high angle chevron plate
required a lower mass flow rate than the low angle chevron plate to achieve the same heat
transfer coefficients.

Yan et al. [23] found that the condensation trends for R-134a in plate heat exchangers
were that the higher the vapor quality, the greater the heat transfer coefficient as well as pressure
drop. Their experimental parameters included mass flux, average imposed heat flux, saturated
pressure, and vapor quality. Using an inclination angle of 60° in the 500mm by 120mm plates, it
was noted that the chevron configuration in plate heat exchanger create high turbulence at low
Reynolds numbers which increased heat transfer at slower flow rates. The following heat

transfer coefficient and friction factor were correlated:
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Nu = 4.118Re,,**Pr,*/? (2.3)

-08
ftpReO"*Bo_O'S (Pm/P) _ 94_75Reeq—0.0467 (2.4)
c

Wiirfel and Ostrowski [18] used chevron angles from 30 degrees to 60 degrees with plate
spacing/amplitude of corrugation of 2.5-7.4 mm. Reynolds numbers of 80 —2000 were
measured during the experimentation. Measuring the drag in the plate concluded that an increase
in the inclination angle of the plates increased the drag as well as the heat transfer. In fact, the
researchers claimed an increase of 3-4 times the heat transfer coefficient as inclination angles
increased from 30 to 60 degrees. The proposed heat transfer condensation correlation was

Nuco = CRejyq P33 (2.5)

and the pressure drop

_ o (@=0\ (pr\°S (miyor ((rﬁ%Lf))
Apco,F—F<< x > <pl) <nv> ) 2p1dnya (2.6)

Jokar et al [24] explored single and two-phase heat transfer and pressure drop
correlations of R-134a that were found in three heat exchanger depths (34, 40, and 54 plates) of
112mm by 311mm plates all having a corrugation inclination angles of 60°. These heat
exchangers were used as both evaporators as well as condensers in the standard compression
refrigeration cycle. The two-phase flow correlations proved to be much more complex than that
of the single-phase. The following relations were proposed for the two-phase condensation heat
transfer and pressure drop:

Nugy

13, ., 1.05 2.7
= 3-371Relo'55P7"10'3(GZ/PIZCp,lAT) (Plzl fg/Gz) (P10 /mG)*>(py/ (o1 — py))? 27
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GDy GDy (28)

-1.6
Crep = 2139107 (E24) " for 960 < (-21) < 4160

Hm,sat HUm,sat

Important two-phase behaviors were observed in the experimentation of condensation in
the brazed plate heat exchangers. For example, when the temperature differences were not large,
film condensation proved to be the dominant characteristic when determining heat transfer
correlations. Also, as the mass flow rates increased within the minichannels of the brazed plate
heat exchangers, convection proved to be more important in driving heat to transfer.

Longo and Gasparella [25] studied the condensation of R-134a in a brazed plate heat
exchanger. Three parameters were observed to conclude how each affected the heat transfer
coefficients and pressure drop in the exchanger; mass flux, saturated R-134a vapor, and
superheated R-134a vapor. The brazed plate heat exchanger used consisted of 10 plates, 72mm
by 310mm that had the inclination chevron angle of 65°. It appeared that gravity controlled
condensation occurred at mass fluxes less than 20kg/mzs, but when the flux exceeded this, forced
convection condensation was achieved, producing a 30% increased heat transfer coefficient
when the mass flux was 40kg/m’s. The behavior of the saturated vapor versus the superheat was
similar, with the superheat yielding only an 8-10% increase in heat transfer over the saturate.
Saturation temperature however played no great significance in heat transfer in the brazed plate
heat exchanger. For saturated vapor condensation Longo and Gasparella [25] proposed the
average heat transfer coefficient on the vertical plate as

1 2.9
h, = ©0.943[(2,%p,2g40)16)/ (wATL)]? 29)

where @ is the enlargement factor equal to the ratio between the actual area and the projected
area of the plates due to corrugation. For forced convection condensation the average heat

transfer coefficient was found to be modeled closely to
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s 11 (2.10)
h, = (1/5) f ®5.03(1,/dp,)Re 3 Pr,3dS
0

for equivalent Reynolds numbers less than 50,000. Pressure drop was derived from the

experimental data as
Aps = 1.816KE/V (2.11)

Longo et al. [26] also researched the correlations between surface smoothness within
plate heat exchangers and condensation and evaporation heat transfer coefficients. Three types
of smoothness were observed; smooth, rough, and cross-grooved. The plates were all of the
chevron or herringbone type with inclination angles of 65°. It was concluded that the increased
roughness was only advantageous in vaporization, whereas the cross-grooved plates improved
both vaporization and condensation by 30%-40% and 60% respectively when compared to
smooth plates.

Many condensation correlations were given by the different literatures reviewed, but all
the studies shared similar behavioral trends. Regardless of the refrigerant type, in the studies that
compared inclination angles, higher heat transfer rates were achieved by the plates which
consisted of steeper inclination angles. Of all the studies, common influential condensation
variables included mass flux, saturation quality, temperature differences, and pressure drops

across the plates.

2.4 Evaporation in Plate Heat Exchangers
Evaporation is another field of two-phase flow that is important, but not focused on in
this study. Table 2.4 tracks some of the research that has been conducted on vaporization in

plate heat exchangers.
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Table 2.4 Vaporization research in plate heat exchangers

Researchers Refrigerant Dominating Experimental Factors
Kedzierski [27] HCFC-22 Tilting angle from intended vertical position
Yan et al. [28] R-134a Mean vapor quality, mass and heat flux
Hsieh and Lin [29] HFC-410A Mean vapor quality, mass and heat flux,

saturation pressure

Ayub [14]

Ammonia and
R-22

Although Ayub did not focus solely on BPHEs,
he did formulate a universal equation for heat
transfer during evaporation in PHEs
corresponding to chevron angle.

Han et al. [30] HFC-410A Mass and heat flux, saturation temperature,
chevron angles

Claesson [31] HFC-134a Inlet quality, pressure, mass flux

Jokar et al. [24] HFC-134a Heat and mass flux, chevron angles

Sterner [32] Ammonia Inlet flow and temperature

Longo and Gasperlla | R-236fa, Heat flux, refrigerant mass flux, saturation

[25] R-134, R-410A | temperature, outlet conditions/fluid properties

The present thesis will explore the heat transfer correlations and pressure drops of CO;

condensing in three brazed plate heat exchangers having inclination angles of 30°, 60° and a mix

of the two inclination angles.
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CHAPTER 3: TEST FACILITY

Equipment was selected, purchased, installed, and used in the thermo/fluids laboratory at
Washington State University Vancouver to conduct both single-phase and two-phase
experimentation. Schematics of the single-phase and two-phase loops are presented in Figures
3.1 and 3.2, respectively. Each loop is described and discussed in the following chapters, while
details of major components are given in this chapter. Information sheets (where available from

companies) on the selected equipment can be found in Appendix B.
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Figure 3.1 Single-phase schematic.
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Figure 3.2 Two-phase schematic.

3.1 Brazed Plate Heat Exchangers

The present study is sponsored in part by a manufacturer of brazed plate heat exchangers,
and as such, produced specific heat exchangers for this study. The company desired to know
how their exchangers would perform condensing CO,. The exchangers, as typically shown in
Figure 3.3, have similar outside dimensions but contain different inner plate geometries,
consisting of different chevron angle profiles. Each plate within an exchanger is formed with a
corrugated angle. Two plates in contact one with another, create a channel through which a fluid
flows, and the inclination angles of two neighboring plates are oriented in opposing directions.

Three exchangers consisting of high, low and a mix of high and low angle profiled plates will be
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studied to find pressure drop and heat transfer correlations. The brazed plate heat exchangers
used in this study are 5” by 21” consisting of 3 channels. Counter flow, detailed in Figure 3.4, is
a flow pattern that requires neighboring channels to have fluids flow in opposing directions.
This counter flow method, coupled with alternating inclination angle corrugated plates
(effectively creating a high roughness for a passing fluid), allows for high heat transfer rates and
an increase in pressure drop across the plates. Figure 3.4 and Table 3.1 define the dimensions
and give measurements of the three different exchangers being tested in the present study; low

profile (60°/60° channels), high profile (27°/27° channels) and mixed profile (60°/27° channels).

Figure 3.3 Typical brazed plate heat exchanger.
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Figure 3.4 BPHE measurement definitions and flow characteristics.

Table 3.1 BPHE low, mixed and high profile geometric measurements

L Plate M Plate H Plate
Chevron Angle, degrees (measured from 60°/60° 27°/60° 27°/27°
horizontal in a vertical instillation) [B]
Length 1o , mm/in. [Lyoa] 533.4/21 533.4/21 533.4/21
Length yea( Transter (TOp of Bottom Port to 444.5/17.5 444.5/17.5 444.5/17.5
Bottom of Top Port), mm/in. [Lyt]
Length pregsure prop (Middle of Top Port to 476.25/18.75 476.25/18.75 476.25/18.75
Middle of Bottom Port), mm/in [Lpy]
Width, mm/in. [w] 127/5 127/5 127/5
Port Diameter, mm/in. 25.4/1 25.4/1 25.4/1
Corrugation Pitch, mm /in. [A] 6.27/0.2468 6.19/0.2437 6.03/0.2374
Enlargement Factor [D] 1.2 1.2 1.2
Projected Surface Area, m?/in.2 0.05645/87.5 0.05645/87.5 0.05645/87.5
Effective Surface Area, m” /in.” [Aq] 0.06774/105 0.06774/105 0.06774/105
Plate Thickness, mm /in. [t] 0.4/0.0157 0.4/0.0157 0.4/0.0157
Mean Channel Spacing, mm /in. [b] 2/0.0787 2/0.0787 2/0.0787
Number of Channels 3 3 3
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3.2 Chiller

A packaged water-cooled chiller was selected from Chiller Solutions LLC, purchased,

and installed in the thermal/fluid laboratory where the facility is set up. The chiller, as shown in

Figure 3.5, is rated at a 39,275 BTUH (3.3 Tons) capacity @ -40°C and uses R507a as the

working fluid to chill the secondary cooling fluid dynalene (HC-50). A chiller designed to work

with dynalene was found to be necessary for this project rather than a chiller using ethylene

glycol since dynalene is less viscous at very low temperatures. Furthermore, a 50/50 ethylene

glycol water mixture may freeze at -37°C. Table 3.2 shows some of the thermo-physical

properties of the two cooling fluids at -35°C. Although dynalene is 25% more dense and its

specific heat value is 20% less than glycol, it is 75% less viscous than the ethylene glycol

mixture.

Table 3.2 Thermal fluid property comparison

Density Specific Heat Dynamic Viscosity | Freezing Point
-35°C (kg/m) (kJ/kg*K) (cP) (°O)
dynalene (HC50) 1370.5 2.59 15.7 -55
50/50 ethylene 1089.94 3.07 66.93 -37

glycol
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Figure 3.5 Packaged water-cooled chiller.

The chiller uses a 75 gallon stainless steel tank insulated with 3” expanded foam in a
0.080” aluminum jacket to store and maintain the dynalene at desired temperatures. The chiller
uses a water-cooled condenser that, depending on the load conditions, needs different flow rates
of cooling water. At the peak load of the compressor, the condenser uses tap water flowing at a
rate of 10-15 gpm at about 65°F, e.g., to cool the dynalene from room temperature to about 0°F
at start up. After passing the peak point, the tap water line is replaced with a chilled water line,
supplied by the university facilities plant, flowing at a rate of 5-8 gpm at about 50°F to operate

the chiller system efficiently.

3.3 CO; Pump

In order to study the condensation of carbon dioxide, a CO; refrigeration loop must be
built. The specifications for the test conditions state that the temperature range of saturated CO,
should be from 0°F (-17.8°C) to -30°F (-34.4°C) and the heat flux in the heat exchanger spans
800 Btu/hr-ft* (2.5 kW/m?) to 5,000 Btu/hr-ft* (15.7 kW/m?). Not knowing initially the size of

plates being used for the heat exchanger, maximum and minimum flow rates and pressures were
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calculated from the possible plate geometries to size the CO, pump. By multiplying the given
fluxes (kJ/sm?) by the approximate possible plate geometry areas (m?), minimum and maximum
loads were found (kJ/s). These loads were then divided by the latent heat of vaporization (kJ/kg)
of CO; at the low and high temperatures to yield a mass flow rate (kg/s). The mass flow was
then converted to a volumetric flow based on appropriate properties of CO,. The flow range that
was calculated was on the order of 0.01 gpm for the smallest plate and lowest heat flux, while for
the largest plates and highest heat flux, 0.4 gpm. When researching companies to find a suitable
CO; pump, information on safety pressure levels was acquired. Knowing at what pressures CO,
changes phase at given temperatures is not enough, pumps need to work well into the liquid state
in order to ensure longevity which requires higher pressures, approximately 150-200 psi higher
than saturation pressures. Due to the lack of demand for small load CO; refrigeration loops,
finding a pump that would operate at low temperatures (down to -40°C) pumping extremely low
amounts of CO, (0.01 to 0.4 gpm) at safe pressures proved to be laborious. A sturdy CO, pump
that has the capability of withstanding extreme low temperatures and extreme low flow rates was

purchased to facilitate the need. Giant Industries provided such a pump, as shown in Figure 3.6.

Figure 3.6 GIANTPUMP liquid CO; pump.
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The pump offered the possibility of working with CO, at low temperatures down to -
40°C and achieving the low flow rates required by the project. The CP230 is rated at 0.5 gpm at
2000 psi at 750 rpm. But with the variable frequency drive, which was purchased and integrated
with the pump, it should be able to move CO, from low rates ranging from 0.1 to 0.5 gpm with
inlet pressures of 300 to 500 psi. If the flow rates that are required go below the 0.1 gpm then a

by pass line should be constructed to achieve the proper flow.

3.4 Temperature Reading Devices

Resistance Temperature Detectors (RTD): Temperature must be measured accurately at
the inlets and outlets of the plate heat exchangers, and as such, RTDs provided the accuracy
needed to deliver reliable temperature readings. Just as with thermocouples, there are several
kinds of RTDs that are configured differently and have different accuracies. Of the three
different wire configurations (2-wire, 3-wire, 4-wire) that are available, the 4-wire RTD were
used in the test set up, as shown in Figure 3.7. The 4-wire design touts the highest accuracy and
reliability of the different configurations because the resistance error due to lead wire resistance

is nonexistent in this design.

Figure 3.7 6” RTD with 4-wire configuration.
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There are five different tolerance classes that depict temperature accuracy; Class B, Class
A, DIN (Deutsches Institute fur Normung or German Institute for Standardization) 1/3, DIN 1/5,
and DIN 1/10. Table 3.3 shows comparison of four of the temperature reporting tolerances for

RTDs.

Table 3.3 Temperature tolerances for RTDs

Temp Class B Class A 1/3 DIN 1/10 DIN
) =°C) =°C) &°C) °C)
-40 0.50 0.25 0.13 0.050
-30 0.45 0.23 0.13 0.045
-20 0.40 0.20 0.12 0.040
-10 0.35 0.18 0.11 0.035

The RTDs in this experiment are of the 4-wire configuration with an accuracy following
the 1/3 DIN. There are also several different curves that RTDs can be calibrated to, of those, the
100 Q platinum RTDs used will conform to the Pt 3851 curve. Each of the RTDs have stem
lengths of 6” to minimize stem conduction effects. This measurement surpasses the
recommended minimum stem length of 20 times the RTD diameter, and with the diameter of
1/8”, the 6 sheath is 48 times the diameter, so temperature reading disturbances from ambient

temperatures will not influence experimental data.

Thermocouples: For areas of the condensing loop that do not require as high of accuracy
temperature readings, type T thermocouples will suffice. The temperature range of type T
thermocouples is adequate for the present experimentation parameters. The thermocouples, as
shown in Figure3.8, are classified in tolerance class 1, which for type T is £0.5°C between -40°C

to 125°C. This accuracy is actually 3 times better than the more common K and J type
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thermocouples, which are rated at +1.5°C between -40°C to 375°C. Again the stem lengths are

6” as to minimize stem conduction interference.

Figure 3.8 Type T thermocouple.

3.5 Pressure Transducers

Obtaining accurate pressure drop is critical in the project, and as such, high accuracy
gauge and differential pressure transducers will be utilized to measure pressure behaviors. For
the gauge pressure transducer, the PX32B1 from OMEGADYNE Inc. is installed in the

experimental apparatus, as shown in Figure 3.9.

Figure 3.9 PX32BI1 pressure transducer.

This specific pressure transducer will serve well considering the fact that it is one of the

few pressure transducers to have a compensated temperature range of -40° to +168°C. It is made
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of all stainless steel and hermetically sealed. It requires a 10V ac or dc excitation voltage and
returns a 3mV/V +1% and has an accuracy of 0.25% linearity, with hysteresis and repeatability
combined. The pressure transducer is designed to work in a range of 0-500 psi. To measure the
pressure drop across the plate heat exchangers, the PX771A differential pressure transmitter will
be used. This devise, as shown in Figure 3.10, is made of all stainless steel wetted parts as well
and can operate up to 2000 psi and has a processes operating temperature of -40° to 104°C. The
transmitter works off of an excitation voltage ranging from 6-42 Vdc and outputs either a 4-20
mA or 1-5 Vdc signal. The PX771A has an accuracy of £0.1% of the upper range limit or

+0.15% of full scale.

Figure 3.10 Differential pressure transmitter.

3.6 Turbine Flow Meter (Dynalene)
To accurately meter the flow of dynalene which will ultimately condense the CO,
refrigerant, the FT-10 flow meter from Flow Technology was used. The meter, as shown in

Figure 3.11, was a turbine flow meter made of stainless steel using a ceramic journal bearing
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with a RF (radio frequency) pickoff signal to ensure the widest flow metering range of 0.3 to 15
gpm. The ceramic journal bearing is necessary for the dynalene due to its high viscosity. The
flow meter has a 10 point calibration in water to ensure a reading accuracy of £0.05%. The FT-
10 had temperature and pressure operating ranges of -100° to 800°F and up to 5000 psig. The
flow meter required an input DC voltage range of 8 to 30V and produced 0 to 5V pulses ranging

from 5 to 5000 Hz.

