Western Michigan University

WESTERN MICHIGAN UNIVERSITY S cholarWorks at WMU

Master's Theses Graduate College

12-2012

Experimental Determination of Colburn and
Friction Factors in Small Plate Heat Exchangers
with High Surface Enlargement Factors

Pike

Follow this and additional works at: https://scholarworks.wmich.edu/masters_theses

b Part of the Mechanical Engineering Commons

Recommended Citation

Pike, "Experimental Determination of Colburn and Friction Factors in Small Plate Heat Exchangers with High Surface Enlargement
Factors" (2012). Master's Theses. 83.
https://scholarworks.wmich.edu/masters_theses/83

This Masters Thesis-Open Access is brought to you for free and open access
by the Graduate College at ScholarWorks at WMU. It has been accepted for
inclusion in Master's Theses by an authorized administrator of
ScholarWorks at WMU. For more information, please contact
maira.bundza@wmich.edu. WESTERN MICHIGAN UNIVERSITY

www.manaraa.com


http://scholarworks.wmich.edu?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.wmich.edu?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/masters_theses?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/grad?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/masters_theses?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/293?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/masters_theses/83?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:maira.bundza@wmich.edu
http://scholarworks.wmich.edu?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.wmich.edu?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages

EXPERIMENTAL DETERMINATION OF COLBURN AND FRICTION
FACTORS IN SMALL PLATE HEAT EXCHANGERS
WITH HIGH SURFACE ENLARGMENT FACTORS

by

Andrew H. Pike

A Thesis
Submitted to the
Faculty of The Graduate College
in partial fulfillment of the
requirements for the

Degree of Master of Science in Engineering (Mechanical)
Department of Mechanical and Aeronautical Engineering

Advisor: HoSung Lee, Ph.D.

Western Michigan University
Kalamazoo, Michigan
December 2012

www.maharaa.com




EXPERIMENTAL DETERMINATION OF COLBURN AND FRICTION
FACTORS IN SMALL PLATE HEAT EXCHANGERS
WITH HIGH SURFACE ENLARGMENT FACTORS

Andrew H. Pike, M.S.E

Western Michigan University, 2012

Experiments were conducted to measure the performance of several small
brazed plate heat exchangers. A test apparatus was designed and constructed that
allowed for the easy switching of the plate heat exchangers, as well as having the
ability to electronically monitor and record the inlet and outlet temperatures,
pressures, and flow rates. The flow rates and applied electrical power were controlled
electronically by the same program which recorded the data. De-ionized water was
used as the heat transfer medium to reduce the uncertainty related to fluid properties.

An existing mathematical model was used to create Colburn and friction
factors based on empirical correlations and the given geometric parameters of the heat
exchangers. The experimental data was then expressed in terms of these factors, and
were then compared to predictions. It was found that there was reasonable agreement
for the Colburn and friction factors, despite the fact that the existing correlations were

formulated using data from plate heat exchangers with significantly lower surface

enlargement factors.
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CHAPTER 1

INTRODUCTION

1.1 Overview of heat exchangers
Heat transfer can take place through three mechanisms, Conduction,

Convection, and Radiation. It is often necessary to transfer heat between different
fluids without mixing them, when this is the case a heat exchanger is often employed.
A heat exchanger is a device that transfers thermal energy between two or more
fluids. This occurs by directing the two flows past each other in separately wetted
channels. The heat from one of the fluids will move into the material separating the
two flows via convection, is then conducted across the material, and will finally pass
into the second fluid by convection again.

It is not necessary that both of the fluids be liquids, the flows can be gas,
liquid, or a combination of the two. There are many types of heat exchangers, an
example of a common gas/liquid heat exchanger would be an automotive radiator.
The type of heat exchanger will usually be dictated by state of the fluids that are
being handled, although for a given set of fluid states there can be a variety of types.

The common types of heat exchangers for liquid/liquid heat transfer are
double pipe heat exchangers, shell and tube heat exchangers, and plate heat
exchangers (PHEs). Shell and tube heat exchangers have been employed in industry
for well over a century, but they are often bulky and have lower compactness relative
to some of their counterparts (Dovié et al., 2009). Heat exchanger manufacturers
have been continually striving to increase compactness and surface area density.
PHEs have existed for over a century, with one of the first patents being issued in

1890 in Germany (Ayub, 2003). These heat exchangers use a stack of thin plates
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with flows of different temperature passing between them in alternating layers of hot
and cold, allowing heat to be transferred between the fluids.

Plate heat exchangers have the benefit of being suited to be deployed in
configurations which are very compact. Traditionally, heat exchangers have been
rather large devices, with PHEs consisting of a stack of plates with gaskets in
between but a type of PHE called the brazed plate heat exchanger has been in service
since the 1970s (Hesselgreaves, 2001). These PHEs have stacks of plates pressed
together, and then brazed in to form a single part capable of withstanding high
pressures. These devices are generally smaller, sometimes almost fitting in a hand
and weighing several pounds. It is this type of heat exchanger which will be the

focus of this thesis. Figure 1.1 is a drawing of a typical brazed plate heat exchanger.

Figure 1.1 Drawing of a Brazed Plate Heat Exchanger, Lee (2010)

Ol LA Zyl_i.lbl
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1.1.1  Performance of heat exchangers
In order to better understand the remainder of this thesis, a discussion is

necessary regarding the meaning of the word performance in relation to heat
exchangers. There are two primary methods for defining the thermal performance,
these are the Log Mean Temperature Difference (LMTD) method, and the
Effectiveness and Number of Transfer Units (e-NTU) method. For this study, the e-
NTU method will be used. Effectiveness is the actual heat transfered divided by the
maximum possible heat transfer, and is dimensionless. For a plate heat exchanger,
the overall heat transfer coefficient can be defined by Equation 1.2. For the
remainder of the discussion in this study, the descriptor 1 will refer to hot side values,
2 shall refer to the cold side, 3 refers to the cooling loop, i will represent the inlet and
o will represent the outlet conditions. 8 is the thickness of the wall, k., 4;; is the
thermal conductivity of the wall separating the fluids, A represents the respective
areas, and h is the convection coefficient.

The convection coefficient is an important factor in determining the rate of
heat transfer between a moving fluid and an adjacent surface, it depends on several
things including Reynolds number and physical properties of the fluid as well the
geometry of the channel in which the fluid is flowing through. The convection
coefficient h is very important as a design consideration, and many experiments have
done to determine the value under different conditions. An arbitrary heat transfer rate
can be found through the use of Equation 1.1. T, is the bulk temperature of the fluid
while T4 is the temperature of the wall or surface the fluid is flowing past. The
heat transfer rate can also be defined in terms of the mass flow, specific heat, and the
temperature difference across the inlet and outlet. It should be noted that h cannot be
directly solved through Equation 1.1, as that would require measuring the temperature

difference between the fluid and wall.
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q=hx*xAx(Tew — Tyau) (1.1)

q =M *Ccp * (T1;,—T1,) (1.2)

Another important concept in heat transfer is effectiveness, which has direct
physical meaning, it being the actual rate of heat transfer divided by maximum
theoretically possible heat transfer. The maximum theoretical heat transfer can be
determined through thermodynamic relationships, and is based upon the inlet

temperatures, flow rates, and fluid properties for the hot and cold sides respectively.

g=—1 (1.3)

In order to define effectiveness, it is necessary to introduce a value known as
mass capacitance. It is the product of mass flow rate and the specific heat of the
fluid.

C=mxc, (1.4)

The heat capacity ratio, Cy, is defined as the ratio of minimum and maximum mass

capacitances, Cpin, and Cy,q, respectively.

C, = (*Cp)min (1.5)

(m*cp)max

It is now possible to define effectiveness in terms of C and temperature. The
derivations for this relationship are widely available in the literature so the details will
not be shown. As all of the testing was done with the test fluids in counter flow

operation, as it is generally more effective, and therefore only the effectiveness for

this case is shown.
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— C1+(T1;—T1,) (1.6)
Crmin*(T1;-T2;)

The number of transfer units (NTU), is a dimensionless value, and represents the ratio
of UA and Cmin, where Cmin is the minimum value of mass capacitance in the
system, it being the limiting of the two mass flows. It is also possible to define NTU

in terms of Cr and temperature.

1 «In (l—E*Cr) (17)

-Cr 1-¢

NTU =
1

NTU can also be defined in terms of UA, the overall heat transfer coefficient.

NTU = -2

(1.8)

Cmin

Where UA can also be expressed as

1

UVA=——F—+ (1.9)

+—t
h141 kwall h2A>

For the type of heat exchanger used in this study, the areas of A1, A2, Aw are
equivalent. Setting the experimental flow rates equal to one another allows for the
assumption that h; = h,. Equation 1.7 can now be rearranged so that h can be solved

for as U is measured experimentally and the various geometry values are known.

= (1.10)

1
=+
U kwall

hexp =

Now that h has been found empirically, it is possible to calculate the Colburn factor j.

It is a non-dimension quantity, and is a relation between the convection coefficient,

ol LAl Zyl_i.lbl
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fluid properties, flow conditions and geometry. It is also necessary to introduce a

new term, A, which is the free-flow area.

. hexp*Ac 2
Jexp = szm * P.3 (1.11)

Another important design parameter for heat exchangers is the pressure drop, or
alternatively the friction factor. The friction factor gives the ability to calculate a
pressure drop given the flow rate and geometry. It is important as a design factor, as
a reduction in pressure drop directly correlates to lower frictional losses in the heat
exchanger, which also equates to a lower level of pumping power required. The
pressure drop is very simply the difference in pressure between the inlet and outlet

ports of a heat exchanger, as shown in Equation 1.12.
APiotar = P — P, (1.12)

The total pressure drop across the heat exchanger is comprised of two intrinsic
pressure drops which are separable mathematically. These are the frictional pressure
drop of the channels, and the pressure drop from the ports, APr and AP, respectively.
In order to calculate these, a new term is introduced in Equation 1.13, which is the
mass velocity. The descriptors f and p refer to the frictional and port associated

terms. G, is the mass velocity across the port area.

G=7 (1.13)
4xm
Gp = 75,2 (1.14)

An empirical correlation for the port pressure drop has been determined by several

authors, including Kays and London (1984). It is shown in Equation 1.15.

Ol LA Zyl_ﬂbl
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_15xGp°

AP, ™

(1.15)

It is now possible to determine AP, by subtracting the port pressure drop from the

total pressure drop, as seen in Equation 1.16.
AP = AP, — AF, (1.16)

The friction factor for the flow channels in the heat exchanger, sometimes referred to
as the core friction factor, can now be calculated using Equation 1.17. It should be

noted that this is the Fanning friction factor, not the Darcy friction factor.

_ Dh*Acz*APf

- (1.17)

f

Where Dy, is the hydraulic diameter, L,, is the length of the plate in the PHE, p is the

density, and Q is the flow rate.

1.2 Objective of experiment
The purpose of this work was to experimentally determine the steady state

convection heat transfer coefficient and pressure drops for four compact brazed plate
heat exchangers. These values were used to compute Colburn factor and friction
factor curves based on their internal geometry. GEA PHE systems contributed four
heat exchangers of the type required for this study. De-ionized water was used as the
heat transfer media so that there would be little doubt about the make up of the
working fluid.

In order to calculate the convection coefficient and friction factor, it is necessary
to monitor the inlet and outlet ports of both the hot and cold sides of the heat
exchangers. The primary measurements that made were the temperature difference
and pressure drop across both sides of the PHE, as well as the flow rate of water

passing through each side respectively. In addition, to verify the overall heat transfer
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of the system, the flow rate and temperature difference of the stream of cooling water
was also measured.

It was therefore necessary to construct two flow loops, one for the hot side of the
heat exchanger, and another for the cold side. An existing flow loop was modified,
and another constructed alongside it. Attached to the second loop was a third loop,
interacting with a stream of water taken from the building mains allowing the system
to be cooled and finally sending the heat generated by the electric heaters to be sent
down the drain.

With the ultimate goal of these experiments being the determination of convection
coefficients and friction factors, care was taken to choose the proper conditions.
Computing the fanning friction factor is a relatively straightforward task, as it is
purely a function of pressure drop, flow rate, and geometry. Determining the
convection coefficient required more scrutiny when choosing test conditions. Muley
and Manglik calculated the convection coefficient using a calibration strategy
employing modified Wilson plots (1999). This technique has the downside of basing
the calibration on a linear regression taken from previous experimental work. An
alternative method for calculation was employed by setting the hot and cold side
convection coefficients equal to one another as done by Khan et al. (2010).

In order for this technique to be valid experimentally, it is therefore necessary that the
hot loop and cold loop flow rates to be equal to one another. For each of the heat
exchangers in the study, two levels of heat transfer were applied for each set of flow
rates. Over the course of the study, the maximum heat transfer applied was 28 kW,
and the sets of flow rates ranged from 3 to 11 gallons per minute in counter flow

operation.
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CHAPTER 2

LITERATURE REVIEW

There have been many investigators of the subject of heat exchanger
performance. Compact heat exchangers have been a subject of study since for several
decades (London and Kays, 1984). The literature survey was undertaken for two
primary purposes. First, it served to provide a background on what type of
experimental data would be useful to generate. Secondly, it provided a set of
examples of the experimental apparatuses used in conducting heat exchanger testing.
While there are many types of heat exchangers, the survey primarily focused on

chevron type PHEs.

2.1  Chevron type plate heat exchangers
In order to provide a larger heat transfer area and encourage turbulent flow

(reference), PHE manufacturers will often corrugate the plates. A common geometry
used is a repeating pattern of sinusoidal corrugations, commonly referred to as a
chevron pattern. Plate heat exchangers consist of multiple plates stacked upon one
another, so that there are alternating flow passages of hot and cold fluid channels,
with the plates providing the primary heat transfer area. In order to increase the
surface area of the plates, it is often common to corrugate or in some other way
change the surface profile of the plate. Durmus et al (2009) investigated the effect of
plates with asterisk and washboard type corrugations, however chevron plate
configurations are one of the most common. Below in Figure 2.1 an example of a

chevron type plate can be seen.
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I\ Port diameter
Vel

Figure 2.1 Diagram of a Chevron Type Plate, Lee (2010)

It is a rather straightforward assumption that changes in the geometry of the
plate will affect the performance of the heat exchanger, this was verified by the
literature review of plate heat exchangers by Ayub (2003). In order for the reader to
better understand the workings of this type of heat exchanger, Figure 2.2 is shown
below and provides some information on the various geometric parameters which

impact performance.
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The figure shows many of the important geometric parameters that concern
chevron type plates. The chevron angle, B, is the angle that the corrugation makes
with respect to the longitudinal axis of the plate and can vary from 0 to 90 degrees.
The plate thickness is often given as 8. The corrugation pitch, A, represents the
wavelength of the repeating sinusoidal pattern. The 2a term refers to the height, or
twice the amplitude, of the corrugation. Different companies will specify different
geometries with regards to the chevron angle 3, the corrugation wavelength A, and the
amplitude of the corrugation in addition to many other factors. Despite a long history
of use, there is lack of reliable data and generalized correlations for PHEs (Dovic,
2009).