Figure 3.11 Flow meter to measure dynalene flow.

3.7 Coriolis Flow Meter (CO; Flow Meter)

To accurately measure the low flow rates of the low temperature and high pressure CO,,
a coriolis flow meter was selected. Micro Motion, Inc. was the manufacturer of the specific
coriolis flow meter used for this experimentation set up. The flow meter measuring ranges from
0.002267 kg/sec up to 0.02267 kg/sec maintaining an uncertainty of £0.100%. The CO, flow
required by the project ranges from 0.001 kg/sec to 0.01 kg/sec. The lower flow rates will
exhibit a higher uncertainty, but the majority of the data points will be within a confident flow

measuring range. The flow meter can withstand pressures up to 1812 psig with the safety
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housing being able to withstand 425 psig. Operation temperatures range from -240° to 204°C.

Figures 3.12 and 3.13 show the coriolis flow meter and its transmitter.

Figure 3.12 Coriolis flow meter.

Figure 3.13 Coriolis flow meter with transmitter.
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3.8 Uncertainty Analysis
The instrumentation used in the experimental process detected and recorded
temperatures, pressures, and flow rates. The uncertainties for the instrumentation are

presented in Table 3.4.

Table 3.4 Uncertainty of data collecting devices

Parameter Instrument Measurement
(Range of measurement in tests) Uncertainty
Temperature RTD 4-wire DIN 1/3 +0.16°C
(10° to 50°C)
Pressure Gauge Transducer +0.1 psi
(<50 psi)
Differential Pressure Differential Transmitter +0.1 psi
(<40 psi)
Flow In-Line Turbine Type +0.1 gpm
(0.3-15 gpm)
Coriolis Mass Flow +0.1 % flow
(0.002267- 0.02267kg/s)
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CHAPTER 4: SINGLE-PHASE EXPERIMENTATION
A thorough single-phase analysis, including water/water and dynalene/water, was
conducted since single-phase heat transfer and pressure drop coefficients are needed in the

mathematics of the two-phase analysis of CO, condensation.

4.1 Single-Phase Loop Setup

To mimic the two-phase flow behavior of CO, condensing (rejecting heat) in the middle
of three channels within the heat exchanger, single-phase hot water entered the top of the
exchanger, flowing through the middle channel. On the other side, cold water entered from the
bottom of the exchanger, flowing through the side channels, to produce counter flow heat
transfer. The hot water line contained the instrumentation to record temperature, pressure drop,
and flow rate; however, the cold water line recorded only temperature and flow rate. The reason
no pressure measuring devises were used on the cold side was because only hot side coefficients
were needed from the water/water experimentation to be used in CO, two-phase mathematics.
To most accurately observe the pressure drop across the plates, the pressure transducers on the
hot line were positioned as close as possible to the inlet and outlet of the exchanger, followed by
temperature reading and flow metering devices. The schematic of the single-phase test facility is

depicted in Figure 4.1.
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Figure 4.1 Single-phase experimental schematic.

In order to obtain reliable data for the full range of flows, it was important to make sure
that both hot and cold water completely filled the lines to avoid air-water mixture flow (part
water part air). To achieve this, nozzles were placed at the end of each line to ensure that the
lines were free of air.

For the dynalene/water experimentation, the single-phase flow configuration was similar,
i.e., hot water flowing through the middle channel and chilled dynalene flowing through the side
channels. But the instrumentation used for the hot side in the water/water configuration
(temperature, pressure drop, flow rate) was switched to record data for the cold side in the
dynalene/water test, in order to obtain more precise measurements on the dynalene side. It is this
single-phase dyanlene data which would render cold side coefficients that would be used later in
the CO, two-phase mathematics.

The tested brazed plate heat exchanger is housed vertically in an insulated box for all
single-phase and two-phase data collection. The back of the box contains 5” of R-4 insulation

and the front of the plate was covered with 4” of R-4 insulation, giving 20 and 16 hr.ft*.°F/BTU
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respectively for each side. Figure 4.2 shows the brazed plate heat exchanger in the insulation

box with and without the front insulation installed.

Figure 4.2 Condensor housing box with and without front insulation.

All the tubing for both single-phase and two-phase experimentation was also insulated to
reduce heat absorption to the CO, and dynalene. Although it is impossible to create a fully
adiabatic system, the precaustions taken minimized the amount of heat loss to surroundings.
Calculating the total heat loss throughout the entire system is impractical, but estimated to be no

larger than 0.5%.
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4.2 Data Acquisition

All of the data acquisition equipment was integrated into a National Instruments SC2345
Signal Conditioning Connector Block which transmitted signals to the DAQ National
Instruments USB-6251 16 input, 16-bit, 1.25MS/s multifunction I/O with Correlated Digital I/O
for USB by which a Labview 7.2 program was written to record and display all the temperatures,
pressures, and flow rates necessary. Each data acquisition device used a specific National
Instruments module in the SC2345, details of which are shown in Table 4.1. A Tektronix
PS2520G power supply was used to power the flow meter as well as the differential pressure

transmitter. Figure 4.3 shows the front panel of the LabView program as it took real time data.

Table 4.1 DAQ instrumentation

Device Module Measurement Mode Power Supply
RTD SCC RTDO1 Wheatstone Bridge Resistance n/a
Differential Pressure SCC CI20 Current Input 24V @ 1A
Gauge Pressure SCC SG24  10v Excitation Full n/a
Bridge Strain Gauge
Flow Meter SCC FT01 Feed Through Component 10V @ 10ma
(Frequency)
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Figure 4.3 DAQ program monitoring and collecting single-phase data.

4.3 Experimental Test Procedure
To be as consistent as possible in the data collection process, identical steps were used for
each heat exchanger.
1. Both hot and cold water ran until maximum hot and minimum cold temperatures were
achieved.
2. Data collecting began by finding the maximum flow rates permitted by each side of each
plate (1 channel side and 2 channel side) and assigning flow increments to be analyzed.
3. The DAQ recorded the inlet and outlet temperatures, gauge and differential pressures, as
well as the flow from the turbine flow meter every 2 seconds for a duration of 2 minutes
yielding a total of 60 data points per data collection set.
4. Data collection sets started by recording maximum flows of cold fluids and hot water.

The hot flow stayed constant as the cold flow decreased for each iteration. When the
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minimum cold flow iteration was completed, the next permeation of reduced hot flow
was set constant and the cold flow increased for each iteration. Data collection followed
this fashion until all combinations of low and high flows for cold and hot water were
recorded.

5. Statistical analysis was performed on each data set before moving to the next data set to

ensure low standard deviations and acceptable precision intervals.

Data was then verified by the energy balance equation, assuming the specific heats of the

hot and cold water to be equal. The ratio of cold mass flow rate with cold side temperature

difference and hot mass flow rate with hot side temperature difference should equal unity.
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CHAPTER 5: SINGLE-PHASE ANALYSIS

The raw data collected by the data acquisition system are used to obtain the single-phase
heat transfer and pressure correlations within the three brazed plate heat exchangers. This

section reviews the data reduction method, and discusses the resulted correlations.

5.1 Modified Wilson Plot Technique (Heat Transfer)
As the first step in analyzing the collected data, properties of water for each test point
were calculated at bulk temperatures averaged between the inlet and outlet ports on each side.
Each property, including density, specific heat, conductivity, and viscosity, was evaluated
and correlated, using third order logarithmic regressions. These properties were then used to find
the flow characteristics in the channels for each plate.

The Reynolds number of the flow within the channels was calculated by:

Re = GO
H (5.1)
where the hydraulic diameter was defined as two times the average plate spacing (Dny¢=2b), and

the mass flux was calculated based on the minimum free flow area (A,) between the plates, as

described by Shah and Wanniarachchi (1992):

G= » (5.2)
A,
Due to the complicated geometries that brazed plate heat exchangers contain, this
minimum free flow area is difficult to estimate and has not been universally standardized.

However for the sake of simplicity, many studies have considered this free flow area as the

average plate spacing, b, multiplied by the width of the plate:
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A ~ b (5.3)

It is notable that the minimum free flow area (MFFA) between the two neighboring
plates, which depends on the corrugation angle, are much less than the area given by Equation
5.3. A more thorough description of the minimum free flow area is given in the appendix, while
Equation 5.3 is used for data reduction in this study.

An energy balance was applied in order to obtain heat transfer rates on both hot and cold

sides:
. (54
Q=mc, AT
Using the log-mean temperature difference
_ [(Thl _Tc,o ) B (Th,o _Tc,i )J
AT, = (5.5)
11/1|_(Th,i _Tc,o )/(Th,o - Tc,i )J
the overall heat transfer coefficient in the heat exchanger was calculated by:
Q
U=—"—
2AAT, (5-6)

where A is the effective heat transfer surface area, which was calculated by the projected heat
transfer area multiplied by the enlargement factor (effective length divided by projected length,
refer to Figure 3.4).

A common analysis method of single-phase heat transfer in brazed plate heat exchangers
is the modified Wilson plot technique. Due to the possibility of large property variations,
especially the viscosity of dynalene, the heat transfer correlation format was chosen similar to
the Sieder-Tate equation, as explained in Incropera and DeWitt [33]:

NU = C Re” A 0.14 (5.7)
u=CRe" Pr (/J//Js)
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The heat transfer coefficients for the hot and cold sides of the brazed plate heat exchanger
are thus obtained by:

(5.8)
hc = (kc/Dhyd ) Cc Recp Prc%(/u/:us )COAM

and

(5.9)
h, = (kh/Dhyd )Ch Rehp Prh%(/u/:us )h0,14

In the original Wilson plot technique, used for shell-and-tube heat exchangers, Cy, and C,
are the only coefficients that need to be found to be able to find Nusselt numbers. Reynolds
number exponent (0.8), Prandtl number exponent (1/3), as well as the viscosity ratio exponent
(0.14) for the tube side is assumed constant due to the widely accepted characteristics of in tube
flow. The shell side Reynolds number exponent, however, is not necessarily 0.8 and can be
optimized, based on the magnitude of Reynolds number, in the Wilson plot calculations. Plate
geometries in brazed plate heat exchangers are so complex and varied among different
manufacturers, the flow regimes (and as a result, the Reynolds number exponents) cannot be
assumed like the in-tube flow. Due to the similarity in geometries and configurations on the cold
and hot channels of a brazed plate heat exchanger, the flow regimes and the Reynolds number
exponents on both sides can be assumed identical at any given Reynolds number. This flow
assumption is safe even for very different fluids flowing in the exchanger because the fluid
properties are taken into account with the Prandtl number and the viscosity ratio portions of the
mathematical relations. Prandtl number exponent and viscosity ratio exponents, which account
for the different fluid properties of water and dynalene, can also be assumed constant at 1/3 and
0.14, respectively. The original Wilson plot technique requires the data to be recorded at
constant flow rates and constant average bulk fluid temperatures on both hot and cold sides,

which is not easily accomplished. However, the modified Wilson plot technique, devised by
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Briggs and Young [34], allows data to be taken at varying flow rates and varying bulk fluid

temperatures on hot and cold sides. The overall heat transfer equation based on this method is

obtained through the following thermal resistance equation:

L 1
U K wall C kc (DhdejP[cpluj%[luJO.m
“Dpg . # ),k Hs

1

P ! 0.14
C Ky (Dhde] (Cp/”}é(ﬂ]
" k
Dhyd lu h h lus h

Multiplying both sides of the above equation by

kc {Dhdejptcpﬂj%(ﬁJOU‘
Dhyd H ). k ¢ \Hs /¢
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gives:

which is in the form of

where

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)



K, (Dhydejpicpu]%[ " J (5.15)
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c
Since the viscosity ratio groups and the Reynolds number exponents are relaxed with the
fluid flow rates and temperatures, successive linear regressions can be performed to execute the
nonlinear regression that these equations require. These two linear regressions consist of
evaluating X (Equation 5.15) and Y (Equation 5.14) and X’ (Equation 5.18) and Y’ (Equation

5.19).

X'=1In(Re,) (5.18)
Y'= ln(Cc Re:) (5.19)
The X and Y regression starts with an initial P value as well as a guess for the Cy, value.
These values have an impact on the wall temperature calculations; therefore, the viscosity ratio
must be adjusted in both linear regression processes. From the X and Y regression, C. and Cy,
coefficients are found. This Cy, coefficient is then used in a mathematical relaxation method to
converge the viscosity ratio in the X’ and Y’ linear regression, producing values of P and C..

The new P is used in the next iteration of regressions (which has new viscosity ratios to be

relaxed), and this C is compared to the C. of the X and Y regression. Calculations continue
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following this procedure until the difference between the successive P and Cy, values and the C,
values from the X-Y and X’-Y” linear regressions reach a predetermined allowable error. These
values can then be verified by executing a reverse calculation that requires multiplying both sides
of Equation 5.10 by the hot side heat transfer denominator instead of the cold side heat transfer
denominator, and undergoing the same process to converge at similar P, C. and Cy, coefficients.
Both calculation procedures were done in this study and minute differences were observed

between the two methods, so the average of the two methods coefficients was taken into account.

5.2 Pressure Drop

To determine the single-phase pressure drop due to friction across the brazed plate heat
exchanger, the manifold pressure loss (pressure loss from pressure transducer location to just
after the port of the exchanger) was subtracted from the measured pressure drop recorded by a

differential pressure transmitter.

AP (5.20)

AI:)f = AI:{otal Sl man
The contribution of pressure loss due to gravitation was zero in this case since the
pressure drop was measured using a single differential pressure transducer. The manifold

pressure loss was estimated by 1.5 times the inlet velocity head, as reported by Shah and

Wanniarachchi [5],

: (5.21)
AP = 1.5(“'“7”]

where Uy, is the mean velocity of the fluid at the manifold.

The Fanning friction factor is given by
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Doy P (5.22)
'2L,G

C, =AP

where L, is the characteristic length, which was here defined as the distance from the middle of
the top inlet port to the middle of the bottom outlet port. The Fanning friction factor in the
turbulent regime can then be correlated based on the Reynolds number by the following general

form:

C, =C'Re™® (5.23)
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CHAPTER 6: SINGLE-PHASE RESULTS
Using the single-phase equations and analysis techniques, the data could then be properly
interpreted and compared. Comparisons between the three different plates as well as with other

established single-phase studies are presented in this chapter.

6.1 Heat Transfer

The single-phase analysis was conducted on the three previously described brazed plate
heat exchangers. Data are presented of the water/water analysis as well as the dynalene/water
analysis. Implementing the modified Wilson plot technique and reverse calculations for the three
different plates gave correlations with an average standard deviation less than 1%. The plots of
the modified Wilson method for each plate are shown in Figure 6.1, while the heat transfer

correlations are presented in Table 6.1.

22
+ Low Profile Water/\Water
20 Low Profile Dynalene/\Water
4 Mixed Profile Water/\Water
18 2~ Mixed Profile Dynalene/Water |
m High Profile Water/\Water
e d
16 ' High Profile Dynalene/\Water .
> * *
14 o
&
— "
§ 12 $ 'f
2 - .
2 10 - . -’ " - -
% / Ak -
A
= 8 0“ sk - L] -
2 .
2L Ak -
6 : ‘ﬂ“ .f'.
& ‘A‘l‘ -
.
4 . Iﬁ" o
2
0 T .
0 0.5 1 1.5 2

X (Wilson plot)

Figure 6.1 Modified Wilson plot including water/water and dynalene/water.
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Table 6.1 Current study single-phase heat transfer correlations

Nu=C.Re".Pr'™.(u/ uy"™

water/ 60/60  27/60 27/27 dynalene/ 60/60 27/60 27/27
water Plate Plate Plate water Plate  Plate Plate
Ch 0.134 0.214 0.240 Ce. 0.177 0.278 0.561
P 0.712 0.698 0.724 P 0.744 0.745 0.726

With plate heat exchangers, defining plate orientation (whether installation of the plate is
vertical or horizontal) and hot and cold fluid flow direction in a single-phase study is not as
critical as it is in two-phase flow. Installation orientation and direction of flow in plate heat
exchangers in two-phase flow is very important because the gravitational effects can help or
hinder evaporation and condensation. However, based upon the present experimentation, it is
interesting to note that mixed angle exchangers may require such a definition in single-phase
flow. Because the neighboring plates alternate chevron angles, mixed-angle exchangers exhibit
different behavior for opposite flow directions. For example, if a 30/60 mixed-angle exchanger
consists of plates where the high-profile (30°) plates are pointed up and the low-profile (60°)
plates are pointed down, the middle channel’s fluid would have a different flow pattern in this
orientation compared to the opposite orientation, where the high-profile (30°) plates are pointed
down and the low-profile (60°) plates are pointed up. In the 60/60 and 30/30 exchangers, this
problem is eliminated because the fluid’s flow pattern is similar regardless of flow direction.
This was apparent in the dynalene/water data which demonstrated that in one orientation the C,
Ch, and P values were 0.272, 0.136, and 0.759, respectively, and in the opposite orientation the
corresponding values were 0.278, 0.143, and 0.745. The latter data is reported here because its

orientation is similar to the two phase experimentation.
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In order to properly compare the findings presented in this paper with those by other
authors in the field, a meticulous comparison of definitions and calculations needed to be
accomplished to make sure that continuity was maintained. For the most part, parameters were
commonly defined, but there were discrepancies among them. One of these was the definition
and use of the characteristic flow length. It is important to note that the length (and resulting
area) along the plate that experiences heat transfer is not the same length that contributes to a
pressure drop, and as such, different lengths should be defined and utilized for each calculation.
In various published plate heat exchanger literature, common definitions of length include “heat
transfer length”, “port to port length”, “length between ports”, “length of channel”, “chevron
area length”, “distribution region length”, and just “length”. As these researched calculations
and correlations will ideally be used in industry, simple, externally measured, and logical lengths
should be used. The length used to find the amount of heat transfer area is most easily attained
by measuring the distance between the ports (Lyt), i.€., the distance measured from the top of the
bottom port to the bottom of the top port. No heat transfer occurs at the entrance of each port
and it is impossible to know, by external examination, exactly where the entrance or distribution
length of the plate ends, and the chevron area begins, and exactly how much of the distribution
length actually transfers heat. The pressure drop length, however, is affected by the distance that
the fluid travels through the ports, therefore an easy measurement between the middle of each
port suffices (Lp). The data from other authors being compared with the present data has been
mapped to eliminate the discrepancies that arise from the inconsistencies of definitions and
calculations. For example, the heat transfer area from other studies was converted to the
definition in the present study. Comparing these results shows consistent qualitative heat

transfer behavior, as shown in Figure 6.2 through Figure 6.4 for the three plates, although there
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are still quantitative differences that can be attributed to different geometrical plate

configurations and flow conditions.
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Figure 6.2 Single-phase heat transfer comparison of low profile plates.
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Figure 6.3 Single-phase heat transfer comparison of mixed profile plates.
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Figure 6.4 Single-phase heat transfer comparison of high profile plates.

6.2 Pressure Drop

The pressure drop through the middle channel of the three brazed plate heat exchangers
was recorded by a differential pressure transducer. The pressure drop reported is based on the
assumption of Lp, meaning that the length used in the calculations was not that of the heat
transfer length but the length measured from the middle of the top port to the middle of the
bottom port. The resulting correlations are summarized in Table 6.2, and compared with other
studies in Figure 6.5 through Figure 6.7. In the Fanning friction correlations the P’ coefficient
values depict how much the flow influences pressure drop; the closer the value to zero, the less
the flow depends on the Reynolds number to depict pressure drop and the friction factor becomes
constant. This behavior is also related to the roughness that the fluid sees as it flows through the

exchanger. Roughness can be very smooth or very rough, contributing a little or greatly to the
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pressure drop respectively. The geometry of the corrugated (very unsmooth) plates actually
lends to a very large roughness, so the P’ values reported in Table 6.2 show that the pressure
drop in each of the plates is not entirely dependent on the Reynolds number, and that all of the

present study flows are in the turbulent regime, even at low Reynolds numbers.

Table 6.2 Current study fanning friction factor correlations

Ci=C’.Re”
water/ 60/60  27/60  27/27 dynalene/ 60/60  27/60  27/27
water Plate Plate Plate water Plate Plate Plate
C 1.18 1.56 3.09 C 0.57 21.40 3.15
P’ -0.10 -0.08 -0.06 P’ 0 -0.46 -0.08
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Figure 6.5 Fanning friction factor for low profile plates.
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Figure 6.6 Fanning friction factor for mixed profile plates.
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Figure 6.7 Fanning friction factor for high profile plates.
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It is important to note that the previous comparisons between studies do not necessarily
show that one heat exchanger is better than another, because the heat exchanger correlations in
the different studies (i.e. the present study compared to Thonon, or Thonon compared to Muley
and Manglik) use different sized heat exchangers with similar (not always exact) inclination
angles. Many more geometric plate parameters can affect the flow and heat transfer, such as
plate spacing, corrugation pitch and over all aspect ratio of the plate (whether the plate’s height
is twice or three times the length of the plate, essentially describing how ‘slender’ the plate is).
With this information in mind, it was more prudent to find single-phase correlations for the
specific plates used in this study then it would have been to simply use another researcher’s
correlation made from similar plates. These plates now have their own descriptive single-phase

models that will be used for their respective two-phase modeling correlations.

6.3 Uncertainty Analysis
Each device had unique responses and uncertainties, all of which were taken into account
when performing a single-phase propagation of error analysis. An example uncertainty equation

is given in equation 6.1. The uncertainties for the study are presented in Table 6.3.

ORe 2 ORe 2 2 6.1)
(—U(p) -p) + (—U(u) -u)
U(Re) 1 ap ou
e)=—-:
e (Zev@-o) + (Zeu) o) +
30; (Qf) - Of D (D)
Table 6.3 Uncertainty of calculated correlations
Correlation Coefficient Calculation
(Range in Correlations) Uncertainty
Single-phase Fanning friction factor Cr(0.2-2.3) +1.3%
Single-phase heat transfer h (8-27 kW/(m**K)) +4.4%
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The uncertainty calculated for the single-phase correlations reported in Table 6.3 are
actually the uncertainty for a given experimental point, not for the whole correlation itself. For
example, for single-phase heat transfer, if a data point that was collected gave a value of 10
kW/m?K at a certain flow, it would actually be expected to have a heat transfer value between
9.56-10.44 kW/m’K. The scatter of data points taken between 8-27 kW/m?K and the uncertainty

of where they lie with respect to the correlation line is not described here.
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CHAPTER 7: TWO-PHASE CONDENSATION EXPERIMENTATION

With a completed single-phase analysis of the three brazed plate heat exchangers, a two-
phase condensation analysis commenced. The two-phase experimentation set up and test
procedure are reviewed to demonstrate the level of control achieved over the system. A

breakdown of how the data was collected is also explained.

7.1 Schematic and Setup

All of the same equipment which was used in the single-phase data collection setup was
used for the two-phase setup. In addition, the CO, pump, Coriolis flow meter, after condenser,
evaporator, control valves, and a 1000 psi pressure relief valve were inserted into the CO; line.
All the components of the CO, line were connected with high pressure flexible hose, 3/8” on the
liquid side and %, on the vapor side. The two-phase setup consisted of the tested brazed plate
heat exchanger, an after condenser (a 20-plate 5 by 10” BPHE), CO, pump, and evaporator (a
20-plate 5 by 10” BPHE) to complete the refrigeration pump loop. Originally the system had a
pressure regulator valve that served to break the vapor pressure, but after some initial difficulties
of operating the system (a stoppage of flow believed to be originating from the pressure regulator
valve), the valve was removed. The pressure drop created from the tubing and heat exchangers
proved to be enough to operate the system adequately. Since only the condensation portion of
the refrigeration cycle was studied, it was not necessary to use a compressor to simulate the
refrigeration cycle; rather, a refrigeration pump loop, that operates similar to a heat pipe, was

used to complete the condensation portion of the refrigeration cycle as shown in Figure 7.1.
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Figure 7.1 Ideal thermodynamic cycle of the two-phase condensation in refrigeration pump
loop.

Figure 7.2 details the two-phase schematic and Figure 7.3 shows the physical lab
experimentation setup. The testing conditions that ASHRAE had specified for the two-phase
condensation experimentation were as follows:

1. Saturated CO, temperature range: 0°F (-17.8°C) to -30°F (-34.4°C)

2. Heat flux range: 800 Btu/hr.ft* (2.5 kW/m?) to 5,000 Btu/hr.ft* (15.7 kW/m?)

3. Inlet condition: superheated gas to saturated vapor

4. Outlet condition: saturated liquid to sub cooled liquid

5. Approach temperature: not to exceed 10°F (5.6°C)
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Figure 7.2 Two-phase schematic.

Figure 7.3 Two-phase experimental facility.
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7.2 Experimental Test Procedure

To record the data and monitor the two-phase system, the same National Instruments data

acquisition equipment from the single-phase system was used, but with an updated two-phase

program. Inlet and outlet temperatures for both dynalene and CO, were recorded as well as their

respective flow rates. Real time pressures and temperatures at the inlet and outlet of the CO,

side of the condenser were monitored and compared to data tables from NIST REFPROP v 8.0 to

make sure that superheated and sub cooled states of CO, were achieved. In order to properly run

the system, a series of steps were performed to ensure the desired accurate data were collected.

1.

Vacuum the entire CO; line using the laboratory’s vacuum line. Wait till the system
pressure reads a gauge pressure between -12 to -13 psi (absolute pressure of 2 to 3
psi). This may take up to an hour to achieve. It is important to make sure that non-
condensable gasses (air) are not mixed in the CO; line.

Turn the chiller on, achieving the desired dynalene temperature. Open the valves to
allow dynalene to flow through the condenser and the after condenser.

Start either cold or hot tap water flowing through the evaporator brazed plate heat
exchanger.

Introduce CO; into the system, only to about 300 psi of CO; at a time. Wait till the
dynalene cools the CO, and the pressure drops down to about 225 or 250 psi, then
introduce more CO,. Repeat this till the CO, outlet temperature is within a few
degrees of the dynalene.

Once the outlet CO; temp is sub cooled liquid CO,, it is safe to start the CO, pump.
Turn on the CO, pump at frequencies ranging from 15-25 Hz. While the CO, pump

is initially starting up, make sure to check the sight glass at the entrance of the pump
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10.

11.

12.

to make sure liquid is entering the pump. It is not uncommon for the system to
require more CO, at this stage, introduce more CO; slowly, making sure to not
exceed 450psi, until visible liquid is entering the pump.

Once liquid CO; is flowing through the CO, pump, increase the pump frequency to
45-50 Hz.

Monitor the condenser inlet CO, temperature, which will be initially 30° to 40° C
superheat. Slowly add more CO, to the system to drop the CO; inlet temperature. Be
patient, as adding too much refrigerant will cause the entire line to become liquid.
Add small amounts of CO, and wait till the superheat temperature and pressure
become steady state.

Continue adding CO; till the superheat and sub cooled temperatures are within 5° C
of the respective saturated pressures.

Once the desired CO, flow is achieved and superheat and sub cooled parameters are
met and held at steady state (check the sight glasses at the entrance and exit of the
brazed plate heat exchanger to ensure that no liquid is present at the entrance and that
liquid flows at the end of the plate), begin recording data.

Data sets are recorded once every 10 seconds for 15 minutes for a total of 90 sets of
data per point.

After a successful point has been recorded, lower the chiller temperature to the next
specified point. Keep in mind that it is easier to acquire data points with similar flow
rates at the different temperatures than it is to keep the temperature constant and vary

the flow rates.
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13. Minor adjustments may need to be made to keep the approach temperatures within 5
degrees C and the flow at similar rates. These adjustments can be made by adjusting
bypass valves around the condenser and after condenser as well as the amount of CO,
in the system.

As given per the required test conditions that ASHRAE set forth, the following testing
matrix was used as a guide to take data for each plate. Data was taken in heat flux groupings,
keeping a similar flow rate while changing the saturation temperatures. To calculate the needed
flow rate for a given temperature and heat flux the following equation was used,

1= Q"Aror/ifg (7.1)
where Q” is the required heat flux and I, is the latent enthalpy at the desired condensation

temperature.

Table 7.1 Mass flow requirement matrix to fulfill temperature and heat flux ranges
Heat Flux (kW/m"2)

Mass Flows (ke/s) ™0~ T 175 T 15 | 125 | 10 75 5 25
-17.6 0.00979 | 0.00856 | 0.00734 | 0.00612 | 0.00489 | 0.00367 | 0.00245 | 0.00122

-21.6 | 0.00948 | 0.00830 | 0.00711 | 0.00593 | 0.00474 | 0.00356 | 0.00238 | 0.00119
Temp C -26 0.00919 | 0.00804 | 0.00689 | 0.00574 | 0.00460 | 0.00345 | 0.00230 | 0.00115
(4 Deg -30 0.00895 | 0.00783 | 0.00671 | 0.00559 | 0.00448 | 0.00336 | 0.00224 | 0.00112
Step) -34.4 | 0.00871 | 0.00762 | 0.00653 | 0.00544 | 0.00435 | 0.00327 | 0.00218 | 0.00109
-38 0.00853 | 0.00746 | 0.00640 | 0.00533 | 0.00426 | 0.00320 | 0.00213 | 0.00107

Each data point was observed as it was recorded to make sure that steady state was
achieved. If pressures or temperatures ever deviated from the beginning of taking the point, the
data point was retaken. Figure 7.4 shows an example of the system at steady state recording a
single data point. The table on the right hand side of the DAQ in Figure 7.4 is NIST REFPROP
v8.0 giving the saturation temperatures and pressures of CO,. The pressure readings of the inlet

and exit of the condenser were read off of the NIST table. For example, if the monitored CO;
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inlet temperature at the monitored inlet pressure was higher than the NIST saturation
temperature, superheat vapor state was achieved. Likewise for the exit, if the monitored CO,
exit temperature at the monitored exit pressure was lower than the NIST saturation temperature,

sub cooled liquid state was achieved.
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CHAPTER 8: TWO-PHASE DATA REDUCTION

The two-phase condensation data collected by the data acquisition system are used to
obtain heat transfer and pressure drop correlations within the three tested brazed plate heat

exchangers. This chapter reviews the two-phase data reduction methods.

8.1 Two-Phase Condensation

In order to have complete two-phase condensation, it is important to ensure that
superheated vapor and sub cooled liquid are actually present at the entrance and exit of the heat
exchanger respectively. To do so, the inlet and outlet temperatures and pressures must be
measured and monitored carefully. In the data reduction process, the properties of CO, are
found by the recorded average pressure and temperature at the inlet and exit by way of NIST
REFPROP V8.0. By copying the pressure and temperature for each data point into the NIST
software program, the superheated and sub cooled enthalpies can be calculated. Multiplying the
difference in enthalpies by the mass flow rate of the CO, gives the total energy loss of the CO,.

Qcoz = (Uin — lout)Mco2 8.1)

Dividing the energy loss by the surface area by which the CO, dissipates heat renders the overall
heat flux:

Qcoz (8.2)

q " =
Asur face
This heat flux however is not the condensation heat flux. The heat flux depicted here
takes into account the superheated pressure and temperature as well as the sub cooled pressure

and temperature, so this flux contains three regimes of heat transfer; superheat, saturated

liquid/vapor, and sub cooled heat flux. To be as accurate as possible in two-phase data
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reduction, it is important to understand how much of the energy that is dissipated is sensible
energy (superheat and sub cooled regimes) and how much is latent energy (energy used to
condense). In this experimentation’s parameters, the approach temperature was never to
exceeded 5°C, which means that the intended super heat temperature measured at the inlet port
of the exchanger was to be as close to the saturation temperature as possible, but just high
enough to ensure 100% vapor and not exceed 5°C from the saturated vapor pressure’s
temperature. Similar to superheat, the approach temperature describes how the intended sub
cooled temperature (measured outside the exchanger outlet port) needed to be lower than the
saturated liquid temperature to ensure a full liquid state, but no colder than 5°C from the
saturated liquid pressure’s temperature. The saturated temperature for each data point was thus
mathematically found (not empirically found from data acquisition equipment) at each inlet and
exit pressure. The idea behind this is to find out how many degrees superheat and sub cooled
(approach temperature) the CO; has achieved, as well as determining how much energy was
dissipated in each of the single-phase regimes. Finding the energy in each regime requires more
mathematical work, but not doing so would render erroneous correlations. For example, no two
approach temperatures are identical from one condensation data point to another, and if no
separation of regimes was implemented, any given condensation point would have much more
energy reported for a higher approach temperature than a lower approach temperature. The
separation of the three regimes in the two-phase flow cancels out the need to have every
condensation point have exact approach temperatures for vapor and liquid and gives more
accurate saturation condensation correlations.

To properly separate the three regimes of CO,, the difference in enthalpies of the

calculated saturated vapor/liquid and the recorded superheat/sub cooled liquid pressure were
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multiplied by the CO, mass flow rate to give the amount of energy dissipated in the superheat

and sub cooled regions of the plate.
Qco2 Sup = (iin - ig)mCOZ (8.3)
Qcoz supb = (if - iout)mCOZ (3.4)
Subtracting the superheat and sub cooled heat from the total CO, heat loss gives the saturated

heat, or the two-phase heat transfer amount.

Qcoz sat = QcozTot — Qcoz sup — Qcoz sub (8.5)
To accurately find the overall heat transfer coefficients and Nusselt numbers of the

condensing CO,, all three regions need to be accounted for. This involves accurately estimating
the amount of surface area occupied in the exchanger where only single-phase vapor and single-
phase liquid exist. The rest of the surface area in the exchanger is then estimated to be in two-
phase condensation and it is this area of heat transfer that must be reported and analyzed. A
simple yet practical homogeneous model for two-phase flow is assumed and Figure 8.1 depicts
how the flow may appear in the heat exchanger during the condensation process. This
assumption and the diagram in Figure 8.1 are not exact representations of what is physically
occurring in the exchanger, but using this assumption leads to more accurate correlations than

those that would have been found without using the assumption.
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Figure 8.1 Threerengtwo-phase condensation.

The data on the heat absorption side of the heat exchanger, containing dynalene, also
needs to be organized and reduced, for it will be integral in the two-phase analysis later on. The
inlet and outlet temperatures as well as the flow rate for the dynalene were monitored and
recorded. The temperatures were used to find properties, which were obtained by using the same
third order logarithmic relations as in the single-phase analysis for dynalene.

Even though the heat absorbing fluid was always single-phase, the two-phase CO,
information was used to find out how much of the dynalene contributed to absorbing heat from
the superheat region, the saturated dome region, and the sub cooled region. Figure 8.2 describes

how the fluids interact thermodynamically.
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Figure 8.2 Thermodynamic display of two-phase CO, with single-phase dynalene.

Realizing that the installed RTDs only recorded temperatures at the inlet and outlet ports
of the exchanger, mathematical estimations were needed to find the saturation temperatures
(vapor and liquid temperatures at estimated locations in the channels of the plate) and the
respective dynalene temperatures at those CO; saturated temperature locations. The dynalene
Sub and Sup temperatures, relating to the calculated CO; saturated vapor and liquid

temperatures, were found by using equations 8.6 and 8.7 respectively.