While all of these parameters have impacts on performance, there are two
factors which can largely summarize the characteristics of a chevron type plate.
These are the chevron angle B, and another value named the surface enlargement
factor @. The latter of these two is simply the total surface area of the plate divided
by the projected area of the plate (Lee, 2010). A reduced form of this equation is

shown below.

__corrugatedarea __ LyN;

2.1)

projected area Wp

Where L, is the enlarged length per wavelength, N; is the number of wavelengths per
plate, and W, is the width of the plate. To put this in perspective, a perfectly flat plate
would have a @ value of 1. There are several methods of calculating this factor in the
literature, and while they differ slightly in form they have roughly equivalent
meanings. Martin (1996) defines ® similar to Lee, however he arrives at the value
through an approximation of a three point integration using a dimensionless
corrugation parameter based on the amplitude and wavelength of the pitch, opposed
to the method employed by Lee which allows direct calculation based on geometric
parameters. In his literature survey in 2003, Ayub defined ® as the ratio of the

developed length of the sinusoidal wave over the protracted length. He stated there is
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a lack of design information in the public literature due to the proprietary state of the
heat exchanger industry.

Another relevant factor is the surface area density B, not to be confused with
the chevron angle. It has units of m"2/m”3, and is defined as the ratio of heat transfer
area to the volume it occupies (Lee, 2010). In general, a heat exchanger will be

considered compact when it’s B is greater than 600.

2.1.1 Experimental results
As stated previously, there have been many investigators which have studied

the performance of PHEs. Such that the experimental results can be better
understood, context will be given by summarizing several papers in the open
literature, while highlighting important variables and listing the ranges of factors
relevant to the work done in this study. This is by no means an exhaustive review of
available literature, but does give a broad view of the state of experimental heat
exchanger testing done in recent times.

One set of investigators, Muley and Manglik (1999), undertook a wide
ranging experimental study of PHEs with chevron plates, experimenting with many
different plate configurations. Their study focused on single phase, counter flow with
a single pass U type flow configuration. The plates which they used had B values of
30, 45, and 60 degrees and another so-called mixed configuration approximating a 3
of 45 degrees by using a mixed arrangement of 30 and 60 degree chevron angle plates
in combination. Additionally, the observation is reached that there seems to be no
significant advantage from using a mixed 30 and 60 degree plate arrangement relative
to a stack of plates with f=45 degrees. They go on to state based upon their own
literature review for chevron plate configurations, the transition to turbulent from
laminar flow will occur at a Reynolds number between 400 and 800. For the plates
used in their experiments, the ® values were 1.29 and 1.46. Their data and
conclusion show that by increasing ® the heat transfer performance will increase
relative to that of a flat plate configuration. However, this comes with a penalty of a

higher pressure drop at a given pumping power, or equivalently a rise in the friction
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factor. There is also a corresponding gain and penalty for increasing values of f, for
the Nusselt number and friction factor respectively. In addition, they conducted
similar experiments with vegetable oil as a working fluid.

Hsieh et al. (2002) investigated subcooled flow boiling of R-134a in a PHE.
The PHE used in this study employed chevron type plates, with a  of 60 degrees.
During their experiments they used hot water to induce boiling in the subcooled
working fluid. For their study the boiling heat flux varied from 0 to 35 kW per square
meter, and the refrigerant mass flux varied from 50 to 200 kg per square meter.
Additionally, their work only made use of two PHEs, one for measuring heat transfer
data, and another for visualization of the refrigerant flow.

Jokar et al. studied condensation heat transfer and pressure drop in brazed
plate heat exchangers using R-134a (2004). They characterize brazed plate heat
exchangers as a type of compact PHE, and performed experiments with single pass
counter flow operation. For the non-refrigerant loop, working fluids of water as well
as a glycol/water mixture were used. They then employed the Wilson technique,
similar to Muley and Manglik, to obtain the single phase heat transfer coefficient.
They state that due to the different corrugation patterns and geometries, it is difficult
to predict performance with generalized correlations. Two brazed PHEs were
employed in this study, one with 40 plates and another with 54. The plates used in
these heat exchangers had chevron type corrugations, with a 3 of 60 degrees. The
range of glycol/water flow rates employed in this study ranged from 0.15 to .45 kg
per second, and used several expansion valves for the refrigerant loop with capacities
ranging from 7 to 35 kW. The paper goes on to describe testing single phase fluid
performance, with one loop containing water and the other containing a glycol/water
mixture. However, there is some ambiguity with regards to this part of the testing
and the method and amount of heating applied. Again, they employed the Wilson
technique for calibrating and determining the heat transfer coefficients for single
phase flow. For the single phase flow investigations, the Reynolds number was

varied between 70 and 900.
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Galeazzo et al. (2006) undertook an experimental and numerical study of heat
transfer in a PHE. The experimental study used an Armfield FT-43 laboratory plate
pasteurizer, operating in both parallel and counter flow configuration. The plates
were comprised of stainless steel, and were flat, having no corrugations and the
working fluid used was distilled water. Their paper states that the cold loop of the
heat exchanger was provided water from a chiller and experienced flow rates of 0.6,
0.8, and 1.0 Liters per minute, while the hot loop had water provided from a
thermostatic bath at temperatures of 50, 70 and 80 degrees Celcius. The hot loop was
run in closed loop configuration with flow rates of 0.6, 0.8 and 1.0 Liters per minute.
They compared the experimental results of the different test conditions with those
generated by a 3D computational fluid dynamics (CFD) model, and also with
predictions made using a 1D plug flow model. In general, they found that the CFD
model provided better agreement to the experimental results relative to that of the
plug flow model. For their study, the stated range of Re was from 136 to 1528, and
the heat load varied from 70 to 749 W.

Dwivedi and Das (2007) conducted dynamic tests of PHEs subject to flow
variations. They tested a PHE from Alfa Laval comprised of a stack of 40 chevron
plates with a  of 60 degrees, and operating in a U type configuration. Their
experimental procedure consisted of introducing step changes in flow rates of the hot
and cold water flow rates, with the tested flow rates in the range 0.93 Liters per
second to 1.86 Liters per second. These flow rates correspond to Re ranging from
877 to 1756. The applied heat load came from a hot water tank with immersion
heaters having 42 kW of capacity. The results presented provide a non-dimension
time at which steady state was reached after various steps in flow rates, and they
conclude that flow maldistribution has considerable effect on the transient response.

Research has also been done on the heat transfer and pressure drop of viscous
salt solutions in PHEs. Warnakulasuriya and Worek (2008) investigated the
performance characteristics of an absorbent salt solution in an ALFA-LAVAL PHE,
with a rated heat capacity of 14,650 W. They describe it as having cross-corrugated
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plates, with the angle between corrugations being 120 degrees. They stated that the

inlet temperature differences ranged from 14 to 20 degrees Celsius, with hot side inlet
temperatures ranging from 55 to 77 Celsius. However, they did not calculate the
convection coefficients, and only provided the overall heat transfer coefficients
measured. Based on the correlations referenced in the paper, they stated that the
calculated overall heat transfer and fanning friction factors show very good
agreement with the experimental results at Reynolds numbers above 400, but below
that there was considerable deviation. For the course of their study, the flow rates
ranged from 0.30 — 0.58 kg/s, and Re ranged from approximately 250 to 1075.

As noted earlier, Durmus et al. (2009) investigated PHEs with different
surface geometries in both parallel and counter flow. They chose water as a working
fluid, and list the hot loop flow rates ranging from 0.03 kg/s to 0.16 kg/s, with hot
inlet temperature ranging from 45 to 80 degrees Celsius. For the experiments
undertaken, Re was between 50 and 1000. They used the method of solving for Nu
by taking the experimental heat transfer for both the hot and cold sides respectively,
and setting it equal to the product of convection coefficient, heat transfer area, and
temperature difference across each side. It was also shown that corrugated plates
provided a greater level of heat transfer when compared to both the flat and asterisk
type plates.

Khan et al. conducted an investigation of single phase flow in PHEs with
multiple plate configurations (2010). Chevron type plates were used, with 3 values of
30 and 60 degrees, along with another mixed configuration using plates having an
alternating 3 of 30 and 60 degrees. During the experiments they solved for the
convection heat transfer coefficient by keeping the Reynolds number same on both
sides of the plate, allowing the assumption that the hot and cold side coefficients were
equal. The surface enlargement factor @ for all of the plates in this study was 1.117.
A stack of three plates was used, providing one channel each for the hot and cold
flows. Based on the results of the experiments undertaken, they suggest that the

Nusselt number increased linearly with Re, and also increased with (.
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Another study comparing CFD simulation and chevron PHEs was undertaken
by Han et al. (2010). They did not provide specifications on plates used in the PHE,
although it was specified that five plates were used, providing two channels of flow
for the hot and cold sides respectively. A CFD model was set up also having four
fluid channels, and it was found that there was not significant difference in thermal
performance between them. Five flow rates were employed in the study, ranging
from 50 to 90 liters/hour. The results presented showed a large discrepancy between
the simulation and experimental values, on the order of 35%, however they did not
discuss the uncertainty of their measurements. For the simulation settings used, the
model under predicted the pressure drop as well as the outlet temperature of the hot
side water flow.

Faizal and Ahmed (2012) conducted experimental studies on a corrugated
PHE at low temperature differences. The plates were corrugated in a washboard
fashion, the equivalent of a B of 90 degrees. As they were interested in ocean thermal
energy conversion, low temperature differences were used in testing, and greater
scrutiny was applied to the pressure drop. During the tests the hot side flow rate was
varied, as well as the vertical spacing between the plates. A stack of 20 plates was
used, and it was found that the smallest plate spacing of 6mm provided the highest
heat transfer, but also produced the highest pressure drop. Over the course of the
study, the temperature difference between the hot and cold inlets was held constant at
23 degrees Celsius, and the hot side flow was varied from 0.18 to 0.63 L/s while the
cold side flow was held constant at 0.16 L/s.

The data in Table 2.1 represents various parameters regarding the

experimental ranges of variables in the literature.
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Table 2.1 Review of Experiments in Literature

Authors Year Type Fluid Chevron  Number (0] Flow Re
Angle  of plates Rates
B Stated
(degrees) and
(gpm)
Muley, 1999  Gasketed Water, 30/30, 12,24 1.29, 1.46 Not 600 —
Manglik PHE Veg. Oil 30/60, given 10,00
60/60 0
Hsieh, et al. 2002 PHE R-134a 60 3 Not given, Not N/A
calculable  given
Jokaretal. 2004 BPHE Water, 60 40,54 Notgiven, 0.15- 70—
Water/Gly calculable 0.45 900
col, R- kg/s
134a (238 -
7.14)
Galeazzoet 2006 Gasketed Water N/A 4 1 0.3 - Not
al. PHE 0.8L/s given
4.76 —
12.70)
Dwivedi, 2007 Gasketed Water 60 40 Not given, 0.93-  877-
Das PHE calculable 1.86 1756
L/s
(14.76
29.52)
Warnakulasu 2008 PHE Absorbent N/A Not Not given 030-—-  250-
riya, Worek salt given 0.58 1100
solution kg/s
LZB
Durmus et 2009 Gasketed Water N/A 15 Notgiven 0.03-  50-
al. PHE 0.16 1000
kg/s
(0.48 -
2.54)
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Table 2.1 Continued

Authors Year Type Fluid Chevron Number  Surface Flow Re
Angle  ofplates Enlargem  Rates

B ent factor  Stated
(degrees) o and
(gpm)
Khanetal. 2010 Gasketed Water 30/30, 3 1.117 Not 500 -
PHE 30/60, given 2500
60/60
Han et al. 2010 BPHE Water Not 5 Not given 50 - Not
given 90 given
L/hr
(22 -
0.40)
Faizal, 2012  Gasketed Water N/A 20 Not given, 0.18 — Not
Ahmed PHE calculable 0.63 given
L/s
(2.86 -

10)

2.1.2 Correlations
One of the primary objectives in testing the performance of heat exchangers is

to gather data that can be analyzed, allowing for empirical correlations to be
developed. These empirical correlations are very important, as they can help to aide
and guide the design process, allowing for better and more predictable performance
of heat exchangers.

Martin (1996) collected a list of correlations from the literature and worked on
developing a generalized correlation that could be used for design. By applying
analytical techniques to the unit cell of flow area between two chevron type plates,
and incorporating data from the literature along with reported geometric properties of

the respective plates, he developed a generalized set of correlations for the heat

transfer and pressure drop.
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In 2003, Ayub conducted a literature survey for PHEs and their related heat

transfer and pressure drop correlations. In that study, he compiled a list containing
correlations for the Nusselt number and friction factor, the associated geometric
parameters when given, and the range of values for which the correlations are valid.
It should be noted that in his definitions, he defines the chevron angle B as the angle
between the corrugations and the axis perpendicular to the main direction of flow,
where as Lee and several other authors define B with respect to the longitudinal axis.

Dovi¢ and his co-authors worked to expand upon the work done by Martin in
striving to develop generalized correlations for PHEs of an arbitrary geometry (2009).
In their study they chose to define the chevron angle with respect to the longitudinal
axis of the heat exchanger, contrary to the manner used by Ayub, which appears to be
the general convention regarding this factor. The work done had the benefit of
having additional experimental studies conducted, and it was found that there was
reasonable agreement between their heat transfer correlations and those developed by
Martin. However, it was concluded that there was larger disagreement between the
new correlations developed and experimental data when regarding the friction factor.
They state that this due to the fact that the correlation for friction factor was
developed from a largely theoretical stand point, as no empirical correction factors
are employed, but then stated that it is a worthwhile technique due to the large
discrepancies within the experimental data.

Selbas et al. (2009) investigated an alternative method for analyzing heat
exchanger performance. They made use a neural network, trained with preliminary
experimental results. Predictions were then made using this technique and compared
against further experimental results. They found that once properly trained,
predictions of heat transfer and effectiveness were within 1% of experimental results.

In 2011, Alothman undertook a comparison between these correlations. It
was necessary for him to construct a theoretical heat exchanger with an arbitrary
geometry, with parameters chosen such that it was possible to compare Martin’s

predictions to those developed by Dovi¢ et al.. He found that in general that was

www.manaraa.com



20

reasonable agreement between the two with regards to the Colburn and friction
factors, although the level of agreement depended on the geometric parameters

selected, particularly with differing values of the chevron angle B.

2.2  Heat exchanger test apparatuses
For all heat exchangers which are of the liquid/liquid type, there are some

basic elements which are required to conduct testing. For the purposes of this
discussion these requirements will refer to tests of a steady state nature. Perhaps the
most important, is the need to provide the inlet ports of the heat exchanger with hot
and cold streams of fluid at steady flow rates and temperatures. As the nature of
these tests is to discover useful information about performance, it is necessary to
measure the inlet and outlet conditions for each port of the heat exchanger, as well as
the respective flow rates.

For the experimental studies in the literature, some of the test apparatuses will
now be described and schematics shown, so the workings of the system used in this
study can be better understood. The key features of the experimental setups will all
make use of the same iconography, indicated below. Experiment specific
components which are not common to the rest of the diagrams will be noted where
appropriate. The diagrams which are presented may represent a simplified schematic
of the systems, and are intended to provide an idea of their nature, not to be
definitive. Minor features such as static mixers, line pressure gauges, etc. will be
omitted, as will valves unless they are critical to system operation. Pressure taps and
thermocouple locations will be marked on the schematic as in the legend, although
not every location may be labeled directly. For more detailed descriptions of the
experimental systems refer to the original works. Figure 2.3 represents a legend of

the iconography used in the various system diagrams.
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Figure 2.3 Legend for Experimental Systems

The work done by Muley and Manglik (1999) conducted tests over a wide
range of operating conditions. While they reached a relatively high value of Re, this
was only in the hot side of the heat exchangers. Their system is shown below in

Figure 2.4.

TEST SECTION HEATING PHE
< € STEAM INLET

DRAIN \l/ T4 L PT P, T =

D[ O

+ P T PT S F T
COOLING WATER INLET '

.
> - >

CONDENSATE OUTLET

Figure 2.4 Muley and Manglik Experimental System

The process stream, being the loop in the middle of the diagram, is continuously
heated by steam in the heating PHE, and cooled in the test section. A variable speed

pump is used to control the flow rate in the process loop. They describe a time frame

of approximately 25-30 minutes to reach state, presumably from the last change to
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pump speed or steam flow rate. They also define the steady state in terms of
maintaining an energy balance, q, across the hot and cold sides of the heat exchanger
to within £5%.

Warnakulasuriya and Worek (2008) constructed an experiment for testing the
performance of a viscous absorption salt solution within a PHE. The paper does not
specify the means of controlling the flow rates within various parts of the system,
although the diagram does show recirculating loops with adjustable valves so it is

presumably by means of adjusting said valves. It is redrawn in Figure 2.5.

COLD LOOP
HOT LOOP

TEST SECTION COOLING WATER INLET
P, T L
F M

N7

TANK

Y DRAIN

Oant AU R
(R

N

Figure 2.5 Warnakulasuriya and Worek Experimental System

Heat is generated in the system in both hot loop as well as the cold loop, as they were
seeking to vary the Prandtl numbers of the fluids at the inlets of the test section.

In 2009 Durmus et al. investigated the effect of various plate types in a PHE.
A series of bypass valves, not shown in the schematic, allowed the system to be
operated in both counter and parallel flow by means of adjusting the valves. No
specific mention was made of how the flow rates were controlled, but it is a
reasonable assumption that a variable speed pump was used as there was no

recirculating loop was located near the pump in the experimental diagram in Figure
2.6.
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Figure 2.6 Durmus et al. Experimental System

It is unclear as to how the flow rate of the cold/city water loop is measured, other than
a reference on the diagram near the drain that reads “measurement container”. The
pump in the cold loop serves to augment the pressure of the incoming city water
supply.

Khan et al. conducted a performance study of PHEs with multiple plate
configurations by varying the Prandtl and Reynolds numbers (2010). The hot water
tank contained several immersion heaters controlled by an RTD to maintain the

desired temperature. The experimental system is shown in Fig 2.7.
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Figure 2.7 Khan et al. Experimental System
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A 2.2 kW pump with an inverter was used to control the flow rate on the hot side of
the system. It is presumed that the cold side flow rate was controlled by adjusting the
valve on the cold water inlet line. No flow meter was included in the system, and
they describe using a 5L graduated cylinder and stopwatch to measure the flow rate.
Faizal and Ahmed used a simplified system in their study of a PHE (2012). A
hot water heater with steam heating was used to maintain a constant temperature of
49 degrees Celsius at the hot side inlet across all testing conditions, and the cold side
inlet temperature was held constant at 26 degrees Celsius, although it was not stated
how this was achieved. No flow meters were shown in the experimental diagram, and
no mention was made as to how the flow rates were measured. Only the inlet gauge
pressures were measured, and both the hot and cold flows were discharged into the

atmosphere.
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Figure 2.8 Faizal and Ahmed Experimental System
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CHAPTER 3

DESIGN AND CONSTRUCTION OF EXPERIMENT

3.1  Previous apparatus
The initial portion of the test apparatus created for this study was from an

existing experiment. It consisted of a single flow loop, constructed of stainless steel
and being approximately 1.5 meters tall by 3 meters long. Immersion heaters were
installed in the flow loop, to heat working fluid, and pumping power was provided by
a 0.5 hp electrical motor coupled to a centrifugal pump. An expandable bellows
allowed the system to operate at elevated temperature without system failure due to
thermal expansion of the fluid inside. Pressure taps and thermocouples were installed

to measure pressures and temperatures at various points in the loop.

3.2 System design
Three flow loops were used in the experimental set up. The hot loop, which

was pre-existing and modified for this study, and the cold loop which was designed
and constructed as part of the study. The last flow loop, referred to as the cooling
loop, was also constructed and functioned largely as an extension of the cold loop.
Each of the flow loops in the system are isolated from one another in terms of
flow and pressure, but are interconnected with regard to temperature and heat
transfer. The hot and cold loops operate as closed loops, while the cooling loop is an
open system as it is connected to the building water supply and eventually sends this
flow down the drain. Isolating the primary experimental loops from the cooling
source allows for a high degree of stability under steady state conditions. The other

experimental systems in the literature have the fluid cooling flow as part of the
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respective cold loops, and as such perturbations in the temperature and flow rate of
the cooling water will be directly applied to the test section. Making the cooling loop
a separate entity allows these fluxuations at steady to be dampened by the mass of the
fluids in the hot and cold loops. At steady state the heat generation from the
immersion heaters will be passed through the test section heat exchanger from the hot
loop to the cold loop, and will be again passed from the cold loop to the cooling loop

by means of the cooling heat exchanger as evident in Figure 3.2.

EXPANSION
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Figure 3.1 Logical Diagram of Experimental System

The flow loops are vertically oriented and mounted on a movable test frame
having a central support structure with the hot and cold loops on opposite sides. A

picture of the system can be seen below in Figure 3.3.
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Figure 3.2 Path of Energy Flow at Steady State Conditions
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Figure 3.3 Picture of Experimental System

www.maharaa.com




29

3.2.1 Flow loops
The hot loop was largely constructed of schedule 10 1 % inch 316 stainless

steel piping, with the exception of the entry and exit regions of the flow meter
section, which had 1 inch piping to match the diameter of the flow meter. A reducing
tee was installed at the start and end of the flow meter section, so that additional
branches to handle flow meters requiring different sizes of pipe could be installed at a
later date without significant modification to the system. This design feature was
replicated in the cold loop.

The cold loop was constructed with 1 % inch copper pipe, with the exception
of the flow meter section. The position of valves, instrumentation, and pumps were
placed in relatively similar locations to their counterparts in the hot loop although the
loop as a whole was “mirrored” on the opposite side of the test stand frame since the
primary flow configuration of the system was chosen to be for counter flow. A flat
plate FP5x12-50 PHE was installed in the cold loop, allowing heat to be extracted
from the system by the flow of cooling water passing through the alternate channels.
Expansion tarks with expandable bellows of sufficient size were installed on both
loops, to ensure no damage would occur from thermal expansion of the water in the
closed systems. The total volume of the hot loop was approximately 4.5 gallons, and
the cold loop was approximately 3 gallons.

The hot loop had a centrifugal pump, a Goulds 3642, with a fixed speed "2 hp
motor. The motor was replaced with a 2 hp Baldor 3-phase motor, so that motor
speed could be controlled electronically through the use of a motor drive. For the
cold loop, a centrifugal pump was also chosen, a Dayton 4JIMY?2, which provided
similar performance to the other pump. A motor of the same type was attached to it.
Each motor had a %2 hp drive powering it, an Invertek ODE-2-11005-1H012. These
drives converted common 120V 60hz electricity from the building mains into the 3-
phase power used by the motors, and controlled their speed by means of changing the

output frequency.
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3.2.2 Bulk heaters and power supply
Heat was generated within the hot loop through means of two immersion

heaters. They were purchased from Vulcan Electric, and have the part number SF-
1524B. Their locations can be seen in the figure below. Each of the heaters operate
using DC current, having a maximum rated voltage of 240V, and capable of
generating 15kW of heat, providing a maximum heat generation within the system of
30kW. A programmable power supply, model EMHP 300-200 was used to supply
power to the heaters, converting 480V three phase power taken from the building

mains and converting it to DC current. It has a maximum output of 300V and 200A.

3.2.3 Instrumentation
In order to acquire the data necessary to determine the heat transfer and

friction factor coefficients, four types of primary measurements were necessary.
These were temperature, pressure, flow rate, and electrical. The descriptions of the
instruments and data acquisition system will be discussed in this chapter, while the
calibration procedures and results will be presented in chapter 4.

The three existing thermocouples installed were kept in place, and an
additional four stainless steel sheathed grounded Omega K-type thermocouples with
diameters of 1/16 of an inch were installed, meeting or exceeding special limits of
error, in order to match those already in place (part# KQSS-116U-12). The
appropriate grade of Omega brand thermocouple extension wire was used to make the
connections to the data acquisition system.

Static pressure measurements were taken at the inlet and outlets for both the
hot and cold sides of the heat exchanger test section. These were taken using four
Omega brand PX32B1-100AV pressure transducers, which were selected for their
ability to operate at elevated temperatures and durable construction. They measure
absolute pressure from 0 to 100 psi. These pressure transducers are a type with a
mV/V output, and a Measurements Group 3800 wide range strain indicator was used
to provide a 10 V excitation to the transducers, with the excitation voltage being

measured separately so that the recorded pressure values could be normalized. For
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each loop respectively, the heights of the wetted pressure transducer diaphragms from
the pipe centerline were within a % inch, so changes in pressure differences due to
height were neglected.

The flow rate measurements were made with using turbine style flow meters.
The rotating turbine within the meter produces an oscillating voltage which is
monitored with a magnetic pick up. This oscillating voltage is analyzed in term of
frequency, which can then be converted to a corresponding flow rate. In both the hot
and cold loops, Omega model FTB-1424 flow meters were used, having a calibrated
flow range of 3 to 30 gallons per minute (gpm). The accuracy of the flow meters is
discussed in the following chapter, and copies of the calibration reports appear in the
appendix. Straight pipes of a length of 18 pipe diameters upstream and 10 pipe
diameters downstream, exceeding the minimum entry and exit lengths specified by
the manufacturer. For the cooling loop, an Omega FTB-1412 flow meter was used
having a calibrated flow range of 0.75 to 7.5 gpm, also with upstream and
downstream straight pipes exceeding the minimum specified length.

The SCXI-1102 module was used to measure all of the signal data with the
exception of the flow rates, and the voltage of the power supply. Appropriate gains
were selected for the expected input levels automatically within the NI software

DAQmx.

3.2.4 Data acquisition and control
The data acquisition system for this experiment consisted of a Dell PC

running Windows XP, and fitted with National Instruments (NI) hardware and
Labview software. Two data acquisition cards (DAQs) were installed in the
computer, a NI PCI-6221 and a NI PCI-6040E. The NI PCI-6221 has 16 bit analog to
digital conversion, having a least count of 1 out of 65536, and the NI PCI-6040E has
12 bit analog to digital conversion, having a least count of 1 out of 4096. A SCXI-
1000 chassis housed the three SCXI modules used in the study, and was connected to
the NI PCI-6221 DAQ. The three flow meters installed in the system were directly
inputted to the other DAQ through the use of a CB-68LPR breakout board.
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A SCXI-1102 module was used in conjunction with a SCXI-1303 isothermal

terminal block. The terminal block provided a built in thermistor measuring the cold
junction temperature with a certainty of £0.5 degrees Celsius. It has internal
programmable amplifiers, with gains ranging from 1 to 100 which are able to be
applied independently to the different measurement channels. Each gain was chosen
based on the expected range of signal input for each channel.

In order to directly measure the voltage across the bulk heater power supply, a
SCXI-1122 module was used, along with a high voltage SCXI-1322 terminal block.
This allowed for the dangerous DC voltage to be safely measured, as well as ensuring
that the maximum rated voltage of the immersion heaters was not exceeded.

A SCXI-1124 module with a SCXI-1325 terminal block was used to send
control signals to the two motor drives and as well as the programmable power
supply. The use of a dedicated high accuracy voltage output module allowed the
motor drives and power supply to be independently controlled with a high degree of
precision. During testing it was found that the reported rpm of the motors could be
controlled to +2 rpm.

All control signals were generated from within the Labview program that was
written for use in this study. The program was capable of controlling three
commanded values independently, these being the power output of the bulk heater
and the percent speed signal sent to the motor drives.

The same program was also responsible for recording the data being generated
by the experimental system. In total, there were 19 independent measurements being
taken, seven temperatures, three flow rates, four pressure transducer excitations, the
pressure transducer excitation voltage, the bulk heater voltage, and three shunt
voltages. The SCXI-1102 module read 1000 samples for each of the measured
channels each second at a rate of 1000 samples per second, then reported this value.
The SCXI-1122 high voltage module read the voltage of main power supply twice a

second, took the average of these two samples, and reported the value every second.
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Figure 3.5 Picture of Labview Block Diagram

All three flow meters were connected to the NI PCI-6040E, and each channel

was sampled at 20kHz. 20,000 samples were taken for each and the average

frequency was reported by the program. Measuring and recording the flow rates with
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a separate DAQ card allowed for less possibility of signal interference from the other
instruments to affect the reported flow rates and vice versa, while allowing a higher
than otherwise obtainable sampling rate for all of the measurements within the

system.

3.2.5 Test section
The primary goal of the study was to measure the temperature difference and

pressure drop across the heat exchanger under various testing conditions. The
temperature difference across the test section was measured using two thermocouples
and taking the difference between them, likewise with the pressure transducers. The
thermocouples were located midstream, with their tips along the centerline of the
piping. Pressure taps were installed with the pressure transducers oriented vertically

which took measurements of the static pressure.

Figure 3.6 Picture of Test Section

After the instrumentation portion of the test section, 1 % to % inch reducer and
expansion fittings were installed, on the fixed portion of the piping for the inlet and
outlet respectively. This allowed for stainless steel braided coolant hoses to be
installed, having internal diameters of % an inch with a smooth interior, and a length
of 30 inches. The flexible hoses allowed for easy installation of heat exchangers of

varying sizes and port configurations.

34
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33 Analytical method
MathCAD was used to perform the data analysis in this study. The analytical

methods used in this study are largely based on those employed by Alothman (2011)
in his thesis. The models generated by him were modified to allow comparison
between the experimental values generated and those predicted by Martin’s
correlation (1996). Detailed MathCAD programs are omitted from this section but do
appear in the appendix.