_ —Qco2 sup (8.6)
TDyn Sup — _. + TDyn out
mDyn Cp Dynin
_ Qcozsup (8.7)
TDyn Sub — _. + TDyn In
mDynCp Dyn Out

Finding the log mean temperature differences for the superheat, saturated and sub cooled

regions are defined as follows:
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AT, — AT, (8.8)

ALMTD =
SUP- T In(AT, /AT,)
AT, — AT (8.9)
ALMTDg,; = ——F——
S T In(AT,/ATs)
AT; — AT, (8.10)
ALMTD =
SUb T \n(AT;/AT,)
where
ATy = Tcoz miet — TDyn Outlet (8.11)
AT, = Tcoz sat m — TDyn Sup (8.12)
ATz = Tcoz sat out — TDyn Sub (8.13)
ATy = Tco2 outtet — TDyn Inlet (3.14)

To find heat transfer coefficients for each of the three regimes, the Sieder-Tate form of

the heat equation as given by Incropera and DeWitt [33]

Nu = CRe?Pr1/3(u/ug)0t* (8.15)
where
Re — GDpya (8.16)
u
Pr = % (8.17)

where properties were taken at the temperature averages in each regime for both CO, and
dynalene. Even in the saturated regime, where the span of Reynolds and Prandtl numbers is
large, the average of the vapor and liquid properties were used. The viscosity ratio term, which
contains the viscosity of the fluid taken at the temperature of the surface, assumes a linear

temperature profile between the two working fluids and thus the viscosity property is calculated
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at the average temperature of the average CO, and average dynalene temperatures for each
regime. This linear temperature profile assumption to estimate the surface temperature turns out
to be a sound assumption due to the fact that the resulting heat transfer coefficients are on the
same order of magnitude. Were the heat transfer coefficients of CO, and dynalene on different
orders of magnitude, the temperature profile would most likely not be linear.

T. ~ TCOZ ave T TDyn ave (8.18)
s =
2

The coefficients of C and P for both the superheat and sub cooled regions (single-phase)
are the coefficients reported for each respective plate from the single-phase analysis, using the
water/water C, and P coefficients for the single-phase CO; side and the water/dynalene C. and P
coefficients for the dynalene side. Finding the Nusselt number for the CO, superheat/sub cooled
regions and the dynalene superheat/sub cooled regions allows each of the heat transfer
coefficient to be found.

. kNu (8.19)
Dhyd

Using the thermal resistance form

1 1 ¢t 1 (8.20)
—= + -+
U hhot k hcold

the overall heat transfer coefficient for the CO, superheat and sub cooled regions can be
calculated by the following equations

1 1 t 1 (8.21)

UCOZ Sub hCOZ Sub k hDyn Sub

1 1 1 (8.22)

t
UCOZ Sup hCOZ Sup k hDyn Sup
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and thus the areas of the superheated, sub cooled and saturated CO, regions can be calculated

from the equations

Acoz sub = Qcoz sun/Ucoz subALMT Dgy, (8.23)
Acoz Sup = Qcoz Sup/Ucoz SupALMTDSup (83.24)
Acoz sat = AcozTot — Acoz sub — Acoz Sup (8.25)

The overall heat transfer CO, coefficient then can be found by using equation 8.26 but
solving for U.
Ucoz sat = Qcoz sat/Acoz satALMTDsqy (8.26)
Using the resistance equation again will give the saturated heat transfer coefficient

1 1 t 1 (8.27)

hCOZ Sat UCOZ Sat k hDyn Sat

which can be used to find the Nusselt number for the saturated CO; in equation 8.27.

hcoz satPhya (8.27)
Nucos sar = %
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CHAPTER 9: TWO-PHASE RESULTS

Approximately 30 two-phase data points for each plate were recorded and analyzed. The
data collected coincides with the objectives of the project by condensing CO, in the temperature
range of -17.8°C to -34.4°C all within the range of fluxes of 2.5 kW/m” to 15.7 kW/m®. Using
the collected data to build two-phase correlations of heat transfer and friction factor is a very
lengthy process that involves a dimensional analysis. Such analysis can include parameters and
variables on the order of 10 to 20 per correlation. Such correlations are outside the scope of this
thesis work and will not be presented, however, valuable relations and behaviors can be observed
from the two-phase data when studying three to four variables. This chapter discusses the two-
phase comparisons and observations of heat transfer and fluid flow, temperature gradients, heat

transfer and mass flow, and pressure drop.

9.1 Dimensionless Heat Transfer and Fluid Flow

A common method of classifying a heat transfer relationship is through a dimensionless
temperature gradient consisting of a heat transfer coefficient, a characteristic length and a
thermal conductivity. These parameters combined make a Nusselt number. In a similar fashion,
flow can be characterized by a dimensionless ratio of inertial and viscous forces using mass flow,
a characteristic length and viscosity, which gives the relationship defined by the Reynolds
number. Figure 9.1 shows a comparison of the two-phase Nusselt numbers and Reynolds
numbers for each plate configuration. As the inclination angles or the profile of the plates
increases, the heat transfer also increases at any given Reynolds number. As the Reynolds

number or the flow increases through each plate though, the rate at which the heat transfer occurs
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in each plate differs, the lowest rate of change in the low profile plate and the highest rate of

change in the high profile plate.
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Figure 9.1 Three plates’ CO; heat transfer and flow characteristics.

9.2 Temperature Gradient

There are several different ways to look at the two-phase data to understand how certain
parameters affect the behavior of CO, condensing in each plate. One such parameter to observe

is the temperature gradient consisting of the temperature of the surface to the temperature of the

fluid passing by that surface. Figures 9.2 through 9.4 show the relations that the heat flux and

mass flux have on the assumed plate and CO, temperatures.
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Figure 9.3 M plate delta T influencing mass fluxes and heat fluxes.
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Figure 9.4 H plate delta T influencing mass fluxes and heat fluxes.

All three plates consistently show a strong correlation that low delta T temperatures are
dominated by plate profile; the higher the profile, the range of heat flux and mass flux attenuates
for delta T temperatures less than 4°C. However, when the delta T temperature is greater than

4°C, regardless of plate profile, both high and low mass and heat fluxes are observed.

9.3 Heat Transfer and Mass Flow
It is also useful to compare flow parameters with heat transfer coefficients. Figures 9.5
through 9.7 detail the relation that mass flow and heat transfer coefficients have one with

another.
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Figure 9.7 H plate heat transfer vs mass flow.

The scatter of the three plates’ two-phase comparison of heat transfer and mass flow is
larger than the scatter found in the single-phase data. This is due to the inherent characteristics
of two-phase flow; as flow changes from one phase to another, properties such as viscosity,
density and specific heat can change orders of magnitude. With these large changes in
properties, it is less likely to achieve very linear data results. The overall heat transfer and mass
trends of the H and M plates do show a strong correlation that as mass flow increases, the heat
transfer will increase as well. The L plate however exhibits a larger scattering of data than that
of the H and M plates after about 0.005 kg/s. This could be attributed to a transitional flow
phenomenon that could occur in the plate at certain flow rates. These comparisons of the two-
phase data will help in the dimensional analysis which will give specific correlations for each

plate as to how CO, will condense at a given temperature and heat flux.
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9.4 Two-Phase Pressure Drop
The pressure drop that occurs across the plates during the condensation process is shown
in Figures 9.8 through 9.10. Pressure drops were low due to the low flow and effects of gravity

helping the condensation process.
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Figure 9.8 L plate pressure drops at various mass fluxes.
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Figure 9.9 M plate pressure drops at various mass fluxes.
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Figure 9.10 H plate pressure drops at various mass fluxes.

The pressure drop that is depicted in the previous three figures does not model the two-
phase pressure drop only. It includes several contributing pressure drop factors, like those
relating to gravity as well as the manifold regions of the system and the pressure drop in the sub
cooled and superheated regimes of the plate. Generally for the three plates, for mass fluxes less
than 15 kg/m’s, the pressure drops are very minimal. This could be due to the gravitational
effects of condensation being more influential than the flow from the pump. The pressure
differences in the plates when the mass fluxes are greater than 15 kg/m?s seem to fluctuate more
and may be influenced less by the effects of gravity.

The pressure and mass flux comparisons are useful to be able to understand what regimes
that laminar and turbulent flow may exist. When in laminar flow, pressure drops decrease as
flow increases, so in the L plate plot Figure 9.8, the low flow pressure drop behavior could be a
good indication that a laminar flow exists in flows less than 10 kg/m?s. Then as flows increase
to 15 kg/m’s and greater, the pressure drops stay constant or increase, which is a characteristic of
either transitional or turbulent flow. The M and H plates do not seem to exhibit a laminar flow in

the tested flow ranges.
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9.4 Analysis and Uncertainty

At this point, a proper two-phase dimensional analysis and uncertainty section would be
appropriate, but as stated earlier, such activity is outside the scope of the current thesis. The two-
phase dimensional analysis takes into account up to 10 to 20 variables in the heat transfer and
pressure drop correlations. Since a dimensional analysis has not been completed, an uncertainty
analysis also is out of the scope of the thesis, but common two-phase uncertainties are in the
range of £30-50%, and the uncertainties of the present study are anticipated to have similar

uncertainty ranges.
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CHAPTER 10 SUMMARY AND CONCLUSION

Three different brazed plate heat exchangers were studied in single-phase and two-phase
experimentation. The equipment and facilities were explained in the research project as well as
the setup using the equipment for both single and two-phase studies. Data collection and
analysis were performed for both single and two-phase flows. The following sections detail the
uncertainty analysis for the data collected, as well as thorough summary and stated conclusions

for the study.

10.1 Summary

The importance of the current study of condensing carbon dioxide in brazed plate heat
exchangers is identified at the beginning of this thesis. To date, there has been no reported
literature on the condensation of carbon dioxide in brazed plate heat exchangers. The open
review of literature in this thesis however, does discuss studies of carbon dioxide used as a
refrigerant as well as condensation of other refrigerants in plate heat exchangers.

Equipment used during the experimentation processes of this study is summarized and
schematics of how all the equipment was assembled were also shown. Each temperature,
pressure and flow reading device used in the experimental facility has a detailed explanation as
to why it was chosen and implemented in the setup.

For the first portion of the study, the single-phase loop setup describes how the
instrumentation recorded data for both hot and cold water counter flow in the plates as well as
hot water and dynalene counter flow. The data acquisition system is presented, and the single-
phase experimental test procedure is explained. The modified Wilson plot technique is presented

and used to find the single-phase heat transfer correlation coefficients, while the Fanning friction
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factor was used to find single-phase pressure drops for each plate. The final single-phase results
were shown and the coefficients for water/water and dynalene/water heat transfer and pressure
drop correlations are stated.

With the completed single-phase analysis, the two-phase schematic and setup of the
experimentation is given, along with the test procedure to control the system and collect sound
condensation data. A two-phase data reduction section explains in detail the three different
regimes of flow occurring in the plate heat exchangers; vapor, saturated liquid vapor mixture,
and liquid. These three regimes are used to properly calculate the heat transfer that takes place to
fully condense the carbon dioxide. The two-phase results section presents comparisons of
dimensionless heat transfer and flow characteristics in each plate. Condensation heat transfer
coefficients are observed at various saturation temperatures and heat fluxes. Two-phase pressure

drops for each of the plates are also discussed and presented in graphical forms.

10.2 Conclusions

Three brazed plate heat exchangers with different interior configuration, each consisting
of three channels, were experimentally analyzed in this study. Both single-phase flow
(water/water as well as dynalene/water) and two-phase condensation flow experimentation was
carried out on each plate.

The resulting single-phase coefficients listed in Tables 6.1 and 6.2 to be used in their
respective correlations were within reasonable range of standard deviation and uncertainty of less
than 1.3% for the Fanning friction factor and less than 4.4% for heat transfer coefficients. These
correlations were also compared with other well established studies on single-phase flow in plate

heat exchangers. This comparison qualitatively showed good consistencies; however,
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differences were observed among different studies that could be explained due to several factors:
(1) geometrical configuration of the plates, such as size, corrugation angle, pitch, and spacing
were not exactly identical, (2) overall size and aspect ratio of the heat exchangers were different,
(3) flow conditions and regimes were different, (4) thermal boundary conditions were not
similar, and (5) thermo-hydrodynamic parameters, such as free flow and heat transfer areas, were
not consistently defined and used. The latter looks to be a major issue on discrepancies among
different studies on plate heat exchangers, which needs to be carefully and extensively
investigated in the future. Although water/water and dynalene/water single-phase analyses were
both completed, it is possible that only the coefficients from the water/water analysis will be
necessary in the two-phase analysis. It is anticipated though that the dynanlene/water
correlations will prove to be more accurate.

Comparing the data from the three plate heat exchangers in the two-phase condensation
analysis shows that the data collection method was reliable. The heat transfer coefficients of the
high profile plate are higher at any given flow than the mixed and low profile plates under the
same flow conditions. The low profile plate exhibits heat transfer behavior that is more scattered
than that of the other two profile plates. The flow in the L plate may be experiencing more of
laminar or transitional flow regime, where the M and H plates are most likely transferring heat in
the turbulent regime. The pressure drop for the plates may offer supporting arguments as to the
possibility of different flows occurring in the plates. The pressure drop in the L plate at low
flows behaves as a laminar flow, which same trend does not exist in the M and H plate at the
same low flows. Both M and H plates show similar low flow behavior, where the pressure drop

was minimal below 15 kg/m’s and the pressure drops above this flow rate were noticeably
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higher. This behavior may demonstrate that at the low flow rates the effects of gravity on the
condensing fluid overpowered the flow effects.

Future work would include a thorough two-phase dimensional and propagation of
uncertainty analysis to be able to model the two-phase condensation of CO; in brazed plate heat
exchangers. It is anticipated that the uncertainty of the two-phase correlations would lie within
30-50%.

The completed condensation of CO, in brazed plate heat exchangers study with
correlations and an uncertainty analysis will be of great use to engineers and research in the
future. Every step to better understand how to keep better care of the environment and our

surroundings will have large dividends for the immediate and long term future of our planet.
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APPENDIX-A: MINIMUM FREE FLOW AREA CALCULATIONS

Utilizing computer modeling software can shed extra light on the minimum free flow
area (MFFA) in the brazed plate heat exchangers under study. With parametric modeling it is
possible to better estimate the area based not only on average plate spacing, but also corrugation
pitch and chevron angle. As Figures A.1 through A.3 show, the three plates have different
corrugations pitches and the angles by which the plates meet, giving different geometries for

which fluid to flow through.

Figure A.1 H Plate 27/27, Corrugation Pitch=6.03 mm, Agpepass=5.7 mm

—

Figure A.2 M Plate 27/60, Corrugation Pitch=6.19 mm, Agnepass=S.8 mm?
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5.84 /

1.84

Figure A.3 L Plate 60/60, Corrugation Pitch=6.27 mm, Aonepass=3.7 mm?

Although the three different plates demonstrate different corrugation pitches and angles,
the individual passes all seem to have similar areas, 5.7 mm to 5.8 mm on average. When taking
into account all the individual passes collectively, Figures A.4 through A.6 show that at any
given cross section for the different plates, the three plates” minimum free flow areas are

dissimilar. See also Table A.1.

SR seseses

Figure A.4 L Plate 34 passes at 5.75mm’ each. Minimum Free Flow Area=195.5 mm®

Figure A.5 M Plate 26 passes at 5.75mm” each. Minimum Free Flow Area=149.5mm”

T~ >2 > > g

Figure A.6 H plate 18 passes at 5.75 mm” each. Minimum Free Flow Area=103.5mm®
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Table A.1 Brazed plate heat exchanger dimensions

Plate Chevron  Corrugation Passes Minimum Free b*w Area,
Designation  Angle, ° Pitch, mm Across Flow Area, mm? (inz)
Width of mm? (in”)
Plate
8964 H 27/27 6.03 18 103.5 254
9866 M 27/60 6.19 26 149.5 254
8965 L 60/60 6.27 34 195.5 254

Instead of having to model each plate in the future to find the minimum free flow area,

the following formulation is proposed.

Ao = f(ﬁ,ﬂ,W, AonePass) (A'l)
2(0.000095 B> —0.0074 B +1.0716)wsin(z3/180)
AO = ) AonePass (A 2)

where B (in degrees) is the average of the chevron angled plates from the horizontal axis of the
vertically installed exchanger.

Setting the definitions of the geometries of the plates, such as minimum free flow area
and hydraulic diameter, is essential in accurately analyzing the pressure drop and heat transfer of
brazed plate heat exchangers. In fact, calculating the minimum free flow area corresponds to the
maximum flow velocity in the channels. This velocity in turn can characterize the Reynolds
number and flow regimes in the brazed plate heat exchanger. It was found that the conventional
flow area, b*w, is 1.3 to 2.5 times the minimum free flow area, Equation A-2, for the three
brazed plate heat exchangers in this study. This leads to an augmentation in Reynolds numbers
of 30 to 150% between the two methods, which can represent different flow regimes.

The resulting heat transfer coefficients utilizing the MFFA method are shown in Table A-
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Table A.2 Current study- modified single-phase heat transfer correlations based on MFFA

Nu=C.Re".Pr'"?.qu/ u)""*

water/ 60/60  27/60  27/27 dynalene/  60/60 27/60  27/27
water Plate Plate Plate water Plate  Plate Plate
Ch 0.111 0.148 0.124 C. 0.147 0.182  0.288
P 0.715 0.702  0.729 P 0.748 0.760 0.733

While the Reynolds number exponents do not deviate substantially from the b*w method,
the cold and hot coefficients do (by as much as 94%) yielding discrepancies in the relationships
between Nu and Re.

Further study and consideration is recommended to be able to standardize the

measurements of the intricate and complex inner geometries of brazed plate heat exchangers.
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APPENDIX-B: EQUIPMENT INFORMATION SHEETS
Information of the experimental equipment used in the single-phase and two-phase
studies is detailed in this section.