When comparing the results of experiments to the prediction made by
Martin’s correlation, a principle factor affecting the predictions is the surface area of
the plate. The method employed by Muley and Manglik (1999) of directly measuring
the plates was not possible for all of the heat exchangers as they were brazed together.
While the major geometric parameters were provided by the manufacturer, there are
some assumptions made with regards to the plate area due to the nature of the entry

region near the heat exchanger ports. This is discussed further in chapter 4.
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CHAPTER 4

EXPERIMENTAL PROCEDURE AND UNCERTAINTY

4.1  Heat exchanger specifications
This study comprised performance testing of four compact brazed plate heat

exchangers. All of them were provided by the manufacturer, GEA PHE Systems. All
of these are compact brazed plate heat exchangers. The four heat exchangers used
were: Fp3x8-10, Fg3x8-14, GB220H-20, and a GB240H-20. They can be seen in that
order from right to left in Figure 4.1.
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All of the heat exchangers have plates comprised of AISI 316 stainless steel,

and feature four ports, one inlet and outlet port for each side. Additionally, all of the
PHEs feature an even number of plates. This has the effect of creating an uneven
number of flow channels, and can be seen in figure 4.2. The same heat exchanger
was then sectioned, to allow pictures and measurements of the internal features, this

can be seen in figure 4.3.

Figure 4.2 View of Fp3x8-10 Flow Passages

Figure 4.3 View of Sectioned Fp3x8-10
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The plates in the PHEs were all of the chevron type, having a chevron angle of 60

degrees, provided by the manufacturer GEA PHE Systems. Measurements were
made to verify the values provided by the manufacturer, and the two were found to be
in good agreement. As only one heat exchanger was sectioned, assumptions were
made for the other heat exchangers in the study based on the measurements taken
from the Fp3x8-10. GEA uses the method shown in Figure 4.4 for defining the

geometry of the plates in their heat exchangers.

Wwavelength

5

Plate thickness

Corrugated pitch angle

Figure 4.4 GEA Plate Dimensions

Rather than specify the wavelength of the corrugation directly, GEA defines the
plates in terms of a corrugated pitch angle, a, the total height of the plate, tn, and the
plate thickness 8. Additionally, all of the heat exchangers tested had plates with an a.
of 40 degrees, and a & of .6mm, as stated by the manufacturer. Alothman (2011),
defined the wavelength, A, and amplitude of the sinusoidal wave, a, in terms of these

factors.

A =tn=*tan (a) 4.1)

4.2)

As part of his work in creating models for the heat exchangers, Alothman

compiled a list of the geometric properties of the heat exchangers experimentally

www.maharaa.com




39

tested in this study. This is recreated below in Table 4.1, with certain values changed

to reflect the measurements made.

Table 4.1 Heat Exchanger Parameters

Model w, L, Lyyp Nt tm H, A a D D,
(in)  (in) (i) (in) (in) (in) (in) (in)
Fp3x8-10 3 5 6 10 0093 093 0078 0.035 21072 .75

Fg3x8-14 3 6.2 7.2 14 0.087 .12 0.073 0.032 2.0705 5
GB220H-20 3 10 11 20  0.087 1.74  0.073 0.032 2.0705 75

GB240H-20 3 153 163 20  0.087 1.78 0.073  0.032 2.0705 1

W, represents the width of the plate, L,,, is the port to port length, Nt is the number
of plates, Hy, is the overall depth, A is the wavelength, and D, is the port diameter.
These dimensions can be seen in Figures 2.1, 2.2, and 4.4. Based on the sectioned
Fp3x8-10 PHE, a distance of 0.5 inches was measured between the center of the port
and the start of L,,. Therefore for the modeling, one inch was subtracted from Ly, to
determineL,. This was a direct measurement for the Fp3x8-10, and an assumption
applied to the other heat exchangers in this study. For the GB240H-20, a distance of
0.75 inches from the center of the port to start of Lp was used to compensate for the

larger port size.

4.2 Procedure
With the goal of producing Colburn factor and friction factor curves, the

experimental procedure was established with this in mind. First and foremost, all of
the data generated were collected at steady state system operation. In the manner of
setting the flow rates in the hot and cold loops equal to one another, one level of heat
generation was applied to a range of flow rate sets. This allowed for the j factor to be

compared against a range of Re. For each heat exchanger two levels of heat
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generation were applied. The first was determined by setting both loops to their
lowest flow rate at which the flow meters had valid calibration, 3gpm, and increasing
the heat generation until the highest steady state temperature of the system was close
to but below the boiling point of water, or the capacity of the immersion heaters,
30kW, was reached. After reaching steady state and recording the run, the heat
generation was held constant and the next set of flow rates would be applied. This
was repeated until the entire range of flow rate sets had been tested. Heat generation
of approximately half the maximum value for the same heat exchanger was
commanded and held constant, and the same sets of flow rates were tested for the
second data set. Highly conservative estimates were made in terms of the amount of
time given for the loops to reach steady state conditions after changes to flow rate, on
the order of 15 minutes, although the actual time to reach steady state decreased with
increasing flow rates.

After letting the system reach steady state conditions for a given testing point,
data recording started. For all of the data presented in this study, 300 sequential data
points representing 5 minutes of system behavior were taken and then averaged to
ensure a high level of confidence in the steady state nature of the data. The working
fluid for all of the experiments was De-Ionized water taken from the building DI
water supply from the College of Engineering and Applied Sciences at Western
Michigan University.

4.2.1 Heat exchanger installation
All of the heat exchangers were installed in the test section of the system by

means of the flexible coolants hoses previously mentioned. The ends of the hoses
featured a % inch brass fittings with NPSM female threads, allowing direct coupling
to the ports of the heat exchangers, except for the GB240H-20 which had port
diameters of 1 inch. In order to install this heat exchanger, 1 inch couplings with
reducer bushings were used to form the appropriate connections. Installation was
only done after purging both loops of the working fluid. All of the heat exchangers

were installed with the hot side connected to the side of the heat exchanger with
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higher number of flow channels, as was found to be the common practice in the

manufacturers literature.

4.2.2 Flow loop preparation
Prior to installation of the heat exchangers, both loops were drained of water,

the loops were purged with compressed air to ensure that they were sufficiently
evacuated. With the heat exchanger installed, both the hot and cold sides are closed
loops and not exposed to the atmosphere. A vacuum pump was attached to the top
fill valve, and ran until the system was deemed to be of sufficiently low pressure. It
was necessary to evacuate the loops of air before filling, as it was found during early
testing that pockets of air trapped within the system would generate flow instability,
leading to random fluxuations in flow rates and invalidating the steady state nature of
the experiments to be conducted. While it was impossible to achieve a perfect
vacuum within the loops, it was determined through trial and error than an absolute

pressure below 0.5 psi before filling was sufficient to provide stable flow rates.

4.2.3 Experimental parameters
There are three independent variables controllable by the experimental

system. These are the level of heat generation (or heat transfer at steady state
operation), and the flow rate of each of the loops. Each of these was adjusted in the
manner described previously such that the necessary data could be collected. The raw

averaged data sets generated are presented in table form and graphs in chapter 5.

4.3  Uncertainty discussion in the literature
There is much discussion in the literature regarding experimental uncertainty,

and it is considered good practice to include the uncertainty for the values presented,
however not all authors will include these values. All instruments report a measured
value, which may or may not differ from the actual value being measured, with the
error being the difference between the two. Many authors describe different methods
and techniques for calculating uncertainty. Moffat (1988) describes a widely used

method for determining uncertainty, by taking the square root of the sum of a series
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of partial derivatives taken with respect to the variables in question. However, he
goes on to state that for more complex experiments, of which the type in this study is
unquestionably, using a data interpretation program and creating perturbations to the
input values and comparing the nominal values to the program output is also an
acceptable method.

As part of the literature review, it was discovered that there is a wide range of
what uncertainties, if any at all, are reported regarding experimental results. Some
authors include uncertainties about the areas of the plates, other do not. For this
study, uncertainties regarding the plate geometries will not be considered and values
given by the manufacturer shall be treated as true. Also, other than the discussion
regarding the method of calculating fluid properties based on temperature, it shall be
assumed there is no uncertainty attributed due to property variations.

The majority of the experimental results found in the literature are for steady
state conditions, although different authors have different definitions of what
constitutes steady state. While there is a great deal of discussion about the steadiness
of heat transfer, there is little said about the steadiness of flow rates, particularly for
that of the cooling water. For temperature related uncertainty, there are several
methods which are common. One definition is based on the principle of energy
balance using the measured heat transfer, . Muley and Manglik (1999), described a
method for determining steady state by comparing the hot and cold side q values with

the average measured g, as shown in equation 4.4.

+
Qavg = W (4.3)
% error q = ‘““ql# 100 (4.4)
avg

In their work, they state that the majority of their heat transfer data had an energy
balance of £5%. In 2010 Khan et al. reported that they calculated the average heat

transfer in the same manner as Muley and Manglik, and had measured energy
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balances of under 3% for the majority of their data, with the a maximum difference
of 7%. Warnakulasuriya and Worek stated that both experimental and calculated
overall heat transfer coefficient, UA, had uncertainties of 2.0 and 2.25% respectively.
An alternative method is to define steady state conditions based on the fluxuation of
temperatures for the inlets of the heat exchanger ports. In the study done by Jokar et
al. (2004), the experimental system was considered steady when the temperatures at
the inlets varied by =1 degrees Celsius for single phase flows. Galeazzo et al. (2004)
stated that experimental runs were only accepted if the difference in q between the hot
and cold sides were less than 15% and the standard deviation of the stream

temperatures were under 1 degree Celsius.

4.4  Uncertainty and calibration
Great care was taken to ensure the steady state nature of the experimental runs

in this study. The design of the experimental system, particularly the isolation of the
two primary flow loops created extremely steady conditions when compared to those
in the literature. For temperature related stability, experimental runs were discarded
if the fluxuation of temperature at any inlet was greater than +0.25 degrees Celsius,
with a majority of data being in a range of £0.12 degrees Celsius. Experimental runs
were also discarded if there were significant fluxuations in either the temperature or
flow rate of the cooling water taken from the building water supply, as these changes
would also be evident in changing inlet temperatures.

As the analytical method of setting the hot and cold side convection
coefficients was used in this study, great care was taken in ensuring that the flow rates
of the hot and cold loops were as close as possible. The maximum difference
between the measured hot and cold loop flow rates for all the data in this study was
under 1.0%, and the majority were under 0.5%.

The steadiness of the cooling water flow was also an important factor in
determining the steady state nature of the conditions within the two measurement
loops. It was found during testing that it took approximately one hour for the

incoming cooling water taken from the building supply to reach steady state
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temperatures, which is comparable to the experimental procedure of Han et al. (2010)
who allowed an hour of system operation so that that gas would be discharged from
the flow of cooling water although no discussion was made regarding change in
temperature.

A sample of various statistical characteristics of the data is given in Table 4.2.
It represents a single data point from one data set for one heat exchanger, but is
representative of the general nature of deviations and variations found across all the

data presented in this study.

Table 4.2 Statistical Characteristics of Experimental Data

Tli Tlo T2i T20  HLflow CLflow HLAP  CLAP
©) ©) ©) ©) rate rate (psi) (psi)
(gpm) (gpm)
Average 77.50 57.87 40.78 59.70 4.997 4992 20021  3.2503
Std.
Dev 0.0457  0.0315  0.0536  0.0390 00117  0.0216  0.0071  0.0225
Min 77.40 57.78 40.65 59.56 4.950 4925 19835  3.1674
Max 77.65 57.94 40.91 59.79 5.022 5.045  2.0265  3.3451

The graph of temperatures, pressure drops, and flow rates for the data in Table
4.2 are shown below in the following figures. They data presented in them are raw
data taken from the file generated by the Labview program, and do not contain
offsets. The values were calculated from the data point of the 28kW, nominal 5gpm
test conditions for the Fg3x8-14 heat exchanger.
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4.4.1 Primary measurements
Flow Rate

As noted earlier, the flow rates were measured using OMEGA FTB-1424 flow
meters. These were calibrated under NIST traceable conditions, and had reported
uncertainties of £0.51% and +0.33% for the hot and cold loops respectively. The
calibration is given as a K value, which is equivalent to the number of pulses or
turbine rotations per unit flow. By measuring the frequency output of the flow meters
and converting the values using the appropriate nominal K values flow rates can be
calculated. For the range of flow rates tested, the maximum output expected was
approximately 500Hz, while the DAQ card took samples at a rate of 20kHz. The
uncertainty for the onboard timer of the DAQ card was .01%, and due to the
extremely high sampling rate other factors were neglected giving total uncertainties
of £0.52% and +0.34% for the hot and cold loops respectively.

Additional steps were taken to validate the flow meters. Each flow meter was
tested independently by passing a stream of water from the building water supply
through the flow meter in question, and then verifying the flow rates using a 5 gallon

bucket and a stop watch, with the determination that both flow meters were accurate.

Another test consisted of rearranging the test section to create a single closed loop.
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The hot side inlet hose was connected to the cold side outlet hose with a 4 inch steel
nipple, and the same was done for the remaining connections. The a pump was then
run at a constant speed, and the reported flow rates of the hot and cold loop flow
meters were compared. It was found that there was a discrepancy between the two
measured flow rates, but the difference was within the combined calibrated
uncertainties so the flow meters were deemed to report trustworthy values.

Pressure Drop

The pressure drop is the difference in pressure between the inlet and outlet of
the heat exchanger. All of the pressure transducers used were OMEGA brand
PX32B1-100AVs. The factory calibrations were applied for each of the respective
transducers, with the values being reported in absolute psi. It was determined
experimentally that the pair of pressure transducers in the cold loop exhibited a wider
range of variation in offset at steady state non-flow conditions than the pair mounted
in the hot loop test section. As such, a calibration was only created for the hot side
pressure drop, and although a rough estimation is made for the cold loop pressure
drop the graphs and tables presented in chapter 5 will only contain values pertaining
to the hot loop. The pressure offset was developed by recording the steady state
pressure difference under still conditions, as well as the measured pressure difference
when the valve to the flow meter section was closed with the pump running in the
recirculating loop. During the course of these trials, the maximum deviation in the
hot loop pressure offset varied from -0.5046 psi to -0.6033 psi. This lead to an
uncertainty due to offset fluxuation of £0.049 psi. The estimated offset for the cold
loop pressure difference was 0.112 psi. During recording the overnight single point
calibration on the 26™ of February, the hot side pressure difference had a deviation of
0.000767 psi, far below the reported accuracy of £0.25% for each pressure
transducer, and as such was neglected. For the gain setting used by the SCXI-1102
module, each transducer reading has an uncertainty of 0.035%. These uncertainties
combine to give a pressure difference uncertainty of +.049 psi £0.57%, and an offset

of 0.54 psi to be added to the measured hot side pressure drop. The excitation voltage

www.manaraa.com



48

was separately measured, and was used to normalize the transducer output to their
respective factory calibrations, but the uncertainty associated with this process was
neglected as the uncertainty applied to the difference between the applied voltage and

factory calibrated voltage was trivial.