B.1 Chiller

CLM-7-W

CLM Series General Specifications:

Range LCT -25°F to 40°F

125 gallon stainless steel 30 psig evaporator tank
Tank level sight glass, relief valve, and air vent
Operating and safety controls

Low temperature system & bypass pump
Variable flow condenser water valve

NEMA rated electrical enclosure

Heavy-duty base frame

Single point electrical connection

Factory tested at design load conditions

o8 48 48 4 4B 4B 0B 40 4B

Flow Capacity @ 95°F Water

g - Pipe Electrical Shipping
Model Description GPM oeE (11009!;“?”") oE size S Weight

CLM-7-W 7 Hp Nominal 30 12 | 35 | 78 1-1/2 1 6000 Ibs.

Integrated Available Options Safety and Operating Controls

CATALOG DESCRIPTION % High and low refrigerant pressure lockouts
CV71102 Flow switch (paddle type) % Simple micro-processor controls

CV71104 Auto-Fill tank with regulator & Suction pressure operating control

CV71108 Voltage/ phase protection module % Discharge pressure control for condenser fans
CV71108 Casters for mabile attachment % Contactors, motor starters, and overloads
CV71110 Heat saver energy recovery oplion & Branch circuit protection

CV71120 Victaulic piping connection

CV71122 Disconnect Nema 3r (mounted) Refrigeration Circuit

CV71124 Integrated panel disconnect & Semi-hermetic reciprocating compressor
CV71126 Refrigerant pressure gauges % Water-cooled condenser copper coil in shell
CV71130 Micro computer operating controls % Evaporator is stainless steel brazed plate
CV71132 Remote operating/monitoring panel & Thermostatic expansion valve
CV71134 Alarm contacts (FAULT) & Liquid-line filter dryer
% Refrigerant sight glass
& Refrigeration suction and discharge service
access valves
Chiller Solutions LLC 1 General Engineering Specs.
101 Alexander Ave., Pompton Plains, NJ 07444 All data subject to change without nofice.
(800) 468-3826, (973) 835-3222 fax Chillers Solutions LLC 2005, all rights reserved.

www.chillersolutions.com
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CLM-7-W

Each compressor system has a suction pressure control, condenser automatic head pressure
controls, low suction safety control, and high discharge safety control.

Each refrigeration system has semi-hermetic reciprocating compressor, automatic head pressure

control, evaporatior, stainiess steei siorage tank, and temperature controis. The refrigerant circuit is
pressure lested, evacuated, dehydrated, and charged with refrigerant. The refrigeration system uses
one system pump to circulate the water to and from the chiller.

(Consuit the Piﬁr'ni and Instrumentation Diagram for more information)
sliale iisie -

The semi-hermetic R-507 reciprccating compressor is controlled
with high and low pressure operating controls. The compressor
contains a piston, intake valve, exhaust valve, and motor all

‘
housed in a hermetically sealed casing. The 1750 RPM motor is
suction gas cooled. The piston’s down stroke creates a vacuum in
the cylinder and suction line pressure forces the intake valve to
open allowing refrigerant gas to enter the cylinder. Discharge gas
line pressure holds the discharge valve closed. The piston's up
stroke increases pressure in the cylinder allowing refricerant gas
to open the exhaust valve and be discharged to the condenser.

Suction line pressure holds the intake valve closed.

Water Cooled Condenser

The water-cooled condenser is used to remove the heat from the heat of

ahaarntinn and addad machanical hant Tha candancar ia a2 cameact onil and
ausUl pulii arniu auucG imetinamar ricaw 1 1ie CUNuenser 1s d Curiipatu CUn diila

shell style heat exchanger. The water enters the top of the heat exchanger
where it travels through two independent copper tubes which are coiled to fit
into the shell. The interior of these water tubes is rifled causing additional
turbidity, thus enhancing heat transfer. The exterior of these water tubes
incorporates an enhanced fin surface creating fine channels. The refrigerant
is forced through these channels maximizing the contact of the refrigerant to
the heat exchange surface. The coil fits neatly around an interior stay pipe

and then is wrapped in a heavy steel shell, with the tubes penetrating the shell
through the front. The heat exchanger is fully welded and tested.

Chiller Solutions LLC 2 General Engineering Specs.
101 Alexander Ave., Pompion Plains, NJ 07444 All data subject to change without notice.
(800) 468-3826, (973) B35-3222 tax Chillers Solutions LLG 2005, all rights reserved.

wwwv.chillersolutions.com
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CLM-7-W

Evaporator

The evaporator is a compact WTT America 316L stainless steel heat exchanger. The
heat exchanger consists of stainless steel embossed plates stacked so that every other
plate is rotated 180°. The spaces between the plates form the channels for the
refrigerant and the coolant. Between every two plates is a thin foil of cooper. When
heat in a vacuum is applied to the heat exchanger the copper is melted and is drawn
into all the plate contact points and seams. The heat exchanger is fully pressure tested.

Evaporator Storage Tank

The welded fluid storage tank consists of a 14 gauge type 304
stainless steel shell with 7 gauge 304 stainless steel heads. The
tank is fully insulated with 34" Armaflex insulation. The non-coded
tank is complete with a 30 psig pressure relief valve, tank level sight
glass, drain valve, and air vent. The tank includes welded nozzles, at
an appropriate size, for supply and return. The tank will also include
a series of stainless steel structural stay pipes which serve to
reinforce the top and bottom of the tank. The evaporator is welded
to the tank center stay pipe and immersed in the tank. It is piped to
the exterior of the tank utilizing welded sleeves and bronze brazing
techniques. The entire assembly is factory pressure tested
(refrigeration 400 psig, tank at 45 psig) prior to final assembly.

The electrical components in the chiller will be mounted in a NEMA
rated enclosure. The enclosure shall have a hinged access door to
the electrical control panel. The enclosure contains all motor
protectors, contactors, transformers, controls, and relays. All
components and wiring are U.L. listed and meet or exceed NEC
standards.

The chiller is complete with single point wiring to the main tie in block,
with access though an opening provided on the side of the chiller. The
electrical box and interior of the chiller are weatherproof by means of
neoprene gaskets around all accessible openings. (Consult wiring
diagram for more information.)

Chiller Solutions LLC 3 General Engineering Specs.
101 Alexander Ave., Pompton Plains, NJ 07444 All data subject to change without notice.
(800) 468-3826, (973) 835-3222 fax Chillers Solutions LLC 2005, all rights reserved.

www.chillersolutions.com
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CLM-7-W

Chiller Base Frame and Cabinet
_A The compressor, evaporator, condenser, tank, and

pump are mounted on a heavy duty steel weided
channel base frame. This base frame is two part
epoxy coated and provides superior corrosion

J

ical Low Temperature Chiller

Air Cooled Unit Shown
Redundant System Pumps and Compressors

Chiller Solutions LLC 4 General Engineering Specs.
101 Alexander Ave., Pompton Plains, NJ 07444 All data subject 1o change without nofice.
(800) 468-3826, (973 835-3222 fax Chillers Solutions LLC 2005, all rights reserved.

www.chillersolutions.com
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B.2 CO; Pump

Triplex Ceramic
Plunger Pump
Operating Instructions/

Series e
CP200

For Models:
CP218
CP219
CP220

Contents:

Installation Instructions: page?2
Pump Specifications: pages 3-6
Exploded View: page7
Parts List: page 8

Recommended Spare
Kits & Torque Specifications: page 9

Pump Mounting Selection
Guide: page 9
Repair Instructions: pages 10-11
Preventative
: Maintenance: page 11
Updated 10/02 Dimensions: back page

Warranty Information:  back page
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Specifications
Model CP230

RATIIZS ©evoveeee e
Inlet Pressure ...

Temperature of Pumped Flnids

INIEt POTES wevvviceieeeeee e
Discharge POTUS .o
Shatt Rotation ...........oooooveeeiieeeeee

Crankshaft Diameter

Key Width ..o
Shaft Mounting ........cocoooveveiiviiicirenceeee

Weight

Crankcase 01l Capacity ........ccoooeiviiieiiinnns

Extended Crankcase Oil Capacity .

“Positive inlet pressure required

...................... 0.5 GPM (1.9 Im) @ 2030 PSI (139 bar)
................................. 14 (0.9 bar) to 140 PSI (9.7 bar)
........................................ Up to 750 RPM
........................................ 18mm

-40°F (-40 °C)to 160°F (71 °C)

........................................ (2) 3/8" BSPP

........................................ (2) 3/8" BSPP
............................. Top of Pulley Towards Fluid End

.... 24mm

........................................ Right Side Facing Manitfold

111bs. 1loz (ﬁdkg)

................................................... ek

........................................ 7.5 fl.oz. (222 ml)

... 9.0 fl.oz. (266 ml)

to operate beyond one or more of the limits specified above.

(Consult the factory for special requirements that must be met if the pump is )

PULLEY INFORMATION
Pulley selection and pump speed are based on a 1725
RPM motor and "B" section belts. When selecting
desired GPM. allow for a £5% tolerance on pumps

P e

el
ALY AllUl LIV

oulput due to variations in pulleys. belis a
among manufacturers.

1. Select GPM required. then select appropriate
motor and pump pulley from the same line.

2. The desired pressure is achieved by selecting the
correct nozzle size that corresponds with the pump
GPM.

HORSEPOWER INFORMATION

Horsepower ratings shown are the power require-
ments for the pump. Gas engine power outputs must
be approximately twice the pump power require-
mients shown above.

We recommend that a 1.1 service factor be specified
when selecting an electric motor as the power source.
To compute specific pump horsepower requirements,
use the following formula:

GPM X PSI

1450 P
CP230 PULLEY SELECTION & HORSEPOWER
REQUIREMENTS
BUMP | MOTOR
bULLEy | pULLEy | RPM|GPM| 500 PSI | 1000 PsI| 1500 PSI| 2030 P
775 235 | 200 01| 00 01 01 0.1
775 330 |300] 02 04 01 02 03
775 430 |400] 03] 01 02 03 04
775 530 |500] 03] 01 02 03 04
775 630 |600] 04| 04 03 04 06
775 775 1750 05| 02 03 05 07
6
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B.3 Temperature Reading Devices

ULTRA PRECISE
IMMERSION RTD SENSORS

e

Starts at

*83

MADE IM

® 100 & Platinum RTDs with
¥ DIN, 173 DIN, or Class
“A” Accuracies

® Temperature Range
-100 to 400°C (-148 to 752°F) X
Depending on Cable and \
Accuracy Selected

@ 4-Wire Construction in
6 and 3 mm (% and ")
Diameters

® A Range of Mounting Threads
and Cable Materials are
Available

gt

o

Probe diameter

\ Probe diameter

\

1 m of 4-wire, #26 AWG
stranded cable with

stripped ends standard
(see table forinsulation
options)

P-M-A-1/10-1/8-4-1/4-P-3,
$112, shown smaller
than actual size.

Mounting
thread

P-M-A-1/4-5-0-P-3,
$53, shown smaller
than actual size.

Standard Dimensions
To Order (specity Model Number)

PVC Insulated

MOST POPULAR MODELS HIGHLIGHTED!

PFA Insulated Fiberglass Insulated

Sensor Mounting Model Number Model Number Model Number

Accuracy Diameter Thread 6" Probe Length 6" Probe Length Price 6" Probe Length
; None P-M-1/10-1/8-6-0-P-3 590 | P-M-1/10-1/8-6-0-T-3  $91 | P-M-1/10-1/8-6-0-G-3  $93
o DIN % % NPT | P-M-1/10-1/8-6-1/8-P-3 111 | P-M-1/10-1/8-6-1/8-T-3 113 | P-M-1/10-1/8-6-1/8-G-3 115
, None | P-M-1/10-1/4-6-0-P-3 90 | P-M-1/10-1/4-6-0-T-3 91 | P-M-1/10-1/4-6-0-G-3 93
5 % NPT | P-M-1/10-1/4-6-1/8-P-3 111 | P-M-1/10-1/4-6-1/8-T-3 113 | P-M-1/10-1/4-6-1/8-G-3 115
" None | P-M-1/3-1/8-6-0-P-3 62 | P-M-1/3-1/8-6-0-T-3 64 | P-M-1/3-1/8-6-0-G-3 66

%DIN * | [ %NPT_[P-M-1/3-1/86-18-P-3 84  P-M-1/3-1/8-6-1/8-T-3 85 | P-M-1/3-1/8-6-1/8-G-3 27 ||

" None | P-M-1/3-1/4-6-0-P-3 62 | P-M-1/3-1/4-6-0-T-3 64 | P-M-1/3-1/4-6-0-G-3 66
! % NPT | P-M-1/3-1/4-6-1/8-P-3 84 | P-M-1/3-1/4-6-1/8-T-3 85 | P-M-1/3-1/4-6-1/8-G-3 87
y None | P-M-A-1/8-6-0-P-3 53 | P-M-A-1/8-6-0-T-3 55 | P-M-A-1/8-6-0-G-3 57
Class A : % NPT | P-M-A-1/8-6-1/8-P-3 75 | P-M-A-1/8-6-1/8-T-3 76 | P-M-A-1/8-6-1/8-G-3 78
) None | P-M-A-1/4-6-0-P-3 53 | P-M-A-1/4-6-0-T-3 55 | P-M-A-1/4-6-0-G-3 57
i % NPT | P-M-A-1/4-6-1/8-P-3 75 | P-M-A-1/4-6-1/8-T-3 76 | P-M-A-1/4-6-1/8-G-3 78

For longer sheath length, change “-6” in model to desired length in inches and add 81 per inch to price when longer than 8*. For Silicone
Rubber insulated cable, change “-P”, “-T” or “-G" o “-8”in the model number and use PFA pricing. For longer cable lengths, change “-3” o
desired fength in feet and add $0.40/cot for PVC, 80.95/foot for PFA or Silicone Rubber and §1.50/oot for fiberglass. For shielding on PVC,
PFA or Fiberglass insulated cables, change “P”, “T" or “G” fo "P8", “TS" or “GS"” and add §0.25 per foot to the price. Moun rng irhreads also

available in 4 NPT, % NPT and s NPT at the same price. <" diameter sensors without threaded fittings and with “P”, “PS”, “TS”,

“S” cables include a transition fitting at the end of the sheath.

GS” and

Qrdering Examples: P-IM-1/10-1/8-4-1/4-P-3, immersion sensor with " diameter sheath 4" long with ¥ NPT mounting thread, e DIN accuracy,
4-Wire PVC cable 3' long with stripped leads, §111. P-M-1/10-1/4-5-0-P-3, Inmerson sensor with %" diameter sheath 5" long with no mounting
thread, Yo DIN accuracy, 4-Wire PVC cable 3'long with stripped leads, $90.

G-17
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Interchangeability in °C
Temp °C|Class A | “ DIN | % DIN
-50 0.25 | 0.18
0 0.15 | 0.10 0.03
100 0.35 | 0.27 0.08
200 0.55 | 0.43
250 0.65 0.62
300 0.75
350 0.85
400 0.95
450 1.06

PVC Insulated

-50 to 100°C
(-58 to 212°F)
PFA Insulation -50 to 250°C
(-58 to 482°F)
Fiberglass Insulation| -50 to 400°C
(-58 to 753°F)
Silicone Insulated -50 to 200°C
(-58 to 392°F)

Photo by Craig Terry, courte_sﬁf a i
Chemical Engineering Program at' Rowa iersity

Omega’s Ultra-Precise RTD sensors are used in a wide variety of applications
where accuracy and precise temperature measurement means the difference
between failure and success. Why not join the growing list of customers utilizing
the best the market has to offer?
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Rugged Transition
Joint Probes
With Standard Dimensions

m—

- 25E1n])m | 414mm

(1.63")
o

——

Shown smaller than actual size.

/

Note: See page A-79 for probe terminations. Please see page A-131 for compression fittings. Available as [ wiErs on ExceeDs | [[OMERAGAL]

1~ 304 SS, 310 SS, 316 SS, UPER %
321 SS, Inconel or Super | Dual Element TJ Probes OMEGACLAD XL | |Tolerance Chuss or

OMEGACLAD® XL Sheath

To Order, add suffix “-DUAL” to model no.