Table 4.3 Hot Side Pressure Drop Offset and Uncertainty

Pressure offset Uncertainty in pressure drop
0.540 psi Py * (£0.285%) - P, * (£0.285%) + 0.049 psi
Temperature

Due to the fact that some of the thermocouples used in this study were
permanently affixed to the previous test apparatus, it was not practical to employ a
calibration of the thermocouples using a controlled temperature bath. A method of
taking multiple steady state single point measurements was used to create a set of
calibrated offsets for the thermocouples in the test section. At each instant in time, all
of the measured temperatures in the system fell well within the range of uncertainty
specified for K-type thermocouples, = 1.1 C. The average of all the temperatures
within the system was then taken, and was chosen to represent the baseline from
which offsets would be determined. At each point in time, a comparison was made
between the individual temperatures in the test section and baseline temperature by
subtracting the baseline from the thermocouple reading, respectively for each of the

thermocouples in question. An example of one of the measurements can be seen in

Figure 4.8.
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These offsets were then averaged over the steady state measurement.
Calculating the offsets for each time interval allowed the small changes in
temperature to be neglected. Table 4.4 shows the averaged offsets for three sets of
steady state measurements, representing the extremes and median of the median
offsets. Other measurements of the same nature were made, but fell within the range

described in the associated table.

Table 4.4 Range of Measured Temperature Offsets

Tlo T1i T20 T2i
February 16th 0.2052 C 0.8130C -0.0235C -0.1366 C
February 20th 0.2107 C 0.6389 C 0.2165C 0.1773 C
February 26th 0.2003 C 0.7555C 0.0407 C -0.1408 C

The standard deviations of the offsets were very small, for the T1o February 16" data
the standard deviation was 0.0046 C, well below the range of observed deviation

within the offsets and as such they are neglected. The sensitivity of the SCXI-1102

module at the amplifier gain selected was 0.05% for the thermocouple readings, much
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smaller than the observed deviations of the offsets and as such was neglected. The
individual temperature offsets are calculated by taking the average of the maximum
and minimum of the observed offsets. These are presented in Table 4.5. The
uncertainty was then defined as the maximum observed variation for each of the
temperature offsets in question. The largest deviation was seen in the offset for T2i,
ranging from -0.1366 C to 0.1773 C. This corresponds to an uncertainty of the
corrected temperature of £0.16 C. This uncertainty was then used for all of the
temperatures, as it was the largest. As the offsets were created by subtracting the
baseline temperature from the respective temperatures, the offsets are subtracted from

the related temperatures.

Table 4.5 Temperature Offsets

T1i offset T1lo offset T21 offset T20 offset

0.73C 021C 0.02C d0C

Electrical Power

The primary purpose of this study was focused on the temperature, pressure,
and flow measurements, and as such less focus was placed on calibrating the
instrumentation involved with calculating the applied power. Three voltage shunts
with known resistances were used in parallel to handle the high level of current being
generated by the large power supply. Shunt voltages were then converted to
amperages and were added together. The total current was multiplied by the
measured voltage of said power supply. There was good general agreement between
the measured power and with the average heat transfer in the test section heat
exchanger, on the order of 3-7%. All the values were also positive, this is likely due
to the fact that heat loss from system has been neglected, with the larger differences
corresponding to the higher sets of temperatures in the system. Further details appear

in Appendix G.
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The resulting uncertainties of the primary measurements are shown in Table

4.6.
Table 4.6 Experimental Uncertainties
Hot loop uncertainties Cold loop uncertainties
Flow rate matching 1% 1%
Flow meters +0.52% +0.34%
Temperature +-0.16 C +-0.16 C
Pressure drop Py * (£0.285%) - P, * (+0.285%)
+ 0.049 psi

4.4.2 Calculated values
Uncertainty calculations were undertaken for the various heat exchangers

using the maximum heat transfer data sets. The method of inducing perturbations of
the data as suggested by Moffat (1988) was used, with the determined uncertainties
used as the values. As the performance of the system is highly interconnected,
various values were adjusted with either positive or negative changes to the nominally
measured values. The combination of various disturbances were tried until the
appropriate combination resulted in the biggest percent difference relative to the
nominal values. This method was not applied exhaustively to the various data sets,
but various parameters were examined so that a reasonable assumption of
experimental uncertainty could be made. The values were calculated using the
maximum heat transfer for each heat exchanger, so uncertainties which depend on
temperature differences, such as h and j, will be higher for the data set which had the
lower power levels and temperature differences.

Mass flow

As the effects of temperature were neglect per the discussion to follow in
chapter 4.5, the variation in mass flow was solely due to the contribution of the flow
meters, 0.52% and 0.34% for the hot and cold loops respectively.

Reynolds number
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Again as with mass flow, temperature effects were neglected, and the
contributions to uncertainty in Re was to be considered purely from the flow rates.

Heat transfer

Based on the method used by Muley and Manglik (1999), measured heat
transfer across the hot and cold sections were compared to the average of the hot and
cold side heat transfers. For all of the heat exchangers tested, the maximum measured
difference was 2.8%. The largest uncertainty of heat transfer, due to instrument
accuracy, was 3.89% for the GB220H-20.

Convection coefficient

By using the defined uncertainties to create perturbations in the data, the
maximum error in the convection coefficient across all of the heat exchangers in the
study was found to be 13.38% for the GB240H-20.

Colburn factor

From the same method used in calculated uncertainty for the convection
coefficient, the largest difference in the Colburn factor was found to be 12.93%.

Friction factor

Of all the calculated values, the friction factor had the highest level of
uncertainty. For the GB220H-20, that which had most uncertainty for all of the heat
exchangers in the study, the calculated uncertainty ranged from 32.29% at 3gpm to
3.96% at 11gpm. The relatively small pressure drop at the lowest flow rate was the
reason for such a large value. Of the total maximum uncertainty, approximately 10%
was due to the deviation in the pressure drop offset, while the uncertainty of the flow

rates accounted for roughly and addition 5%.

4.5  Effect of temperature dependent properties on results
There is some uncertainty in the literature with regards to the presentation of

experimental values, and the effect of temperature dependent properties on series of
data. It is however accepted practice for fluids passing through a heat exchanger to
compute the fluid properties at the average of the inlet and outlet temperatures as

shown in Equation 4.4.
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Ti+To (4.4)

It is unclear what is accepted practice when comparing a range of data when each
point has a different temperature (T,,,4) associated with it. For a given set of data of
the type in this study, each data point can have the fluid properties calculated using
the respective Tg,,4, or the fluid properties can be calculated by the average T, 4 of
the entire data set. Regardless of which temperature was used to calculate properties,
the method of calculating properties was done by linearly interpolating between the
values found in table A-12 of Thermal Design (Lee, 2010). The data in Figure 4.9
uses that of the GB220H-20 PHE.
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Figure 4.9 Graph of Colburn Factor and Effect of Property Variation
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The data points with crosses are for individually calculated properties, while

the points with circles use the averaged Ty, of the entire data range. The largest

effect of choosing one temperature for property values vs. calculating the property
values independently for each data point can be seen in the Reynolds number, where
the different methods for calculation can produce changes in Re as large as 15%.
This corresponded to a difference in the Colburn factor of over 12%. Choosing to
calculate fluid properties for each experimental run in the series independently also
has the effect of diminishing the overall range of Re. For the graphs and tables
presented, the use of individually calculated property values will be used, so the

effects of property variation on uncertainty can be reasonably neglected.

4.6  Correction of pressure drop due to hoses
When an initial run of experimental data was inputted into the MathCAD

model, it was found that the calculated friction factor had significantly higher
pressure drop then that predicted by Martin’s correlation. It was then surmised that
this could be attributed to the additional pressure drop of the hoses which are used to
connect the heat exchanger in the test section. The heat exchanger was removed, and
a four inch steel nipple was used to connect the respective inlet and outlet hoses of
both sides. The associated pressure drops for the hoses and fittings were then
measured by measuring the isothermal pressure drops over the replicated flow rates
used over the course of this study. After applying the appropriate offsets, the
experimentally determined pressure drops from the hoses at the closest matching flow
rate were then able to subtracted from the measured pressure drops of the
experimental runs with heat exchangers installed. This can be seen in Figure 4.10,
which is the friction factor vs. Re for the series of isothermal pressure drops for the
Fg3x8-14 PHE. The crosses represent the uncorrected friction factor, and the circles
represent the calculated friction factor with the hose corrections applied while the line
represents Martin’s prediction. The graphs and tables in chapter 5 represent values

with the hose corrections applied, the uncorrected values are omitted.
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Figure 4.10 Effect of Hose Pressure Drop Correction

The table in Appendix F represents the hot and cold side hose pressure drops,
with the pressure drop offsets applied. They were calculated by subtracting the
averaged outlet pressure from the averaged inlet pressure. With the pressure drop
offsets applied, they amount to a significant difference, having a pressure drop of

over four psi at 12 gpm.
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CHAPTER 5

EXPERIMENTAL RESULTS

The averaged compensated data will be presented in table format in the
section relevant to that heat exchanger and test condition. While data was collected
for both the hot and cold loops, and Colburn and friction factors calculated for both
sides, only graphs for the hot side values will be shown, as the trends were similar for
both. Only the primary results of the experimental data are presented in this chapter,
more detailed lists of experimental values appear in appendix E. The friction factor
listed in the tables are those that account for the measured pressure drops in the hoses.
The axis for all the graphs are non-dimensional, the vertical representing the Colburn
and friction factors, while the horizontal axis is the corresponding Reynolds number.
The data points in the graphs are experimental data, while the lines represent Martin’s

prediction.

5.1 Fp3x8-10
This was the smallest of the heat exchangers tested. It also had the highest

pressure drop of all the heat exchangers at a given flow rate, thereby limiting the
maximum flow rate to the lowest value of all the heat exchangers tested. It did
exhibit pressure drops much higher than those predicted by the literature, however the

measured values did correspond to data for this model provided by the manufacturer.
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5.1.1 Isothermal pressure drop
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Figure 5.1 Isothermal Friction Factor Fp3x8-10

As can be seen clearly in Figure 5.1, the measured friction factor was
significantly higher than that in the prediction. Although the measurements vary
greatly from those predicted, they do correspond to values provided by the

manufacturer.
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5.1.2 High heat transfer

Table 5.1 Experimental Results of Fp3x8-10 at 22kW
HL CL T1i Tlo T2i T2o0 hexp Jlexp flexp Rel
flow flow ©) ©) ©) (©)  (W/m"2K)

(gpm)  (gpm)

3.015 3.015 9359 66.48 3698  63.22 10819 0.0159 0.8083 1301
3.484 3504 87.58 64.14 36.63  59.34 11799 0.0156 0.8015 1430
3.994  4.002  83.11 62.44 3645  56.59 12922 0.0153 0.7808 1575
4505 4506  79.47  61.11 36.57  54.47 13999 0.015 0.7748 1719
4993 4995 76.71 60.14  36.79  52.99 14979 0.0148 0.7627 1856
5512 5511 7425 5934  37.05  51.77 15828 0.0144 0.7736 2003
6.004 6.01 7226 5851 37.1 50.65 16836 0.0143 0.7667 2138
6.506  6.513  70.55 57.86 3724  49.78 17756 0.0141  0.765 2277
6.992 6996 69.14 5733 374 49.08 18651 0.0139 0.7625 2412
7497 7485 6794 56.9  37.58 4852 19593 0.0137 0.7599 2555
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Figure 5.2 Colburn and Friction Factor Fp3x8-10 22kW

Figure 5.2 shows the highest level of heat transfer achieved in the smallest
heat exchanger in the study. The discrepancy between pressure drops has been
discussed earlier. Martin’s prediction is larger than the experimental values, however

the trend is the same as those predicted.
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5.1.3 Low heat transfer

Table 5.2 Experimental Results of Fp3x8-10 at 11kW
HL HL Tli  Tlo T2i  T2o hexp jexp fexp Rel
flow flow (C) © ©) (©) (W/m"2K)
(gpm) (gpm)

3.008 3.007 54.74 41.11 2443 37.62 9532 0.0197 0.8261 818
3.5 3.504 5142 39.64 241 3554 10476 0.0191 0.8047 0915
4.005 4.009 4945 39.14 24.66 34.72 11472 0.0186 0.7961 1026
4496 4.508 47.79 386 2496 33.95 12385 0.0181 0.7915 1132
5.007 5.01 4632 38.06 25.12 33.25 13291 0.0176 0.7798 1240
5512 5.519 45.07 37.56 2522 32.63 14163 0.0173 0.7805 1345
6.013 6.019 43.75 36.85 25.02 31.82 15035 0.017 0.7799 1443
6.51 6.504 4297 36.56 25.16 3149 15944 0.0167 0.7745 1549
7.008 6.993 41.57 35.61 2456 3047 16676 0.0165 0.7742 1636
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Figure 5.3 Colburn and Friction Factor Fp3x8-10 11kW

Again, as with the maximum heat transfer graph for this heat exchanger, both
of the trends can be clearly seen. The largest difference between the graphs for high
and lower power is the difference in Reynolds numbers. The hotter fluids have

higher values, shifting the respective graph to the right.