THERMOCOUPLE PROBES

T

. " i i " ANSI To order
1~ Diameters from %s to % il bt g s b o Seapage A43toA-45. | color |[NITeEN)
40" PFA Coated (extra probe length, overbraiding, armored TRADE T =3 code see

Stranded fgaz Wire: cable), then multiply this price x 1.75. shown [:2LENS

Ordering Example:TJ36-CASS-14G-12-DUAL,

20 AWG for % and %" OD, $35 % 1.75 = $61.25. 310 Stainless Steel Sheaths
24 AWG for Ys and 4" To Order, replace “SS” in Model no. with
OD Probes For additional PFA lead wire length, add A1 | charge. gﬂrpdeelr(l?%rf;nal?npllglnt
1~ Cal-5 Available $1.00 per 12" over 40 and change "36™ in | | probe with 310 stainless steel sheath, $28.
OMEGA® heavy duty transition joint part no. to desired length in inches. o E—
probes offer convenient termination | Ordering Example: TJ120-1CS8-14G-12, Iscount Schedule
to PFA coated lead wire. The type J transition joint probe with 120" of 1-10 units
transition jointis 1.63" long, with a PFA lead wire, % OD stainless steel sheath, ‘2;:33 32::2 :
1" spring for strain relief. The joint 12" length, $35 + 7 = $42. 50 and up Sales
diameter is 4" for s and %" Dia.
probes, %" for %« and 4" Dia. probes. 1 MOST POPULAR MODELS HIGHLIGHTED!
To Order (Specify Model Number)
Alloy/ANS| | Sheath | Model No. Price Model No. Price Madel No. Price Pricel
Color Code | Dia.(") | 12" Length G'E U* 18" Length GYE* U* |24" Length GYE* U* |Addl12"
IRON- W' | TU3BACIN-116(*)12 | $26.00 | $30.00 | TJ36CIN-116(*}-18 | $28.80 | $30.80 | TU36-ICIN-116("}-24 | §29.55 [$3155 | §155
CONSTANTAN %' | TJ36JCIN-18(*}12 | 28.00 | 30.00| TJ3GICIN-18(")-18 29.60 | 31.60 | TJ36-ICIN-18(*}24 | 31.15| 33.15 315
Inconel J %' | TJ3BACIN-316(*)12 | 29.00 | 31.00| TJ36ICIN-316(*}18 | 31.20| 33.20 | TU36-ICIN-316()}-24 | 33.35 | 3535 435
Sheath W' | TJas-ICIN-14(*}12 35.00 | 37.00 | TJIE-ICIN-14(*)-18 38.80 | 40.80 | TJ36-ICIN-14(")-24 42,50 | 44.50 7.50
IRON- Us" | TJ3BICSS-116(*)-12 | $28.00 | $30.00 | TJ36ICSS-116(*)-18 | 528,80 | $30.80 | TJ36-ICSS-116(*)-24 | 62955 (63155 | 6155
CONSTANTAN | TJ36ICSS-18(*}12 | 28.00 | 30.00| TJIGICSS-18(M8 | 28.90| 32.90 | TU36-ICSS-18(*)}24 | 29.85 | 31.85 185
304SS %" | TJ36ICSS-316(*}-12 | 20.00 | 31.00|TJ36ICSS-316(*}18 | 30.60| 32.60 | TU36-ICSS-316(')}24 | 32.15 | 3415 315
Sheath % | TJ36ICSS-14(*}12 | 35.00 | 37.00| TJ3GICSS-14(*}18 | 37.50| 39.50 | TU3G-ICSS-14(*)}24 | 40.00 | 42.00 5.00
CHROMEGA® U" | TJ3B-CAIN-116(*)-12 | $26.00 | $30.00 | TJ36-CAIN-116(*)-18 | 528,80 | $30.80 | TJ36-CAIN-116(*}-24 | §29.55 (3155 | $1.55
ALOMEGA® ** %' | TJ3B-CAIN-18(*}12 | 28.00 | 30.00|TJ36-CAIN-18(}18 | 29.60| 31.60 | TU36-CAIN-18('}-24 | 31.15| 33.15 315
Inconel K %" | TJ36-CAIN-316(*)-12 | 29.00 | 31.00| TJ36-CAIN-316(*}-18 | 31.20| 33.20 | TU36-CAIN-316("}-24 | 33.35 | 35.35 435
Sheath % | TJ36-CAIN-14("}12 | 35.00 | 37.00| TJ36-CAIN-14(*}18 | 38.80| 40.80 | TU36-CAIN-14(*}-24 | 4250 | 4450 750
CHROMEGA® %' | TJ3B-CASS-116(*}12| $28.00 | $30.00 | TJ36-CASS-116(*)}-18 | 52B.80 | $30.80 | TU36-CASS116(*}-24 | §2955 [83155 | §155
ALOMEGA® %' | TJ38-CASS-18(*}12 | 28.00 | 30.00|TJ36-CASS-18(*)}18 | 28.90| 30.90 | TU36-CASS-18()-24 | 29.85 | 31.85 135
304 SS %" | TJ36-CASS-316(*+12| 29.00 | 31.00|TJI6-CASS-316(*}-18 | 30.60| 32,60 | TU36-CASS-316(*-24| 32.15 | 3415 315
Sheath %' | TJ36-CASS-14(*}12 | 35.00 | 37.00|TJ36-CASS-14(*)18 | 37.50| 39.50 | TJ36-CASS-14(')24 | 40.00 | 42.00 5.00
CHROMEGA® " | TJ38-CXIN-116(*)}-12 | $28.00 | $30.00 | TJ36-CXIN-116(')}-18 | $28.90 | $30.90 | TJIB-CXIN-116(*)-24 | §29.85 |$31.85 §1.85
CONSTANTAN ' | TJ3B-CXIN-18(*)-12 | 28.00 | 30.00| TJ36-CXIN-18(*)}-18 | 29.80| 31.90 | TJ36-CXIN-18(*)}-24 | 31.15| 33.15 375
Inconel E %" | TU3B-CXIN-316(*}12 | 29.00 | 31.00| TJI6-CXIN-316('}18 | 31.50 | 33.50 | TU36-CXIN-316(")24 | 33.35 | 35.35 5.00
Sheath % | TJ3B-CXIN-14(*)}12 | 35.00 | 38.00 | TJ3G-CXIN-14(*)}-18 | 39.80| 41.80 | TU3G-CXIN-14(")}-24 | 4350 | 4550 750
CHROMEGA® U" | TJa-CXSS-116(*)}12| $26.00 | $30.00 | TJ36-CXSS-116()-18 | 528.90 | $30.80 | TJ36-CXSS-116(*)}-24 | §29.55 (83155 | §155
CONSTANTAN #' | TJ36-CXSS-18(")}12 | 28.00 | 30.00| TJIE-CXSS-18(*)}-18 | 29.90| 31.30 | TU36-CXSS-18(')24 | 3050 | 3250 250
30488 E %" | TU3B-CXSS-316(*}12| 29.00 | 31.00| TJ36-CXSS316()13 | 31.50| 32.60 | TU36-CXSS-316(*}24 | 32.15| 3415 315
Sheath % | TJ36-CXSS-14("}12 | 35.00 | 37.00| TJI6-CXSS-14(")}-18 | 39.80| 39.50 | TU36-CXSS-14(')24 | 40.00 | 42.00 5.00
COPPER- %' | TJ3B-CPIN-116(*)-12 | $28.00 | $30.00 | TJ36-CPIN-116(*}-18 | 528,90 | $30.90 | TJ36-CPIN-116()-24 | §29.55 (3155 | $1.85
CONSTANTAN %' | TJ3B-CPIN-18(*}12 | 28.00 | 30.00| TJ36-GPIN-18(*)}-18 | 29.90| 31.90 | TU36-CPIN-18("}-24 | 31.75 | 33.75 375
Inconel T %" | TJ36-CPIN-316("}12 | 29.00 | 31.00| TJ36-CPIN-316(}18 | 31.50| 33.50 | TU36-CPIN-316()}24 | 33.35 | 35.35 5.00
Sheath ¥ | TJ36-CPIN-14(*)}12 | 35.00 | 36.00| TJ36-CPIN-14(*)}-18 | 39.80| 41.80 | TU36-CPIN-14(*)}-24 | 4350 | 4550 750
COPPER- " 12| $28.00 | $30.00 | TJRECPSS116(*).18 | S2880 | $30.80 | & 31155
CONSTANTAN %' | TJ36-CPSS-18(")}-12 | 28.00 | 30.00| TJ36-CPSS-18(*)}-18 | 29.30| 31.30 | TU36-CPSS-18(*}24 | 3050 | 3250 250
30488 e [ 2900 | 3100 B J0B0 | 3260 | 3275 [ 3415 375
Sheath %' | TJ36-CPSS-14(F12 | 35.00 | 37.00| TJIE-CPSS-14(")}18 | 37.50| 39.50 | TJ3s-CPSS-14(‘)24 | 40.00 | 42.00 5.00
OMEGALLOYe- V" | TJ36-NNIN-116(*)-12 | $28.00 | $30.00 | TJ36-NNIN-116(*)-18 | $28.80 | $30.80 | TJ36-NNIN-116(*}-24 | 629,55 |831.55 §155
NICROSIL-NISIL**| %' | TJ36-NNIN-18(*}12 | 28.00 | 30.00 | TJ3&-NNIN-18(*}18 | 29.60 | 31.60 | TJ36-NNIN-18(*)}-24 | 31.15 | 33.15 315
Inconel N " | TU3B-NNIN-316(*)-12 | 29.00 | 31.00| TJ36-NNIN-316("}-18 | 31.20| 33.20 | TU36-NNIN-316(}-24 | 33.35 | 35.35 435
Sheath % | TJ36-NNIN-14(*}12 | 35.00 | 37.00| TJ36-NNIN-14("}18 | 3B.80| 4075 | TU36-NNIN-14(*}-24 | 4250 | 4450 750

Note: Other lengths are available, consuit Sales. 6" probes also available, change ~12" to ““8” o order. No additional charge. To order optional
sheaths, change “SS” in Model no. to “IN"for Inconel, “304SS5” for 304 55,"31055" for 310 SS, ‘31655 " for 316 55 or “32158" for 321 S85.

No additional charge.

* Specify junction type: E (Exposed), G (Grounded) or U (Ungrounded). For lengths from 2" to 12", please consult Sales.
** For Super OMEGACLAD® XL, change “IN” to “XL" and add §3 to price.
Ordering Exarmples: TJ36-CASS-18U-12, heavy duty transition joint probe, Type K (CHROMEGA®-ALOMEGA®), 304 5SS sheath, %" OD, ungrounded
Jjunction, 12" length, $30. TJ36-NNXL-14G-12, Type N transition joint probe with Super OMEGACLALP, s OD stainfess steel sheath, 12" length,

$35+3=838

A-75
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B.4 Pressure Transducers

LU TEARADEDATIIDE APNAADE

AIcAT l_'

nlun ICLIVIFENAITIUNL GUINIr LIVOA 1

PRESSURE TRANSDUCER
168°C (335°F) FOR HYDRAULIC APPLICATIONS

PX32 Series
mV/V Output

N_90N $#n Q0NN nad
USLU LY LJUU U1

0-1.4 to 0-170 har

1bar=14.5psi

1 kg/icn¥ = 14.22 psi

1 atmosphere = 14.7 psi = 29.93
inHg = 760.2 mmHg = 1.014 bar

Staris at

*420

1 High Compensated
Temperature Range
-40 to 168°C
(-40 to 335°F)

+~ All Stainless Steel
Construction

¥ Avaiiabie in Venied Gage,

Thermal Effects:
Span: 0.008% rdg/°F
Zero: 0.008% FSO/F
Proof Pressure:
200% of rated pressura
Burst Pressure:

[ Tecﬁnfnél -

3009% of rated pressurs

Wetted Parts: 17-4 PH - Bogks .
stainless steal Available @
Pressure Port: Online!

%-27 NPT inlemnal jl._‘i

Eiectricai Connection: -
booksi.com
OMega. cont.

PT1H-10-6P (or equal)
Mating Connector:
PTO6F-10-6S (not included)

+EX
+0UT
-DouT
-EX

WIRING A
B

C
D

Mating
Connector
PTO6F-10-6S
o $26.50

|—]

PX32B1-100GV, $420, shown
larger than actual size.

[_1 MOST POPULAR MODELS HIGHLIGHTED!

Sealed Gage, and Absolute

Pressure Models

OMEGA's PX32 is a rugged, high-
temperature transducer. Its all
stainless stee! construction and
high-temperature operating range

make it ideal for measuring hydraulic

pressure cn industrial and off-road

equipment or in industrial applications

in which high temperatures are

encountered. The PX32 is available
in gage, absolute, or sealed maodels.
An environmentally sealed, twist-lock

connector is standard.

SPECIFICATIONS

Excitation: 10 V AC/DC (15 V max)
Output: 3 mV/V 1%

Input Resistance: 360 2 min
Output Resistance: 350 +5 @

Zero Balance: +2% FSO

Accuracy: 0.25% linearity, hysteresis
and repeatability combined

Agenc Ap%roval: FM Intrinsically Safe

ISJI ILIA/CDEFG — standard
Operating Tem Fian e:
-54 to 168°C (-65 to 335°F)
Compensated Temp Range:
-40 to 168"C (-40 to 335°F)

Oto25psi | 0io1.7bar | PX32B1-025AV DP41-S, DP25B-3
Oto50psi | 0Dlo34bar | PX32B1-050AV DP41-S, DP25B-3
Oto 100 psi | Dto6.9bar | PX32B1-100AV DP41-S, DP25B-3
GAGE PRESSURE (All Ranges Also Availab aled Gage Pressure)
Uto20psi | Oto1.4bar | PX32B1-020GV | $420| DP41-S, DP25B-5
Oto30psi | Dto21bar |PX32B1-030GV | 420 DP41-S, DP25B-5
Dto50psi | Dio3d4bar |PX32B1-050GV | 420 DP41-S, DP25B-3
Oto 100 psi | Do 6.9bar | PX32B1-100GV | 420 DP41-S, DP25B-S
Oto 250 psi | Oto 17.2 bar | PX32B1-250GV | 420| DP41-S, DP25B-3
[0to 300 psi | 01020.7 bar [ PX32B1-300GV |  420] DP41-S, DP25B-3|
0to 500 psi | 010 34.5 bar | PX32B1-500GV | 420 DP41-S, DP25B-5
0 to 1000 psi| 010 68.9 bar | PX32B1-1KGY 420| DP41-S, DP25B-5
0'to 1200 psi| 010 82.7 bar | PX32B1-1.2KGV| 485 DP41-S, DP25B-3
0to 2500 psi| Oto 172 bar | PX32B1-25KGV| 485| DP41-S, DP25B-3

Comes with 5-point cafloration.

* Sae section D for compatible meters.

Metric ranges available — see Metric Seciion.

To order absolute pressure models, replace “G" in model number with “A” and add 810,

To order sealed gage models. replace “G" in model number with “87 (no extra charge).
Ordering Examples: PX32B1-3005V, 300 psi sealed gage transducer, $420.
PX32B1-1.2KGV, 1200 rsi gage pressure transducer. $485. PX32B1-025AV, 25 psi absolute
pressure transducer, $430.

ACCESSORY

MODEL NO.

GE-2530

PRICE
$155

DESCRIPTION
Reference Bock: Control Valves

B-37
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Starts at

*945
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PX771A transmitter, shown with
iSeries strain and process meters
and controllers featured on page
D-7, which start at $150 and are
shown smaller than actual size.

1~ 2-Year Warranty

1 0.15% FS Accuracy

1 Explosion-Proof
Electrical Housing

1~ Stainless Steel
Wetted Parts

1 Process Wetted Parts
Meet NACE Specification
MR0175-91

1 High Common-Mode
Pressure Rejection

v 6:1 Turn-Down Capability

1~ +600% Zero Suppression
or Elevation

1 NEMA 4X (IP66) Housing

1 4 to 20 mA or
1 to 5 Vdc¢ Output

B-185

100

PX771A-025DI, 3945,

chown emalley than

actual size.

The OMEGA® PX771A low-power
pressure transmitter is a compact,
high-performance unit, designed to
measure differential pressure and
transmit a 4 to 20 mA signal. It has
an adjustable range with a turn-
down ratio of 6:1, and it comes
laclory-calibraled al the highesl
span. Ranges from 17 inH;O to 300
psid are available. Zero and span
adjustments are accessed inside
the elzctronic housing. The zero
point can be elevated and
suppressed up to +600%. This
transducer has an internal silicon
diaphragm into which piezoresistive
strain gages are diffused, then
interconnected to form a pressure
sensitive Wheatstone bridge.
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SPECIFICATIONS

Service: Liquid, gas or vapor
Excitation:

24 Vdc, 7 to 36 Vdc mA output,

6to 42 Vdc @ 1.6 mA voltage output
Output: 4 to 20 mA (2 wire) or 1to 5 Vde
(3 wire) jumper selectable

Max Loop Resistance:

{(Supply voltage — 7) x 50 &

Ofﬂional PX771-AD,
% NPT adaptors,

Shown smaller

TIAL, AND VACUUM MEASUREMENTS

O]
CLOSED WHILE
CIRCWITS
ARE LIVE

=B

85 each.

actual size.

Dimensions:

. -— 58
mm (in) (211116)

54—
11/8)

Ambient Total Thermal Effects:
0.010% URL/F for -25 to 75°F
0.015% URL/F for 75 to 185°F
(0.020% URL/°F for 100 inHy0)
Response Time: 63% response
1 ms or 50 ms with damping

Housing: Low copper aluminum,
epoxy coated, NEMA 4X (IP66)
Electrical Connection: 2 NPTF
conduit, with intemal screw terminals
Weight: 2.9 kg (6.4 Ib)

" Compatible Meters:
Static Pressure Effect: DP41-E, DP25-E,
+0.05% of URL <100 psi ranges DP24-E, DP460,

Accuracy: £0.1% of URL

(upper range limit, includes linearity,
hysteresis and repeatability)
Stability: +0.25% of URL

(upper range limit) 1 year

+0.1% of URL for 100 and 300 psi ranges
EMI Effect: +1% URL @ 10 \W/m from

20 to 500 MHz. Meets /SAMA
PMGC-33-1C with cover in place and

DP3002-E and others
(see section D for
complete selection)

Slfan Adjust: 16 to 100% URL
(DIP switches and pot)
Zero Adjust: -600 to 600% LRL
{lower range limit)
Operating Temperature:
Process: -40 to 104°C (-40 to 220°F)
Electrical: -32 to 85°C (-25 to 185°F)

To Order (Specify Model Number)

RANGE MODEL NO.

electrical wiring in grounded conduit. | re;‘:gg‘af
Approvals: UL/CUL = .
Hazardous Location: 11/C, D g A;ﬁ:}ﬂf €

Non-incendive: /A, B, C, D |
Wetted Parts: 316 SS :

Process Connection: % NPT intemal, booksi.com’
% NPT with optional adaptors amega.com:

Fill Fluid: DC 200 silicone

[_1 MOST PGPULAR MODELS HIGHLIGHTED!

PRICE MAX WORK PRES COMPATIBLE METERS*

OPTIONS AND ACCESSORIES

-SUFFIX or MODEL NO. PRICE

0-17 10 0-100 inH20 PX771A-100WCDI 5945 2000 psi iSeries, DP25B-E, DP41-E, DP460-E
0-50 10 0-300inH20 PX771A-300WCDI 945 2000 psi iSeries, DP25B-E, DP41-E, DP460-E
0-4.2 to 0-25 psi PX771A-025DI 945 2000 psi iSerigs, DP25B-E, DP41-E, DP460-E
[ 0-17 1o 0-100 psi PX771A-100DI 945 2000 psi iSeries, DP25B-E, DP41-E, DP460-E
0-50 to 0-300 psi PX771A-300DI 945 2000 psi iSeries, DP25B-E, DP41-E, DP480-E

DESCRIPTION

-M3 $165 3% digit LCD local indicator (FM approval not available with option)
PX771-AD 85 1 pair of stainless steel % NPT adaptors

PX771A-MB-KIT 65 2" pipe mounting bracket (order separately), flange mount
PX771A-MB-KIT-N 65 Neck mounting bracket kit (order separately)

OoP-17 15 Reference Book: Measure for Measure

* See section D for compatible meters.
Comes with complete operator's manual.

{F

Ordering Example: PX771A-300WCDI, industrial transmitter with O fo 50 fo 0 fo 300 inH20 range, $§945.

B-186
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B.5Turbine Flow Meter (Dynalene)

- FT Series

Turbine Flowmeters for Liquid Applications

Description

Flow Technology's FT Sefies turbine lowmeters utilize a
proven flow measurement technology to provide exception-
ally reliable digital outputs. Because of their versatility, these
flowmeaters ane the solution for a wide vanety of liquid fiow
sensing applications. FT Series turbine flowmeters, which
range in size from 3/8 inch to 4 inches, offer a high turn-
down capability, repeatability of +0.05% of reading, and
excellent speed of response.

The precision, axial-mounted rotor design of the standard
turbine flowmneter allows it to operate effectively in flow
rates from 0.03 to 1,500 GPM, with the linearity rated at
+0.5% of reading over the nomal 10:1 turn-down range. All
turbine flowmeters can achieve +0.1% linearity over the full
operating range with linearizing electronics. Typical operat-
ing pressures for the standard meters ane 5,000 PSIG with
custom configurations capable of 30,000 PSIG

A choice of construction matenials can be specified for the
turbine flowmeter's housing, rotor, bearings and shaft,
including standard stainless steel, and exotic materials for

specialized applications. FT Series Meters
Features Specifications
) , - -, . Calibration accuracy +0.05% of reading, traceable to
+ Linearty < 0.10% with linearizing electronics MIST
*+ High turn-down capability, up to 10001, Repeatability 0.05% of reading
+ Excellent repeatability, less than +/- 0.05%. Li it 11}-11]% ith li . ——
+ Typical response time 3-4mS inearity . . w_ inearizing electronics
+ Extensive pimary standard NIST traceable calibration Response time 3-4msS typical
capability, offering a wide range of fluids, viscosities Housing material 316 stainless steel, standard
and flow rates. Accuracy less than +/0.05% typical Rotor material 430F stainless stesl, standard
* Standard materials of{'.n_n;truc:tnn am 6 5_5 housing Temperature range -450 to 750°F, dependent on baar-
and 430F S5 rotor. Additional materials available. ing and pick-off
* Robust, compact design capably of compliance to i Up to 30 D00PSIG denendent
sevene shock and vibration requirements., Operating pressure ﬁt‘Eng ! » aependent on

» Standard pressure capabilities up to 5000 PSIG

+ Extreme operating pressunes available in custom pack- Ball bearing materisl 4400 dainless sdoel

ages. Journal bearing material Ceramic, tungsten carbide,

+ High shock designs available for applications with _ graphite _ _
lange hydraulic water hammer effects. Fick-off's Modulated carrier and magnetic

+ Custom designs to meet the specific application are Straight Run 100 upstream and 50 downstream
routing, not the exception. minimiwm

Recommended fitration Ball bearings: 10 to 100 microns
(less filtration with larger sizes)
Journal bearings: 75 to 100
microns

—
“+—IFTr
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Selection and Sizing Guidelines

There are 4 major steps in defining a turbine flow meter,
these are:

= Choosing the flow meter size

« Bearing selection

= Pick-off selection

= Calibration reguirements

These components are interrelated and should be consid-
ered as a system to obtain optimum meter performance.
Additional options need to be selected that are related
meore to personal preference. These are end fitting type,
materials of construction, and units of measure.

Step 1: Meter size and flow range selection

Detailed below ane the considerations that should be

taken into account when sizing a flow meter.

= Due to the laws of physics, for optimum results amy flow
meter (including turbine flow meters) should be operat-
ed as high up in their turndown range as possible.

= Clearly, there is a tradeof between your allowable pres-
sure drop and the size of meter that you can install into
your process. In other words, at a given flow rate, a
smaller meter will operate higher up in its flow rate
range, but will generate a higher pressune drop.

= When selecting the size and flow range of the meter,
bearing and pick-off selection must be considered. Ball

bearings and RF pick-offs have the least amount of drag,

thus provide the widest capable flow range. Journal
bearings and magnetic pick-offs create more drag, there
fore reducing the turndown capability of the flow meter.
Where ever possible an RF pickoff is the ideal choice.

= |deally, it is beneficial to stay within a 10:1 turndown
range. However, the phencmenal repeatability and pr-
mary calibration accuracy's enable the Flow Technology
turbine to provide outstanding performance over a 100:1
turnd own.

= See page 4 for available flow ranges.

Step 2: Pickoff Selection

Reasons to choose a RF pickoff

= Use on FT-24 and smaller meters.

= Use when extended flow range is required.

= Use when real time temperature correction (UVC cali-
bration) is reguired.

= Flow meter does not reguire recalibration when pick-off
is changed.

= Must be used in conjunction with an amplifier to produce
a square wave freguency output.

= Can not be used above an FT-40 size flow meter.

Reasons to choose a Magnetic pickoff

» Use on FT-32 and larger meters,

= Use on cryogenic temperature applications.

= Use when a direct millivolt output is reguired.

= Flow meter should be necalibrated when pick-off is
changed.

= Can be used on smaller flow meters with reduced flow
range.

Pick-off Opfion

-]

= Standand pick-offs have upper operating temperature of
350°F.

= High temperature pick-offs with a 750°F maximum are
available.

+ Most electronics are available in hazardous area rated
enclosures. If system cedification is reguired, pick-offs
are available with various ratings.

= Pick-offs are available with buit in RTD's when real
time temperature correction is required and a UVC cal-
ibration is pefomed on the flow meter. These pick-offs
are normally used in conjunction with the Linear Link
TCI electronics.

= Amplified pick-offs are available that house circuitry in
the pick-off body to provide a high level 0 - 5 volt
sguare wave pulse output. DC power is reguired.

» See page 6 for pick-off selection options.

Pick-off Mounting Configuration
MS connector

* Pick-offs have two, three or four pin MS connectors.

= Connection to the pick-off is via a mating MS connector
with soldered connections and loose wire.

* Typical installation is on test stands or on board appli-
cations.

= A jjunction box or conduit can not be attached to this
pick-off style.

* This pick-off is used on flow meters that do not have 17
MM PT nipples welde d to the meter body surrounding
the pick-off. Flow meters with threaded end connections
typically do not have the 17 nipple.

Flyimg leads with threaded connection

* Pick-offs have flying leads extending from the potted
pick-off body.

» Mechanical connection to the pick-off is via a 2" MNPT
thread integral to the top of the pick-off body or the 17
MM FT thread of the flow meter nipple.

* This pick-of style is reguired when a junction box and
rigid or flexible conduit is to be mounted directly to the
pick-off body.

* Typical installation is a more industrial environment.

* This threaded body pick-off is used on flow meters that
do not have 1" MNPT nipples welded to the meter body
surrounding the pick-off. Aflying lead pick-off with
smooth body are used on flow meters that do have the
1" MMPT nipple. Flow meters with threaded end con-
nections typically do not have the 1" nipple. Flow
meters with flanged end connections typically do have
the 17 nipple.
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Step 3: Bearing Selection

= Bearings are available in two styles, Ball and Jounal
Sleave.

+ Ball beanngs are manufactured from 440C 55 and is the
typical choice for lubricating applications.

* Joumal Sleeve bearngs ane available in three diflerent
material selections. (Note: The Journal Ceramic bearing
is the typicai bearing of choice for non-iubricating appii
cations. )

= See page 5 for bearing selection options.

Ball bearings (model # code “A")

= Bearing option to measure lubricating fluids.

* Low frictional drag provides the widest possible flow
range.

+ Ball bearing set can be replaced in the field.

* 10 to 50 micron filtration reguired, dependent on meter
size.

* Operating temperature Rnge of 450" to 300" F.

« 440C stainless steel materials of construction.

* Provides exceptiona life and rugged construction in
clean lubricating applications.

Journal Carbide bearings (model # code “D")

» Bearing option to measure low or non-lubricating fAuids.

* Hard bearing material provides long life and rugged con-
struction.

* Less turn down capsbility than the ball bearing. (valid for
all journal bearing options)

* Field replacement of bearing not recommended. (valid
for all journal bearing options)

= 75 to 100 micron filtration required. (valid for all journal
bearing options)

* Operating temperature range of 100" to 1200° F.

* Tungsten Carbide materials of construction.

* Hard bearing material provides long life and rugged con

by wed e
SRR .

Journal Graphite bearings (model # code “E")

» Bearing option for corrosive applications.

* Operating temperature mnge of 100" to 550° F.

* Bearing option to measure low or non-lubricating Auids.

= Matenals of construction are epoxy impregnated Carbon
Graphite bearing with 316 55 shaft.

* Lubricating property of the graphite allows this bearing to
run smaoother than the other two joumal options, how-
ever life of the bearing will be slightly reduced.

* Mot recommended for use above FT-32 meter skze,

Journal Ceramic bearings (model # code “G")

* Typical bearing option to measure low or non-lubricating
fluids.

* Operating temperature Rnge of -100° to 800" F.

* Typical bearing opticn for more corrosive applicatons.

= AL203 (92.5%) Cermamic materals of construction.

= Ceramic material is mpervious to most fluids, resists film
build up on bearing surface, long life, not as robust as
tungsten carbide material.

= Mol recwmnmended Tor use in waler abowe 180° F.

Step 4: Calibration Selection

* Fow Technology has one of the world's largest liguid
and gas primary calibration facilities.

* The ability to accurately calibrate a flow meter with trace
ability to international standards is one of the fundament-
al requirements in any flow metering application.

* Flow Technology offers a range of water, soivent, oil, and
oil blend calbrations.

= A 10 data peint calibration is offered as siandard, 20 and
30 point calibrations are offered as options. A higher
number of data points will define the calibration curve in
morne detail. If linearizing electronics will be used a mini
mum of a 20 point calibration is recommended.

* Viscosity does shift the flow meter calibration curve and
should be compensated for.

Application will be at relafively constant temperature
and viscosity

* For optimum performance your flow meter should be cal-
ibrated close to its operating viscosity. Water at 1 cst and
solvent at 1.2 cst viscosity is standard, a specific calibra-
tion to simulate the operating viscosity can be specified
as an option.

Application will cover a range of operating tempera-
ture and viscosity

* If the fluid viscosity or density is changing due to temper-
ature variation, a Universal Viscosity Calibration (UWC)
should be used to perform real time temperature correc-
tion.

= The viscosity range for the calibration is determined by
the minimum fluid viscosity at the maximum operating
temperature and the maximum fluid viscosity at the mini-
mum operatng temperatune.

= See page 5 for calibration options.
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FT Meter Sizing and End Fittings

| Extended Flow Range
Sl Ened Fitfing Ball Ball Jioaermal Jioaermal Maximuem
Ovder Coda Mominal e} 10:1 Standard Range | Bearing / Beanng | Beanng ! | Beanng ! Max K Facior | Freguency
Inches RF Pikofl (Mag Puokefl| RF Plokoff |Mag Puokof ADDo.
B GFM | Max GPM | Min GFM | Min GPFM | MinGPFM | Min GFM GFEM BG Fregu.
FT d4-8 ] 030 0.25 25 0.03 010 010 012 3 48000 00
FT 48 1 i3] o2E 25 [ 010 010 012 k] A8 ot il
FT &8 10z 037 0.50 50 0.05 012 0.15 0.20 5 25000 2100
FT &8-48 12 040 075 15 0.08 018 0.20 0.25 ] 16000 2000
FT -08 102 044 1.00 10.0 010 0.0 0.25 0.30 10 13000 00
FT-10 304 0.50 1.25 12.5 0.15 0.30 0.30 0.40 15 00 000 "I
FT-12 34 056 20 0 0.25 0.50 0.50 0.50 5 000 000
FT-18 i 086 50 50 0.60 10 10 10 -] 2400 2000
FT-20 114 1,00 S0 %0 10 15 10 15 100 1300 1950
FT-24 112 132 15.0 150 16 25 16 25 160 00 1500
FT-32 2z 1.75 il ] 25 is 25 is 250 350 1300
FT-4i 2z 2R 40.0 A 4.5 50 4.5 50 450 180 1200
FT-48 3 287 &5.0 a5 A 15 hiA 15 T50 5 812
FT-64 4 387 1250 1250 1Y 15 MA 15 1500 i) L7
" AE fiting = 58"
End Fittngs
AE AN {or ME) extemal atraght threads - 38" to 2 102 nomingl sze - 37 fare
NE NPT extemal threads - 12° to 4 nominal size
HE Hose Barb - 13 to 51 mm 1/2% 10 2
WF ‘Wafer type - ssmated surface - 13 to 78 mm/2% 10 3 nominal sze
i 1504 Ralsed Face Flange
2 3007 Raised Face Flangs
c3 &00# Raiaed Face Flange
A % Rataed Face Flange
c5 15004 Ralsed Face Flangs
8 25008 Raised Face Flangs
xz 400# Fing Joint Flange
1 600 Ring Joint Flange
M (% Ring Joint Flange
J5 15004 Ring Joint Flange
i 25004 Ring Joint Flange
T Tri-Clamp 12" to 34
TZ Tri-Clamp 1% 1 12
Part Number Structure
FlT | x| x| x x [ x [ x| L] x| x| x]|x]|x]|x][x

Maotar Siza End Fisings Caliration Material | Baaring Picioa Dpfional Designators

105



Calibration
Order Code | & Ponts Flow Renge Fluici Order Code i Pontz Cal Syl i \imooaites
MW 10 point nonmal 10: 1 rangs in wizter U al
] 1 perindn s P Wit {arenity
NS 10 point noemal 10:1 range in sovent Uz viscosity ;::G‘fr"!n' viscoalty & maximumviacesity).
B 10 jpoint normal 1001 range in ol bdend
KW 10 point rangs i wEer Uz 10 pomts each Emcm:l 3 Viscoates (specily mesmem
x5 10 point tended range in sovent Viacosly Curve viaoosiy & maxmum v o
B 10 point extended range i ol bdend Order Code # Pointz it Puaofi Cal Swyle Fluid
TW 20 point nosmal 1001 range i wialer
10 ponts each
BW 1 ol Bi~directional wat
TS5 20 point noemal 10:1 range in soivent dereoton Pk =
TH 20 point nosmal 1001 range i ol plend s i mach || o anal I
YW 20 point extended range in wizter el
5 20 point extended rangs i govent
gy |OPIEen | e |Bidrecional o bland
¥B 20 point extended rangs in ol blend drection
GW 30 point extended range in wler
G5 30 point extendad rangs i sovent
GB 30 point extended rangs in ol dend

Material & Bearing Selection
Hate: W = Water. § = Solvant B = Oil tlnnd. Tha Suid vigcaeity muet ba pra-
wilad with ail bland calibmfons

- Howsing Riotor Beanng Code
E [316 55T A30F 53T A-D-E-G-H
G [316 55T 318 58T D-E-G
o o H 316 55T 17-APHSST |A-D-E-G-H
3rd Digit of Calibration N HAST & HAST € E-o
The tird digh of the calbration designatyr Is ME:PEme_cumbcmfwmerﬂcmﬂ'
normally not used and cccupied by a dash (-). and "N’
When required | the following codes are esed.
u To sgrity reguired Wit of messune olher Man
GPFU . .
I p—— e Bearing Selection
than normal 1001 or esdendsd rangs —
Aaaring aslartiana will afiert AN
g |™ dgnily both changos i units and spectal Tiow SNOET | efer 1o szing specfication table o e left
range. Coda for comect flow ranges.
A |BallBearings (440 C)
] Carbode Jowmnal {Carbade Snalt & Sleava)
E Graphie Jownal (Graphite Sleeve, 316
55T Shaft)
G |Ceramic Jounal [Ceramic Shaft & Skeeve)
Part Number Struciure
F|T|x|x|x x|xxx L xx|x x|x|x
Maler Siza End Fisings Calibrafion Material | Boaring Picka Opfional Dasignatiars
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B.6 Coriolis Flow Meter (CO; Flow Meter)

Product Data Sheet
PS.00274, Rev. F
June 2006

Micro Motion® ELITE®

Mass Flow and Density Meters
With MVD™ Technology

* Unsurpassed performance: mass flow accuracy to £0.05% of rate, and density
accuracy to £0.0002 g/em?® (0.2 kg/m?)

* For mass and volume flow measurement of both gases and liquids
* Wide range of sizes from 1/10” to 6" (3 mm to 150 mm)
« Now available with Micro Motion's newest transmitter, the Model 24005

&

W SERV' INSTRUMENTATION EMERSON.

Process Management
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Micro Motion®™ ELITE®
mass flow and density meters

Micro Motion® ELITE® meters are the leading
meters for precision flow and density
measurarment. ELITE maters offer the most
accurate measurameant available for virtwally any
pracesas fluid, whils axhibiting axca ptionally low
pressure drop. Every ELITE meter features
standard secondary containmeant, and is available
with stainless steal or nickel alloy wetted parts and
a wide variety of procass conneactions to meast
your every nesd.

ELITE metars have bean designed for special
applicatienz, The CMFO10 providas remarkably
high parformance in low-flow applications. The
high-pressure CMFIA 0P is suitable for
applicaticns up ta 6000 pai (443 bar). Tha Madal
CMF400 meter offers the most accurate
measurameant available in a high-capacity mater.
Models CMF200, CMF300, and CAMF400 are

available in high-temperature and extrema high-
temperatura versions that provide accurate
measuramants in sevare arvironmeants up to
&0 °F (427 =C).