5.2  Fg3x8-14

This was the second smallest PHE in the study. The additional four plates
create a lower pressure drop at a given flow rate when compared to the Fp3x8-10,

allowing it to reach a higher maximum flow rate.
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5.2.1 Isothermal pressure drop
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Figure 5.4 Isothermal Friction Factor Fg3x8-14

It can be seen in Figure 5.6 that there is a transition from linear to turbulent
regimes, occurring at a Reynolds number of approximately 400. The measured

friction factor is lower than that of the predicted one, but the trends are in good

agreement.
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5.2.2 High heat transfer

Table 5.3 Experimental Results of Fg3x8-14 at 25kW

HL HL T1i Tlo T2i T20 hexp jexp fexp  Rel
flow  flow © © (©) (© (W/m"2K)
(gpm)  (gpm)

3.01 3.003 9524 64.05 4257 73.02 9048 0.0171 0.4907 940
3.513 3.509 8797 61.07 41.08 6731 9979 0.0169 0.4589 1030
4011 4.02 83.46 59.64 40.84 64.07 10908  0.0166 0.4424 1131
4503 4.521 7998 58.75 41 61.79 11739  0.0163 0.4334 1233
4997 4992 76.77 57.66 40.76 59.6 12545 0.016 0.4239 1328
5.504 5504 73.86 56.5 4039 57.52 13365 0.0158 0.4226 1420
6.014 6.027 7234 5649 4121 56.81 14270  0.0156 0.4216 1535
6.514 6.507 70.06 55.41 40.68 55.15 15055  0.0155 0.4196 1622
7.001 7.014 68.38 54.73 40.53 54 15831 0.0153 0.4186 1712
7515 7.524 67.11 5438 40.68 53.28 16668  0.0152 0.4157 1816
8.007 8.067 65.48 53.54 40.33 52.07 17461 0.0151 0.4173 1899
8.509 8.508 64.41 53.18 40.29 51.44 18155  0.0149 0.4169 1996
9.009 9.035 63.12 5251 40.02 50.54 18972  0.0149 0.4174 2082
9.745 9.758 61.89 52.08 40.06 49.82 20084  0.0147 0.418 2223
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Figure 5.5 Colburn and Friction Factor Fg3x8-14 25kW

As with the earlier results described, there is an over estimation of the steady
state heat transfer. Also it can be clearly seen that there is again a transition from
laminar to turbulent for the friction factor data in Figure 5.5, however the transition

now occurs at a Re of roughly 1200.
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5.2.3 Low heat transfer

Table 5.4 Experimental Results of Fg3x8-14 at 14kW

HL HL T1i Tlo T2i T20 hexp jexp fexp Rel

flow flow (C) ©) ©) (©)  (W/m"2K)
(gpm) (gpm)
3.011 3.001 59.15 41.74 28.46 45.46 8167 0.0209 0.5273 620

4 4,002 52.04 38.85 2724 40.25 9674 0.0198 0.5251 759

4498 45 50.18 3845 27.6 39.15 10521 0.0194 0.5091 838
4999 5.011 4825 37.67 2739 37.81 11282 0.019 0.4996 911
5.527 5.531 47.08 375 278 3722 12176~ 0.0187 0.476 997
5997 5992 4626 3739 28.09 36.81 12945  0.0184 0.4652 1073
6.505 6.504 455 3731 2842 3647 13752 0.0181 0.4617 1156
7.017 7.034 4448 36.88 2835 35.81 14525  0.0179 0.4567 1232
7503 7.5 43.58 3647 2822 3523 15224  0.0177 0.453 1303
7994 8.009 429 3623 2825 3483 15896  0.0174 0.4501 1378
8.528 8.525 4227 3598 2826 34.46 16794  0.0173 0.4462 1460
9.021 9.038 41.88 3594 2846 34.31 17501 0.0171 0.4441 1539
9.782 9.741 4135 3587 28.68 34.12 18575  0.0168 0.4491 1660
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Figure 5.6 Colburn and Friction Factor Fg3x8-14 14kW

There is also a transition point in Figure 5.6, at Re 1000, but it has been
shifted to the left relative to that found in Figure 5.5, likely due to the lower range of
temperatures in this course of the data. It is important to note that the amount of heat

transfer does not greatly effect the discrepancy between the measured and predicted

heat transfer.
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3.3  GB220H-20

This heat exchanger had the largest range of flow rates in the study, due to
having 20 plates. Its large size also allowed for the largest amount of power in the

study, 28kW, to be applied to the immersion heaters in the system.

5.3.1 Isothermal pressure drop
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Figure 5.7 Isothermal Friction Factor GB220H-20

There is an erratic early portion of the trend of the friction factor data in
Figure 5.7. This is due to slightly changing temperatures of the course of this data
series, which has notable impact on the calculated results. For the higher portion of

the range, the values are below those predicted, but do follow the same trend.
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5.3.2 High heat transfer

Table 5.5 Experimental Results of GB220H-20 at 28kW

HL HL Tii Tlo T2i T2o hexp jexp fexp Rel
flow flow  (C) © ©) (C) (W/m"2K)
(gpm)  (gpm)

3.016 3.015 9142 56.85 44.03 77.7 6652 0.0188 0.5084 616
3.511 3.506 84.33 54.39 4248 71.57 7349 0.0187 0.4606 673
4,022 4.011 79.66 53.45 422 67.85 7913 0.0181 0.4418 741
4,504 4536 75.66 5223 41.71 64.46 8484 0.0178 0.4336 799
5.003 5.011 7247 5133 4126 61.92 9043 0.0174 0.4042 861
5497 5.507 69.96 50.78 41.09 60.01 9448 0.0169 0.4031 925
6.016 6.03 6794 5045 412 5846 9979 0.0165 0.4036 994
7.021 7.019 64.75 49.76 41.17 56.04 10987  0.0159 0394 1126
7.999 8.005 6236 4921 41.19 54.23 11971 0.0155 0389 1254
8999 9.018 60.83 49.14 41.61 53.2 12972 0.015 0.3858 1393
9.996 10.066 59.43 4891 41.8 522 13918  0.0147 0.3841 1528
11.005 11.016 5824 48.69 41.88 51.41 14818  0.0143 0.3849 1663
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Figure 5.8 Colburn and Friction Factor GB220H-20 28kW

Figure 5.8 shows the experimental results for the highest level of heat transfer
in the study across all of the different PHEs. As with the previous model, there is an
under prediction for both the friction and Colburn factor, although the difference is
largest for the Colburn factor. There is a clearly defined laminar to turbulent

transition occurring for the friction factor around Re 800.
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5.3.3 Low heat transfer

Table 5.6 Experimental Results of GB220H-20 at 14kW
HL HL Tli Tlo T2i T2o hexp jexp fexp Rel
flow flow () (€ (€ () (Wm"2K)
(gpm)  (gpm)
3.021 3.02 51.07 33.6 2642 4331 6042 0.0242 0.5411 382
3.516  3.523 50.14 34.7 27.92 4293 6644 0.0229 0.4703 445
4.036 4.037 46.15 3291 26.67 39.58 7209 0.0224 0.4787 487
4508 4.511 46.1 3398 2799 39.84 7756 0.0214 0.4468 548
4991 5.033 4293 3225 26.67 37.11 8131 0.0209 0.44 583
5498 5.528 43.47 33.56 28.16 37.88 8706 0.0201 0.4277 652
6 6.018 40.6 31.67 26.59 35.35 9218 0.02 04275 684
6.996 7.038 38.92 3127 26.6 34.12 10176  0.0192 0.4202 783
8.038 8.041 37.71 31.02 26.65 33.26 11182  0.0186 0.4129 888
9.012 9.027 36.69 30.72 26.61 32.51 12080 0.018 0.4056 983
10.013 10.016 35.94 30.55 26.66 31.99 13034  0.0176 0.4009 1083
11.016 11.019 3531 304 26.7 3155 13956  0.0172 0.3992 1183
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Figure 5.9 Colburn and Friction Factor GB220H-20 14kW

Figure 5.9 shows similar results, again showing that the level of heat transfer
does not effect the trend of measured Colburn factors. There is also a transition
region, occurring at around Re 650, which is again shifted relative to the data for

28k W of heat transfer for this heat exchanger.
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54  GB240H-20
This heat exchanger was the largest tested in the study, having the same width
and number of plates as the GB220H-20 but with longer plates. This additional

length increased the pressure drop and lowered the maximum flow rate.

5.4.1 Isothermal pressure drop
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Figure 5.10 Isothermal Friction Factor GB240H-20

This was the largest PHE in the study, and consequently has the lowest Re
values in the study. As with both the Fg3x8-14 and GB220H-20, there is an over

prediction of the friction factor.
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5.4.2 High heat transfer

Table 5.7 Experimental Results of GB240H-20 at 27k W
HL HL T1i Tlo T2i T20 hexp jexp fexp Rel
flow  flow © ©) ©) ©)  (W/m"2K)

(gpm)  (gpm)

2997 3.016 89.58 56.76 4832 80.72 6326  0.0182 0.518 605
3.514 3515 8392 5543 47.68 75.61 7236 0.0183 0.4769 676
3.999 3.992 7876 53.62 4632 7098 7850  0.0181 0.4616 733
4517 4515 7498 5272 4586 67.7 8443  0.0177 0.4532 800
5006 5.013 7226 52.14 4561 6536 8955  0.0172 0.4319 865
5511 5523 71.11 52.87 46.67 64.6 9504  0.0166 0.4258 950
6.002 6.024 69 5225 4626 62.8 9901  0.0161 0.4252 1013
6.523 6.516 66.74 513 4552 60.82 10462  0.016 0.42 1075
7.013  7.01 6478 5036 44.79 59.07 11008  0.0159 0.4164 1130
7509  7.523 6495 51.51 46.14 59.44 11452  0.0153 0.4119 1222
8.013 8.016 6236 49.72 4449 57.02 11938  0.0154 0.4112 1261
8.519 8513 62.99 51.13 46.07 57.85 12428  0.0149 0.4086 1362
9.012 9.024 60.67 49.45 44.52 5567 12840  0.0149 0.4078 1397
9.522  9.524 61.42 50.81 46.02 5659 13329  0.0144 0.4061 1500
10.013 10.006 59.35 4921 44.52 5462 13823  0.0145 0.4066 1533
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Figure 5.11 Colburn and Friction Factor GB240H-20 27kW

As was expected based on the analysis of the smaller PHEs, there is an over
prediction of both friction and Colburn factor by Martin for this plate geometry.
Compared to the isothermal data, there is now a well defined transition region around

Re 900. Despite the difference in predictions, the trends are very well followed by

the experimental data.
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5.4.3 Low heat transfer

Table 5.7 Experimental Results of GB240H-20 at 13.7kW

HL HL T1i Tlo T2i T20 hexp jexp fexp Rel
flow  flow ©) ©) © ©) (W/m"2K)
(gpm)  (gpm)

3.018 3.011 51.24 3422 29.53 46.06 6113 0.0244 0.5262 384
3.509 3.508 48.8 3411 29.73 44.07 6616 0.0231 0.4986 437
4.017 4.01 46.55 337 296 4221 7177 0.0222 0.4884 489
4,507 4.501 4498 33.51 29.64 40.92 7688 0.0214 0474 541
4999 5009 44.05 33.72 30.09 40.19 8236 0.0208 0.4534 597

551 5514 4243 33.02 29.55 388 8757 0.0203 0.4482 645
6.009 6.005 4226 33.65 3034 38.82 9265 0.0197 0.4432 706
6.501 6.518 40.98 33 29.86 37.69 9865 0.0196 0.4389 752
7.001  7.015 4091 33.53 305 37.77 10266 0.0189 0.4345 813
7.499 7.514 3996 33.04 30.11 36.94 10763 0.0186 0.4304 860
8.007 8.006 40.07 33.6 30.76 37.16 11201 0.0181 0.4284 923

8.5 8.502 39.48 3337 30.62 36.67 11697 0.0179 0.4247 973
9.004 9 39.18 3341 30.73 36.46 12103 0.0175 0.4224 1029
9.505 9.506 38.85 33.38 30.78 36.22 12585 0.0173 0.4204 1083
10.006 10.012 38.72 3352 31 36.16 13106  0.0171 0.4197 1140
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Figure 5.12 Colburn and Friction Factor GB240H-20 13.7kW

As a result of lower temperatures in the system, the range of Reynolds
numbers has been shifted lower, while the trends of the data remain the same. A
transition is also seen in Figure 5.12, at approximately Re 700. It is worthwhile to
note that although the transitions are occurring at different Re between the full and
half power data, the flow rates at which the transitions occur appear to be similar,

despite the differences in temperatures between the two ranges.
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CHAPTER 6

CONCLUSION

The experimental procedure and system performed well in comparison to
other experiments undertaken in the literature. The design choice of isolating the
primary flow loops from the cooling flow resulted in an extremely stable system

The comparison of the experimental data with that of the predicted
performance by Martin’s models yielded very interesting results. For the most part,
the prediction of friction factors was very close to those observed in the system, even
at a significantly higher surface enlargement factor than what was found in the
literature at the time.

What is most notable is the wide discrepancy between the predicted Colburn
factor and those experimentally determined in this study. All of the data generated in
regards to this was significantly below that predicted by Martin, on the order of 2/3
the expected value. This is an important result, that high surface enlargement factors
have a serious impact on the thermal performance of small heat exchangers. Notably,
the smallest heat exchanger in the study had very large differences with regards to
both the Colburn and friction factors. The data generated in this study should provide

a good basis for further investigations.
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Appendix A

MATHCAD for Fp3x8-10
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MathCAD format solution:

Test Heat Exchanger Fp3x8-10

Hot and cold water properties at Tf

Thnt_wnu' = 30°C Tcold.wwu =40°C
Hot water (subscript 1) Cold water (subscript 2)
3 3
m m
. J . I

) = 0.639—— - 0.628—
mK “ mK

by = 471107 6”_'2’ by = 654 10'6"_':-

m w
Pfl - 3.02 pf2 - 4.34

Thermal conductivity of the plate (Stainless Steel AlSI 316)

“F
k= 13—
Given information

Volume flow rates for hot and cold water

Q) = 10gpm 0, = 10gpm

Mass flow rates
mdoty{Qy) = P1-Q mson Q) - 0.6214E

mdoty( Q) = pr Qs oty Qy) - 0.6271-F

79
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Geometric parameters:

N -1 Number of passes
s = 60s2e Corrugation inclination angle (chevron angle)
N, = 10 Total number of plates
D, - %in Port diameter
ty = 0.093in spacing between plates
o = 4062 Corrugation Pitch angle
X i 1, tan) Corrugation Pitch (=wavelengtht) A=0078in
5= 0.6mm Thickness of the plates

Use the dimensions of the test heat exchanger

WF:-.;in Lplp:-ﬁi:c Lp:-Lpzp-l'm Lp-jiu
Hp =ty Ny Hp-0_93-'m

Number of wavelength per single plate

r
N :-h
AT

Number of channels for hot and cold fluid

Xy
N m——
cl 5
Ncl‘J
t
N im— -1
= Ny =4

Amplitude of corrugation and channel spacing

B onv. D D

ol La N ZJI_E})I
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Corrugation ratio y

SRS ~v= 17781
Corrugated length
A
2
j (2—1‘:-1) 27 )
I')\ - 14» - — dﬂ
A )
0
Heat transfer area for hot fluid (fluid1)
Ay 2Ly Ny 1N A - 02039a"
%
Ay-01631m"

Az - 2‘LA'N)‘ 'Lp‘ch
Now setting the heat transfer area equal to the minimum area, which is A2

Auim 82
Projected area for the plates
.-lpl - 2~“’ 'Lp’Ncl Ap;. - 2~“"p<Lp<Nd

Enlargement factor ¢

LA'NA

e & =2.1072
w_

Exact hydraulic diameter

4z
Dy=— Dy, = 1.6723-mm
Minimum free-flow area
Aq = 20 WX Ay - 1.04074°
2
Aﬂ £ z._“rp_ﬂd Ad - 0.8325!1‘]
Surface area density
Ay
R P 3
Wy wakg N sy - 19132 10"~
Mass velocity
méot}( Q)| G)(Q) m
G Q . —— V) e — 0.9397—-
1Q) rw 1T "
- 6)(Q)Dy
R‘I"QI] - 'J'—l REI‘QI’ - 3.2863 b 103
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Gy Q) = Wi@ vy e G’i%! - 117462
Rey(Qq) = Gﬂ-qi)o” Rey{Qy] - 29859 10°

Friction factors
Martin's correlation (1996) for the Darcy friction factor is modified by the Fanning friction
factor.