Product selector
program

Micro Motion offers an on-line program for finding
the best products to fit your application. The
product selector program allows yvou to specify the
parameaters that matter to wou, such as accuracy,
flow capacity, pressure drop, or turndown, To use
the product selector program, visit our wals site at
www.micromotion.com.

Contents

Liguid flom parormaince . . e e e
Gas flow PerforMEMGE . oo it i e b i b eaia e aiid i
Density performance (igquid amly) . .. e e e e e
= e Ty Ty i e
Wibration mits . . ..o e e e
Tomparat Ure SOl AN . . e e
=T = T
Ermvironmental effacts .. . .. e e e
Hazardows arsa classifications ... .o o e
Materiale of CONSIILICTON . .. L
=
=T T
T e T
Ordering Informiatiom . .. . e e e

2 Micro Motion® ELITE™ Flow and Density Metars
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Liquid flow performance

Mass Volume™
Bimin ka'h galmin Ik bbihr M
Maximum flow rate CMFO10 4 108 0.4 108
CMFozs a0 2180 10 21480
CMFOSD 280 200 a0 G200
CMF100 “ 000 27,200 120 27,200
CMF200 3200 87,100 285 a7,100 S50 ar
CMFa00 T0,000 272, 000 1200 272,000 1700 272
CMF400 20,000 545, 000 2400 545 000 2400 545
Mass and wlume flow  Model 4005 =0, 05% of ratelE
accuracy@ transmitter orenharced
COMg Procassor
Tranzmiter wih =0,10% of rate®

MYD Technology
Al othe transmitters =0.10% +[{72ro stability § flow rata) = 1008 of rate

Mass and velume flow  Model 24008 =0, 025% of e 45
repeaatability tranzmitter orenharcad

Core procaessar

Transmiter wih =0.05% of rate®
MWD Technology

Al othe transmitters =0.05% +[v2zaro stability ¢ floa rate) = 10016 of rate

E/min ka'h
Zero stability CMFO10 0.000075  0.002
CMFOoP 000015 0.004
CMFo2s 0,001 0.027
CMFos0 0,006 0163
CMF100 0.025 0.680
CMF200 0,08 z.18
CMFa00 0.25 G.80
CMF400 -.50 4091

(1)
i)

i)
i)

&)

L]

Spedfications for volumetne fowrale ae bassd on a procsss-ivid dersity of 1 glom? ( 100 kg'm®). For fiuice with density other
than 1 glem® (1000 kgfm®), the volumeiic fiow rate squals the mass fow rats divided by tne fuids denaity

Stated fow accuracy indudes the combined efects f repeatabilly, linearily and hysteress. Al specifizations forliguids are bazed
or reference conditions of aaler at 68 o 77 °F (20 to 25 °C) ana 15 to 30 paag (T o 2 barl, uniess othenwizs noded

The calizration cption ior £2.05% fow ecouracy i3 not avadabis with high-temperature sensor measls or Mods! CMFOTOR

When flow rate iz less than zero stabiity / 0.0005, axuracy = Hizero stabiity / fowrate) » TO00% of mis, ard

regeatabiliy = =] % (zsro atabiliy s fow mte) = 1008

When odered with the x0.70% Ectory zalibraton oplion, dccuracy on figuid = 20 12% wihen fow rals 2 zerc stabity s 0007,
When flow rate « zero stabiity / Q0OQ7T, acouracy eguals zzero stability 7 flow rate)x 7005 of rate and

repeatabiiity equals =M/ zere sianilite / Vow rahe) » 1005 2f rates.

When flow rate is less than zero stability £ 0.007, acewra oy squals =i zero sabifly /flow rate) = 1ON% of rate and
repeatabiiity equals =M/ zere sianilite / Vow rahe) » 1005 2f rates.

Micro Motion® ELITE® Fow and Density Metars 3
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Liquid flow performance continwed

Typical accuracy, turndown, and pressure drop with CMF00 and 24005 fransmitter or enhanced core prozessor

Tha graph below is an exampla of the ralationship betwzan accuracy turndown, and prazaurs drop whzn measuring the flow of
wetar with a Modal CMF1 20 sensor and Model 24005 fransmitter or enhancac cora processor,

Actual pressune drop is depandant or process conditions. To detarmine accuracy, turndown, and pressure crop with your
procass varables, LBe Micro Mation's product selector, available ai www.micromotion.com.

25
-— 1001
1 —=
210 4 _—
15 | ot {0114
-2
; 1.0
g 05 4
|
= 0 Ir:_
—-05
—1.0
—1.5
200
Y - . . . . v . T T
O 40 20 30 40 BO & VO 80 Qo (D
Flow rate, % of maimum
Tirnd awn fram
maximum flow rate 500:1 100: 1 20:4 10:1 2:1
Accuracy (%l 1.25 025 0,05 005 005
Przesure drop
psi ~ ~0 0.2 07 138
bar =0 =0 0.1 005 093
4 Micre Motion® ELITE® Flow and Density Metars
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Gas flow performance

When salectng sensors for ges applications, measurement accusacy is a funciion of fluid mass flow rate indepandent of
operat ng temperature, pressure, or composition. However, pressure drop through the sensor is dependent upon oparating
tamperatung, pressure, and flLid compositon. Therefore, when selecting a sensor for any partizular gas applicaton, itis highhy
racommended tha eack sensor ba sized uzing Micro Moticn's praduct salecior, available at werw.micromaotion.com.

Mass Volumea!

Ibmin kg SCFM Nm*/h

Flow rates that produce approximately 10 psid (0.62 bar) pressure drop on airat 88 *F (20 *C) and 100 pei (6.8 bar)

CMFo1oM, CMFO10k 0.20 8 4 &
CMFo1oP 0.2 & 3 5
CMFo25 4 110 &0 20
GMFoS0 10 300 143 230
CMFi00 50 1200 B40 1000
CMF2o0 150 4000 2000 3100
CMFz00 480 13,300 B500 10,300
CMF400 1250 34,000 16,500 26,250

Flew rates that produce approximately 50 psid (3.4 bar) pressure drop on natural gas (MW 16.675) at 68 °F {20 °C)
and 500 psi {34.0 bar)

CMFo1oM, CMFO10k 1 ac 30 45
CMFo1oP 0.9 25 20 35
CMFo2s 16 450 380 GO0
CMFO30 40 1140 =70 1530
CMFi00 185 5000 4300 G700
CMF2o0 560 15,200 13,000 20,500
CMFa00 1850 50,500 43,000 68,000
CMF400 4700 128,000 109,000 172,000

{1} Standard (S CFM) referencs conditions are T4. 7 paia and 58 °F. Normal (Nm'h) reerencs conditions are 1.27.3 bar and @ °C.

Micro Motior® ELITE® Flow and Density Matars
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Gas flow performance continued

Mass flow accuracy™ Tranzmittors with +0.35% of rate®
MV D Techmology (including
Model 240085)

All otrer fransmittars +0 5086 of rate :[[ W} % mn]%:, ofrate
Mzss flow repeatakility Tramsrnittars with +0.20% of rata®

MV D Techmology (including
Model 24005)

All b ansmilers +0.25% ul 1l ::[[:”f"g_:;g % 100]% ulral
Ib/fmin ki'h
Zero stability CMF0 0.0X007E Cooe
CMFo1oP 0.0x15 .00
CMFozs 0.001 o2y
CMFoso 0.0 o
CMF 0o 0.025 680
CMEZ00 0.02 218
CMFa00 0.25 £.80
CMF400 1.5 40.91

{1} Flow accuacy induades the combined sffects ofrepea Bbility, ineanty;, and hysteresis.

(2] Vvhen flow rate iz isas han Zero sEby 00035, ACCUITA QY fJUAIS x{Zerc sEbiity / Now rais) = (007% of rare and
repeatabily equals 3 (zero stabilty ” fow ratel x TO0% of rate.

i Micro Maticn® ELITE® Flow and Density ‘atars
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Gas flow performance continced

Typical ma=zs flow accuracy and pressure drop with CMF100 and transmitter withe MV Technology

Air at 68 °F (20 =C), etatic preszures as indicated on graph

Inches
pai bar  H2
1.5
0.9
0.2
- 100 peig 500 paig 1000 psig ra00
£ 0 7 bar) (35 bar) (70 bar) 10 7
2 40 a
B | 0.8 g
&
X |I 054200 g
o
g | 0.4 o
3 11 g &
A 0a
< \ L 400
0.2
04
0 . . . . . . . 0 ol
Ibmin O 20 40 &0 80 100 120 140 160
kahr O 1000 2000 3000 4000
Flow rate
Matural gas (MW 16.675) at 68 °F (20 °C), static pressure as indicatad on graph
Inches
psi bar HO
1.5
| 0.4
0.8
- L 500
Ty 100 paig 500 paig 1000 paig 10 074
= I {7 bar) {95 har) (70 bar) 06 | g
l.;g =
A | ostzon
o
g | 04 3
2 os{| 5 ua a
4 ' '
\ L 400
0.2 1
04 1
04 ; r r r r T r 10 040
Ibmin O 20 40 &0 20 100 120 140 160
kahr O 1000 2000 3000 4000

Flow rate

Standard or Mormal Volumefric Capalsility
Standard and normal wolumsas are “quasi mass” flow units for any fixed compositicn fluid. Standard and normal volumes do not
vary with operating pressure, temperature, or density, With knowledoe of density at standard or nomal conditions (available
from referance sources), a Micro Mation meter can be configured to out put in standard or nommal volume units without the neesd
for pressura, temperature, or density compensation. Contact your local sales reprasantative for more information.

Micro Mation® ELITE® Flow and Density Metars
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Density performance (liquid only)

With transmitter with
MVD Technology (except
With 24005 transmitter Model 24005), standard

or enhanced core core processor, or With IFTOT01
processor RFTO739 transmitter transmittar
alem? kgim?* alem? kgim? alem? kgim?
Accuracy™ Medel CMFO10 and £00005 0.5 £0.0005% 0.5 £0.002R 208
high-temperatura
miclals
All other modals +0.0002 +0.2 +0.0005 #1.5 +0.002 +2.0
Rapeatability Muosclal CMFo10 and +0.0002 +0.2 +0.00028 30,28 +0.0018 1,08
high-temperatura
miclals
All other modals +0.0001 +0.1 +0.0002 #1.2 +0.001 +1.0
Range All modals upto s upto 5000 uptos up to S000 uptos up to S000

(1) Accuracy includes the combined effedts of repeatability, lneanty, and hysteresis. Specifications for 00002 giom” (0.2 kg™ )
density accuracy are bassd on reference conditions of water at 68 fo 140 *F {20 o 60 *C) and 15 to 30 psaig (T to 2 bar). AW other
accuracy gpeciications are bassd on relference condiions of waterat 88 fo 77 F (2010 25 *Cland 15 to 30 psig (1 to 2 bar),
unless otfieniise noded,

{2} For these combinations of sensors and transmitiers, densily accuracy and repeatability differ alightly from standard meter
penomance. Contact Micro Motion for performance data.

Power consumption

Meter with cora processor 4 watts maximum
Meter with Modal 24005 transmitter 7 watts maximum

Meter with Modal 1700/2700 transmitter Refer to transmitter documentation

Vibration limits

Meestz |EC 62.2.6, endurance sweap, 510 2000 Hz, 50 sweep cycles at1.0 g

B Micro Mation® ELITE® Flow and Diensity Metars
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Temperature specifications

Accuracy All modalz +1 *C+ 0.5% of reading in =C
Repaatability All modals 0.2 70
Temparature limits™ Al modals excapt high-temperature modals®!
176 (80) - Mount transrmitter remotely; use j-lbaox —.-"|
140 (B0 /
140 (&) ——— -
! |
Jodqagy T T TTTTTm T T T T s o mmm o ——— == 113 (45)
g : i
L g3 20) !
E I
% 32 (0) - |
|
& 420 '
£ |:_ l |
z |
" |
E =400 (-4 - |
E --------------------------- I —5& (-&50)
76 (—&0) |
Mournit transmitter remotsly; uaa,-bm("'
=12 (-8 - 1
1
448 100 ' .
g g g g g g g 22 g
i 3 3 § s § $ :=§&
g g 2 7 = §F 83 3
I I

Process fluid ternpsrature °F ()

# When ambiens temperanire is below =58 °F (=50 °C), a core processor or Model 24005 fransmirter
muist be Beated fo bring its local ambient temperature to between =58 °F (=50 °C) and + 140 °F
{+68 “0L Long-rerm storage af electronics at ambiens temperatures below =58 °F (<50 =} is nor
recommended.

(1) Tempsratuns imits may be further restricted by hazardous area approvals. Sse pages 15-200

(2] Theextendsd mount opfion allows the ssnsor cass to be inswlated without coverng the tranamitier;, core processorn, or juncton box,

but doss not affect temps rature ratings.

Micro Mation® ELITE® Flow and Density Meters
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Temperature specifications continved

Temperature limits™ High-termperature models
Masurt tranamittar ramotaly) uss j-bax
178 (80) /
140 (80) —F
I
104 (40) |
[y ) |
< saiz0 | High-temp. modsiz .___:
P |
é (o Extrame high-tamp. modsls |
2 g : "
4 I
£ ) I
I _40 40 |
- I, dom o 58 (50
E 78 (-80) |
E 1
112 (80} Maurt transmitter remately; uss j-hox® |
I
—148 [—100) ]
= @ = @ @ | 9
g. i L 8 o 0z g. 2 = = § g
g 8 3 = § 3 g § g : i
I

Maximum process tempsrature in 2F (*C)

®  When ambiens remperatune is below =58 °F (=50 °C), @ core processor or Model 24005 rranswintier
miz ! Be heated to bring itz lacal ambient tanperatre o Between =58 °F (=50 °C) and +140 °F
{+6i “C ) Long-rerm storage of eleciromics af ambent tempernafures below =58 °F (=50 °C) s not
recommerded.

(1) Temperature limits may be further restricted by hazardous area aoprovals. See pages T3-200

10 Micro Mation®™ ELITE® Flow and Density Metars
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Pressure ratings

Flows tuba rating™

PED compliance

Heauaing rating

6L and 304l
stainless steel sensors

Hastalloy C-22 sarsors
High-prassure CMFO10P

pei
1450

MAN
G000

bar

100

148
413

Sensors comply with council directive 9723EC of 20 May 1997 on Preasure Equipment

CRFo1 0®
ChFCE 5
CMFOS o
CRF100
CRAFz00
CRF300
CRAF400

ASME B21.2 socondary
containment rating™

Burst pressurs

pai

425
A50
o0
625
550
275
250

bar

29
58
pit=
42
ar
18
17

pai

a4z
5480
D280
2200
2786
1568
1556

bar

200
3
el ]
227
18z
108
107

{1} For operating empsratures above 300 °F (148 “C), pressurs needs to be derale d as ofows Linear intsmpofation may be used
I

s ]

up fo 300 °F {up to 148 °C)

at 400 *F {ar 204 7C)

at 500 °F {at 260 °C)
at 600 “Fiat 316 °C)
At REF F {ar 343 7))
at 700 “F{at 371 °C)
at FED T (ar 322 70}
at 800 °F {at 427 °C)

Flow tubes Housing

FI6L sensors JOHL SEnEOrS HasleNoy C-22 Al sensors
SENsors

MNeone MNeneg Mone Nene
7.2 derabing .49 derading Nons E.4% derating
13.8% derating 11.4% deraling 4. 7% derating 11.4% derating
19.2% derating 16.2% deraling 8. 7% derating 168.2% derating
21 020 rlarating T8 MEL ravatiing 1. 790 rlarating 18 ML rieratingy
22.8% derating 19.2% deraling 13. 7% derating 18, 2% derating
2407 derating 20.4% derating 5.0 derating 20, 4% derating
25.7%: derating 22.2% derating 16.3% derating 22 2% derating

{2)  Optional upture oiskes for high-pressurs CMPOT 0P will burrst i pressure ingide ssnsor housing rea ches <00 psi (27 bar).

Micrew Mulion®™ ELITE® Fluw and Deresily Meslers
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Dimensions

inches

Dimensions in fmm)

CMF010 with enhanced core processor or Model 24008 transmitter

Flow
- nd o 2imE 2 1727214 HFT femals purgs
bl phg THig joplional|

21 W18 43

2« 11214 NPT famake _
¥ or |
ST WD = 1 5 Fermake ||I
24
I_ 5 13018
(147}
BEL
=]
113018
2118 h
53 = 45y
T
e

Rsfar to CMFO40 dawings on page 23 for

adkdiicnal sensor dimensions. For CMFO40

fitting optione and dimensions, ss= pags 40, s

b
I RERT
{147
| 1318
28

f (265

1212
e

Extended mount opticn

2 Micro Mation® ELITE® Flow and Density Matars
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Dimensions contnuea

. . ., inchss

Flow E &1 wie Extwnded mount o plon
e T

;
b
F}_

= | Wy T
0 1E-14 NPT famal @ purge 1
Mm_\ @11
~ by O
—L | —
|
Al
11dis o
47 —I
21318 114 NFT kemak 7 5
w1 - o -l =T fm""‘!"l:-t
M0 x 1.5 lemak L 0 1sH8
4 @18 5
Extended mount o ption
21 0Me
[40)

IEHEE B2 NPT Bmake

11312
£
[B43
Bk wlume willh rupbure dluk Py S miuluns
Dim. A*
2!\;5%'5 P - fags #= fams . e dg'ﬁ
= o | n [ w2
=2 — =T )
lll'?-l"’:-( 4018 l -l l_
= h;:lpuj - M= 7 im om. o | q-nu_ _un" |
A e | -y
i o —
le—-— _/"I | 2 ruplure diske
= et
aze |
o) Back view with unian fitings
Ll
[229'] TFu i by Ao el B, s paw 90,
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