Martin, H., 1996, A theoretical approach to predict the performance of chevron-type
plate heat exchanger, Chem. Eng. Processing, Vol.35, pp. 301-310.

§1(Qy) = |(1:5610(Rey(Q]) - 3.0/ 7 if Rey(Qy) 2 400

16
Rey(Q)

) : , =2 :
£2(Qz) = |{15610(Rey(Qy)) - 3.01 ~ i ReyfQy) 2 400

16
——— otherwise
Rey{ Q)
. 973 o
Q) = 0239 if Rey(Q;| 2 400
Rey(Qy)
14923
< 0.9625 otherwise
Rey(Qy)
975 ) )
Sl %) - 089 Peal%) 2400
Rey(Qy)
14923 -
+ 0.9625 otherwiss
Rey[Q)
2
: cos([3) 1 - cos(%)
fl(ql] R 03 + T
) 1) 438 m(Q
0.045.t(s) + 0.09-sn() « =

5(Qy) - 0.4745

www.maharaa.com




83

-2
zos([) .
B{Q) - . [ }
N a1y 03 :
(0 045-tan(3) + 0.09-sin(j3) foz(Qz)J 3840(Qy)
- ' o)
£(Qy) - 04784
Heat transfer coefficients

A |
= 6 0.374
ny(Q) :-%-[0.205&,3 16-(fl(Ql]-h1(Ql]2-|ig{lp]) :I

“r

-
-

m K

4
hy(Qy) = 34672 10 -

b Q) - 5192058 7 1 -(fz{qz_)mz{qz)‘mtz-nl)

byl Q) - 3.5899 10”.%

m K

Owerall heat teansfer coefficient

Uy{Q) Q) - ™ p
B(Q A Ky ByQy)

Uy(Q).Qy) - 9.8548 x 10 i’x

m

Uy(Q.Qy)-A - 16077 10° %

Effectiveness-NTU Method
C1(Qy) = mdoty (Qq]-cpy €1(Qy) - 2.6001 x 10

Y

3 m‘.k‘

K-s
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.3
C3{Qq) = mdoty( Q) 5 C2{Qy) - 26201 x 10 1'—';5
K-g
. o o
Conind @ Q) = min{ C(Qy | €1 Q)) Comin Q) Q2| = 26001 10 3.
K-s
. - - . 3 %
Conax| Q- Qz) = m0x( €1 Q) ) €5(Qy)) Cna Q1.Qg) - 2.6201 x 10 *35
K-z
CQ.Q) = %ﬁ €@ @) - 09924
_ Uy Q.Q) Ay , )
NTU{Q;.Q,) == Ciu:':z:l‘z I NTU(Q).Qy) - 0.6183

Counterflow effectiveness

1- e NTU(Qq. Qg1 - €{Q1.Qy)]
1-€{Q).Q) e -NTU(Q. Q{1 - €{Q;. Q)]

‘m-m(ql ,Qz_] - 03826

EPHE{QDQZ_) -

Q== lepm 2ppm.. 15ppm

GBM 108

0.7

o>

e
- ‘0.4P B

03

T

\H

0 5 10 15
Cm

Heat transfer rate for the PHE =~ =™

@ T1;-T2-:Q1 Q) = €ppg( Q1 - Qa) Coninl @ Qo | Ty - Tai)
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Cp{Tyi- Tpe)
Since

L _ STy~ Ty)
PHE " Conin(T1i- T2i)  Copin| T1i - T2i)

; Coninl Q- Q2
Tyl T1i-T2i- Q- Q) = Ty - EPHB‘QF%)'W'{ 1~ Tz

. Coninl Q- Q)
Toof T1i-T2i- Q- Q) == Taj - EPHE{Qsz)';

RN {Tyi - Toi)

2
3
il ny(Q) Py
Q) - E(Are. Qo
Tll - 70“(‘1

Ty = 30°C

Qp, = 0.1gpm.0.11gpm . 12gpm

"
Tld:Tli,TZi,Qm,Qm)-l?3K \ | "]

30

Taol 13- T2i: Qn- Q-2 73K

i"{ li= 12 ‘ “_'""""'---.---..___
40

/

)

30

107 -
Pressure Drop

610 810”4

The frictional channel pressure drop

; 2
. 25(Q)L, Gi(Q
APg(y) = 11_Dhl)1xp li 11,] %,

APg(Qq) - 9.0907-psi

apﬂ{ Qz] - 14.4519.psi

ol La N ZJI_E})I
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The connection and port pressure drop

. 4oty Q| - 3
Gp1l Q) = —121 Gpy(Qq) = 21803 x 10" 2
n'-Dp ms
4-méoty{Qy)
sz{Qz] -—
'n'-Dp"
. a2
. Gy(Q i
APL(Qy) = L3N, pg'p 11-) APL(Qg) = 0.525psi
;A
G,

Appz{qzj - l_ﬁ-Np- ”;{:") Apﬂ{qz‘; = 05298 psi
AP(Q)] = AP(Qy) - APy(Q)) APy(Qq) - 9.6156-psi
AP(Qy) = APH{Qy| + AP Qy) APy{Q;) = 14.9816-psi

GBM 220
3
= — Hot side
= — cold side
& ( /
S AP 20
E _1731
2 ARy /
E _psi 10 /
= /
C
i /
0(Jl h 10 15
S
Epm
Flow rate (gpm)
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L]

(
AlQ) = | ARy(Q) - —
A 2y

"
1.36,)(Q) J Dy
Experimental Data 2161 Q) Ny

ORIGIN := 1
AMAAAIAAA

i=12.10

M o, =i

i,1 '

_ Ty; - 273K
i, X

T)o| Ty Tyj. 2. igpm| - 273.15K

M .- —
i3 K
Ty - 273K
Ma-—x —
Th{Tli,Tﬁ,i-g:m,.ing_] -273.13K
M5 K
AP {i-gpm) APy{i-gpm)
Mo, oe— Mo -——
i.6 pri i.7 pui
Predictions
1 2 3 4 5 6 7
1 1 70.15| 43.4467 30.15| 56.3507 0.1363 0.2197
2 2 70.15 46.557 30.15| 53.2641 0.447 0.7009
3 3 70.15| 48.3742 30.15| 51.4607 0.9631 1.5067
4 4 70.15| 49.7651 30.15| 50.0804 1.6649 2.6015
M-l g 5 70.15| 50.8012 30.15| 48.9531 2.5487 3.9793
6 6 70.15 51.864 30.15| 47.9976 3.6118 5.6356
7 7 70.15 52.7 30.15 47.168 4.8518 7.5668
8 8 70.15| 53.4381 30.15| 46.4355 6.2668 9.7698
] 9 70.15( 54.0983 30.15| 45.7803 7.8552 | 12.2422
10 10 70.15| 54.6947 30.15( 45.1885 9.6156| 14.9816

ol LAl Zyl_i.lbl
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Adding temperature dependent
properties

Temperature dependent properties of water taken from table A 12 Thermal
Design

temperature range of properties, in deg

celsius
r 0 b

20
40
60
80
100,

liquid density information. in

kg/m3

(1002
1000
994
983
974

51 o aiy a1y2 = dly

dls2 = Ispline{rx, dlv2)
dls] = Ispline(tx dly1)

] . k - gl . dly2 .t —_—
Raltogy) = iep{ s ox 417ty fahtavea) = immerp{ gl o5, 52ty 3
1w
b L specific heat information, in
Ji(kg*K) o—
dls3 = leplina{tx, div3) 4217
4181
p3{§mg3)h-hM!q{GEJJx,dbﬁ,gwgi}l%% oy | 1
= 4184
4196
4216 )
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ocpl 1= epy Sp2 1w epy
dcpsl = Ispline{rx depl) deped i~ Ispling(rx. dcpl)

mit“!lj - hncp(_dtpul,tx,dcpl tl?zllﬁ

e = {23, 682t o
6cp3 = Sopy

Sepa3 = Ispline(rx, epl)
" J
paltavgs) = e deped. . 6003 g3

thermal conductivity information, in

W/(m*K)
(552
597
.
T 651
668
.68 )
okl - dcy @D - dky
dks] = lspline{mx, &k1) s o tspline{ox, dk)
_ w " w
m‘ﬂgl) = interp|dis] ,m,aal,twgl_]-ﬁ Mtﬂ.g;] - mqq'mz,u,m,:,,@]ﬁ
g3 - dky
_ absolute viscosity information. in
dice3 1= lepline{x &i3) N*s/mr2
g g3 ] = ioterp ksl o3, 63 1 | (1792
3 taves. e ) mE
1006
| 654
"=l e
355
. 288
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avl = dusy vl - dvay o iy

A 72 :~ lapline(tx,6v2) dve3 = lspline(tx, dv3)

Haltave1) = imtep{ @) 3091t | 10—

ol tavgz) = imtenp{ @ve2  £x, 02ty 10 e

-6 .
13 tyygs) = imterp{ dved . ox, 03 .ty 5)- 10 N_;

pas]

Prantle number
information

136
7.02
434
3.02
2

\1.74

: Py = Py Py3 - pry
Pyl - ooy

przl i= lzpline{mx. pryl) pral 1= lzpline{ox, pry) pos3 [w lzpline{tx . pey3)
Piaftavgl) = Emterp{pral . pry ]ty
Pogtavga) = interp{pra. o0, prs2.

Pr}";vgj] - mqian X, prv3 ’tW_I,J]

5 *"» I I |
“ II BT
L.JL: )]J AJ Www.mahnaraa.com
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Experiments. For the model and data that follows, when regarding side A and side B of the
heat exchangers, the hot side (A) will have a subscript 1, the cold side (B) will have a
subscript 2

Description of matrix columns: 1) hot loop flow rate, 2) cold loop flow rate, 3) T1i, 4) T1o,
5) T2i, 6) T20, 7) normalized hot loop inlet pressure, 8) normalized hot loop pressure outlet, 9)
normalized cold loop inlet pressure, 10) normalized cold loop outlet pressure,
11) T3i, 12) T30, 13) city water flow rate, 14) power applied to bulk heaters (accounts for
voltage drop across shunts in power calc)

f represents full power, h represents half power, i represents isothermal

(3.015 3.015 9432 66.60 37 63.32 26.725 25.604 20.832 1827 12.91 30.82 4.526 12346
3.484 3504 BB3]1 64.35 36.65 50.44 23819 2212 20.713 17.252 12.72 30.65 4.562 12342
3.004 4002 B3.B4 62.65 36.47 36.60 22466 10.114 20.876 164650 127 30.7 4.562 12330
4.505 4506 B0.2 61.32 36.50 5457 11.63 18.400 21,733 1617 1278 30.86 4.567 12320
4903 4005 T7.44 6035 36.81 53.00 21.181 17.180 22.822 16.038 12.56 31.20 4.403 22317
5.512 5511 7498 30.55 37.07 51.87 11.661 16.625 23.836 15.64B 12,59 31.5 4.375 22302
6.004 6.01 72.00 5872 37.12 50.75 22231 1621 24.701 15.046 12.56 31.58 4.352 21277
6.506 6.513 T1.28 38.07 37.26 40.88 229039 15.781 26.043 14.702 12.35 31.58 4.320 23260
6.902 6006 60.87 57.54 37.41 40.18 23.825 15.4P1 27.545 14.634 12.58 31.83 4307 22253
\7.407 T.485 68.67 57.11 37.6 48.62 24.857 1522 20244 14.553 1263 32 4.203 21254

i l-

(3.005 3.007 5547 41.32 24.45 37.72 15124 13.054 16.634 13083 12.16 21.67 4318 111180
3.3 3.504 5215 3085 24.12 35.64 15.674 13.92 17.447 13.837 12.17 21.01 4.695 11106
4.003 4.000 30.18 3035 24.68 3482 1634 13892 18.428 13.913 12.18 21.65 4374 11102
4406 4508 4852 38.81 24.08 3405 17.002 13.867 10.526 13.BB8 12.24 21.81 4.327 11006
MBI2 :a | 5007 501 47.05 3827 25.14 3335 17.98 13.846 20.757 13.866 12.24 21.06 4.323 11000
5.512 5516 458 37.77 2524 32.73 18.865 13.832 22.151 13.830 1228 22.03 4.300 11080
6.013 6.010 4448 37.06 25.04 31.02 20.015 13.82 23.665 13.847 1232 21.73 4470 11074
6.51 6.504 437 36.77 15.18 31.59 21.134 13.817 25.256 13.85 12.43 21.88 45 11074
\7.008 6.003 423 3582 24.58 30.57 22.384 13.821 26.963 13.857 123 21.20 4.766 11065/
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73016 3.017 21.46 20.76 20.48 20.76 15.414 14258 1691 14239 2024 20.44 4507 07
3408 3.504 1745 1642 15.72 1635 15978 1423 17.692 14.186 14.86 1351 4471 0
3.004 3007 158 1498 1468 15.07 16.661 14.206 18.67¢ 14.134 14.16 1457 4.404 0
4.500 4.501 1315 1435 141 14.46 17483 14.186 19.700 14.121 13.55 1398 4.463 0
Mi22 = | 5012 4900 1448 13.7 13.48 13.83 18390 14172 21.048 14.000 1202 1334 4487 0
3.507 5502 14.12 1336 13.1% 13.51 19.391 14.16]1 21.448 14.084 12.64 13.05 4488 O
6004 6 1403 1320 13.14 13.45 20444 14143 139054 14066 1258 13 4403 0
6.507 6.505 141 1336 132 135 21.603 14.138 25628 14.064 12.58 13.04 4485 ©
\6.003 6007 14.11 13.38 132 13.5]1 22.844 14.146 17.303 14.083 12.5]1 13.01 4.488 0

3.-1.9

Mow listing experimentally determined hose pressure drops. The values correspond to the
closest nominal flow rates in the experimental heat exchanger data. First column is for raw
hot side pressure drop and second column is for the raw cold side pressure drop

(1) is full
power
2 half power
3 isothermal
(-0.318 0.363") 0318 0.363")
£.212 047 -0212 047
-0.101 0.618 -0.101 0.618
0010 0.755 0.020 0.755
: _| o225 o8ss Mhossdropl == | 0.225 0.805
g 039 1052 039 1.052
0553 1.207 0.553 1207
0.746 1.3901 0.746 1.391
0.848 1.584 \ 0.048 1.584,
Ll.l?‘ 1.787 )/

half power and isothermal share same flow rates

Now creating additional matrixes to calculate perturbations in the data due to
measurement
uncertainties
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UcHiowmeter] .= 1.0034 UhHowmeter] .= 1.0052

Uclowmeter2 .= 9966 meter - 0.0948

maximum heat transfer error matrices

Mﬂetri 1 - Mﬂzi l-Uhan!tl‘ m-:i . Mﬂ.‘:i ~ Utlewmeter]
T1i value T1o value
mﬁi's - mi=3+—.16 Lﬂen‘_lA - M‘ﬂi’4+ 16
T2i value T20 value
Marirj-_hmzi’5+-.16 mi,é:'mi__é*"w
Hot loop raw pressure
drop
b.ﬂ:'.mir? - Mlini77 mi,s - M.mi:S

Cold loop raw pressure

drop
MIe, o= MIZ 4 e W e T
T e WY Mg, 13 N, iy
W | e A T Mo, 147" M3, 1y

half power error matrices

Now defining property values from matrixes

QUM .§) = Mf_ _-Epm Q2N 1) = Mf -EpPm Q3L §) .= ME | ,-Epm
i.l i,2 i,13
TL{ME i) = Mi 3°c- J3=Cc T2H(ME ,§) = Mfi 5°c- 02=c
T1lo{Mf i) = wi(c-ll e T2o(Mf .0) 1= Mf 6°c-.10=\c
» t,
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T3WME i) = Mfi,ll b o T3o{Mf i) = mi,lloc
s (Mfizs - ,73) ; (4= 11) R (MIL 5" _cvz)z+ ("’ﬂ: 6 -1)
oo i9™ M0

Now listing experimentally determined offsets for temperature difference and pressure

ADhotefiet = 54

APcoldofiet - -1

Considering the offset of
AP

APIME D) = I:(Mfi,.} =N S) + Aphom&et]-psi

APHME i) = [(Mi,g' - Mi'i: 10) - APcoldnﬁu]-pai

Now calculating NTU
relationships

CLME . §) = p(tavEL(ME ))- QUML) (VLM . )
CUME,D 1= po{avEAME. D)) QUM . §)-cpp(tavE2(NE . D))

Conin(Mf . i) = min(CLME. 1), CHME. D) Cros(MF i) o ma{ CHME 5, CH(ME. D))

Croin(Mf i)
" Cma(ME D)

Cr(ME D) -
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. CIME, -{TTi{Mf i) - Tlo{Mf 1))
L Conin(ME )| TIOME . §) - T2i(ME D) + 0]

1 4

1 - (M, i) Co(MF i)
NTU ) -
RRNED l-cqw:nbi\ 1-equet i) ]

NTU(ME ,i)-Cmin(Mf . 1)
Ay

A3
U(MEi)- =

| 20D s
E,

UAME 1) =

B(ME.§) =

95

This section calculates values from the data, friction factor, reynolds,

colburn, etc.

plmvgl(ME, D)-QLME. D)

Gl ) -
(dF . §) i,

4-p{avEL(ME . ))-QL(ME )
3

'mDp

Gpl(ME i) ==

[P )

BOME )Py (avELOME )

jl L) = -
IOED = G108 Doy (eI D)

po(evE(ME, D))-Q2UME . 1)

GUME i) =
(M. §) e

4.p(vE2(ME  D)-QUME D)

Gp(ME 1) = =

1\'-D;'
2
3

B{ME . i) Pro{ tave2{MF . §))
JME ) -

GIUNE 1) oy avE2ME 1)

The various friction factors calculated below represent different corrections applied. 1 is the
basic form used to calculate the friction factor. while the hose designations have the
experimental hose pressure drop subtracted from them. The h designation at the end is used
to distinguish between the various runs with different numbers of flow rate sets.

(M . {) = | APL(ME . §) -

R
1.5-(Gp1Mie. i)~ | Dypp{tvel(ME . )

2p (eI (ME D)

-
2-Lp-61(w,a‘
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3
S.(GpI(ME, Dy, pp(tavEl(ME . §))

fiwithhosef (M 1) = [am(w,n- (Isﬂmedmp +Am)”“]' — Mf) :
i.1 2py{uvel(ME D)) sz«cx(w.nz

1.5.(Gpa0nt, ) | D0 vt )
2 pve2ME D) | 21 G2 o

DM D) o= |:apz{w= 1 -

R

_ , o 15Gpls,p)” | Dypi(tavel(ME.D)
Dwithhose(MS i) = {[ﬁm@"f A= ("“"‘"‘“"1,2 N Apmm)w] " 2p(vEl(ME i) 2
1 Pl 2 e

2
1.5-(Gpl(nie, -pp{tavEl(ME. D)
Al withhossh(ME i) = |:[&P1(I|.lf,i) - (Mi 1* APM!:)-M] ) iy ?ﬂm D1 =
* Pl(m M:"))J 2]’-‘?61(”,{)&
GI{ME . i)-
Ral{Mf i) := —Dh i GI{ME,)-Dy,
Hy(tavel(ME. D) ReZ{Mf . i} = p(avERNE )
B(ME D) L,
Nol (M i) - ———
.

Now calculating values from martin correlation

ny(QUL,

I‘hl (QI) -

Q- 1gpm 1.02eprm.. 15gpm
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Full power values

1
o0
‘--._-‘
)
5(Q)
flwithhosef (M2, i)
(o]e)]
0.1
100 1x10° 110"
Rél{Ql) Rel(ME£2.1)
1 w

n(Q)

JUMELE 5

AN 0.1

4(Q)

fwithhosef (MD2, i)

(ole)]

ha™
e
-‘."""'h-.._
e
Mmm
0.01
100 1x10° 1x10*

Re;(Q) Rel(M22.§) Re)(Q | Rel(ME2.7)
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1x10°
o
L
/'//
¥y (Qy
= e
Nol (M22.1) 100| A=
A A =
Nul (Mh22,i2)
A4
10
100 1x10° 1x10°
Req(Q) . Rel(ME2.1) Rel(Mh22. i)
half power values
1
ECOCORD
flQ)
s
Awithboseh(MK22,i2) -1
o0
JL{MR22 i2)
AA
=
e
-
‘\ E
.
0.01
100 1:10° 1x10*

Re)(Qq).Rey( Q)| Rel(Mh22.i2) Rel(Mhi2.i2)
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01
Q) ™
_ S
jL{AIhI2 i2)
an \h\
:\j \“!\
AA&% o,
0.01
100 1x10° 1x10*

Re;( Q)| Rel(Mh22,i2)

Isothermal pressure

1
-‘-""""--1
Q)
flwithhosef (Mi22.i3)
o0
01
100 1x10° 1x10*

Rzl( Q; ) Rel(Mi22.i3)
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Now what follow is a calculation of the associated error for heat transfer, reynolds
number, convection coefficient and friction factors

ATcityoffeet = 0

ATI{ME, i) = TH{ME. D) - Tlo{Mf.i)

ATIME ) = T2(Mf. i) - TIKMT .0
ATIME i) = T3o{Mf. D) - TIUME. D

mendotl(MF . §) = QUM {)-pj{tavel(ME. 1))

mmot2(ME 1) == QUML) po{tave(ME . 1))

mmdot3(ME 1) = QML )-p3{tave3(ME. 1)
Qheatl(ME 1) 1= mmdotl{MT . 1)- ¢y (sve (NS ))- AT D)

Qheat2(MF i) = mmot2ME i)-cpp(tavE2(ME . ))- AT2AME 1)

Qheat3(Mf i) = nmdoﬂ(Mf,i)-gp3(uv53(1\df,1))-AT3(Mf,i)
Qheateleceric{ M . 1) = Mfi 14~W
Qtoemnin{MF . §) = min{Qhestl{M{ i), QheatJ(Mf .1))

Quoxma(Mf . ) = max( Qheat |(ME . ) . Qheat J(MF . 1))

L
e Qhest1{MF, 1) « QhestZ(ME i)

2
.  Qtwmax(Mf i) - Qtoumin(MF i)
Qaifhorvscold(M i) = —— 100
. . Qbestl(MF i) - Qoxavg(ME i)
Qdifthot(Mf .i) = 5 100
. . Qbeat2(Mf i) - Qlmavg(Mf i)
Qdificold( M i) - ) 100
o JeciricQME ) - JPETElECHEONE ) - QluvEQME) 40
’ Qtosave(MF i)
. _ Qbes3(N ) - Qloxavp(M{ i)
Qlxavevsciny{Mf i) - 3 100
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Qdiffhotvscold represents comparison between the min and maximum experimental data.
Qdiff hot and cold represent the heat transfer differences using the method used by muley
and manglik 1999 asme paper.

Qdifhot{ M2 i) -

., ; Qdiftold{ME2.§) - _ )
1.0132 R s e
0.7778 1.3734 1t -1.3734
13352 1.4828 -0.6811 20.8236
T 1.3713 -0.0138 0.5171
e 1.2279 0.0402 02705
T3 1.1022 0.2137 0
AT 1.0158 0.3477 0151
0'9713 50 0.5503 =
0-9986 1.5327 0'7025 0_5352
: 1.456 0.7319 0.7404
1139 0.8408
Quxavevscity(MI2. 1) - Qoxavgvselecric(ME2, i) = Q"?;‘:;I“"W@ =
2.5049 7.1054 4689
3.1214 6.7342 ?'3492
1.5361
2.8518 5.9698 1.2895
0.4137
3'3536 5'9078 0.5169
3.024 5.6672 0?2"::
3.2001 5.4544 0.3116
3.039 5.1221
2.3682 4.9235
2.9665 4.817
3.1252 4.7068
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Appendix B

MATHCAD for Fg3x8-14
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MathCAD format solution:

Test Heat Exchanger Fg3x3-14

Hot and cold water properties at Tf

Thot_water = 30=c Teold_water = 40-c
Hot water (subscript 1) Cold water (subscript 2)
p, = 9852E pr e 994 E
3 . 3
m m
- 41842 - 4178
L™ e
w ) wr
k) = 0.639—— ky = 0.628—
-6n. -6 N
ny = 47110 _2‘ ny = 654-10 =
m m
Py = 3.02 Pr, - 434

Thermal conductivity of the plate (Stainless Steel AlS| 316)
k= 34—
Given information

Volume flow rates for hot and cold water

Q) = 10gpm Qy = 10gpm
Mass flow rates
mdory(Qq) = p1-Q emdoty Q) = 0.6214_"'5
mooty{Qy) - Py Qp o] Qy) - 0.6271F
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Geometric parameters:

Ny -1 Number of passes
s = Gldeg Corrugation inclination angle (chevron angle)
N, - 14 Total number of plates
D, - Ln Port diameter
Py
1, = 0.087im spacing between plates
o = 40dex Corrugation Pitch angle
A = 1 mn(a) Corrugation Pitch (=wavelengtht) A =00734n
5 = 0.6mm Thickness of the plates

Use the dimensions of the test heat exchanger

Wy o= 3in Lo = 1-2in Ly = Loy - lin Ly-62in
Hp = 1, N, Hy- 121800

Number of wavelength per single plate

hod :_E
AT

Number of channels for hot and cold fluid

¥

My >

.
Ny=-

t
Nmwi—r= |
< : N,y-6

Amplitude of corrugation and channel spacing

@] omre R
t
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- II—T

Corrugated length

~ = 1.73653

Heat transfer area for hot fluid (fluid1)

Ap = LNy LK

Ay im 2Ly Ny LNy

Ay - 034782

2
a;-02982m"

Now setting the heat transfer area equal to the minimum area, which is A2

Aei= 2

Projected area for the plates

Agp = 2WL NG

Enlargement factor ¢

LyBx
W,
Exact hydraulic diameter

_ 42
Sk
Surface area
d- - o
A
151 - ?
v.p- "'L'p’Ntl

Minimum free-flow area
A - 2"‘“'1;‘“:1
Ay = 2a Wy N,
Mass velocity

mdoty(Q|

GI(QX_] -

An
G(Q) Dy,
m

R.al{ Ql_] =

Ap2 - 2 “rp_ Lde

& - 2.0703
Dh - l.jjj'm
3
- 22049 107 =
m

Ay - 1330940

A= 11408 s

Gy(Qy)
V] = _P - - 0.7347?
1

Rey(Qy) - 23893 x 10°

105
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. moonyfQy) - G Q) m
o) = — nm— - 08T
RegfQy) - O Q) Reg{Qy) - 2.0259 = 10°

[

-

Friction factors

Martin's correlation (1996) for the Darcy friction factor is modified by the Fanning friction
factor.

Martin, H., 1996, A theoretical approach to predict the performance of chevron-type plate
heat exchanger, Chem. Eng. Processing, Vol .35, pp. 301-310.

. 2 o
51(Qq) = |(1.5610(Rey(Q))) - 3.01  if Rey(Qp) 2 400

16
Rey(Qy

(@)= [(1:5618(Rey(Q)) - 301" if ReyfQy) 2 400
16
ey

otherwise

9.75

hl(ql.]()lw
14923

+ 09623 otherwise
R‘JQ |

Q) = if Rey(Qq) 2 400

; 9.75
&%) - 153
Rer{ ;)
14925

+ 09625 otherwi
Rey(Qy) -

if Rey|Qq) 2 400

0.045. + 0.09-sin(p) + ——
( t20([3) sin({3) <o)

q(Q) - e [ 1 - con(l) ]
fm(m)” NEETanry

5(Qy) - 04878
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H(Qy) = cotp) *( 1- oy J
. foz{Q:_))“'j f3mle)

0.045- + 0.09-sin(p) +
( tn({5) sin{[%) cos])

-

5(Qy) - 0.4951

Heat transfer coefficients

1
6 0374
! '(fliql}"“liqﬂz-ﬂn'[Z-rsl) ]

WI—

h]{Q|} - %-[0.205»:,

4w
By(Qy) - 2.9684 x 10—

Y
a“
m K

Lulv—-
Q\.t—n

k 0374
2 . 3 g
By Q) = E‘L’mnﬁ '(le_Qz_}-RA;{Q;} -sd_Z-ﬂ)) }

P 4 w
£y/Qy) - 2926 10 ——
m K

Owerall heat teansfer coefficient

U @) = e

QA e Q)

Uy(Q).Q;) - 8.8778x 103_%

3w
Uy(Q).Qy Ay - 26469 x 107

Effectiveness-NTU Method
. _ _ 3 A
C1{Qy) = mbet)| Q) |-5p €(Qq) - 2.6001 x 10 5
K-g
2 2
C2l Q) = mdoty{ Qg g C3{Qy) - 26201 x 1072 ";5
K-z

o AJLb

107

www.manaraa.com



3ty
Canl1 @) = {40y 4@y Coial Q1) - 26001 x 10° 2
K-=
3 2
5 . ; 3 [ \ -k
Conae| Q- Q) = max C1(Qy ). C3( Q) Conee{ Q) = 26201 = 10 3;
K=
, Conied Q1 - Q3 ;
i - 6, -09924
UyQp.Qg)A,

Counterflow effectiveness

1 - e -NTU(Qq. Q) 1 - € Q1-Qy)]]
1- €]Q).Qq)exn NTU(Q). Q)1 - €.y

cpyE| Q- Qaf =

epyp( Q). Qy) - 0.5054

Qpy, = lepm, 2gpm.. 15gpm

GBM 108
0.8
0.7 \\
#puE{ Om -0 0.6
03 =
‘\-\-._‘_\‘_‘_‘_\—-‘

0'40 3 10 15

)

£pm

Heat transfer rate for the PHE

9 Ty;:T3i:Q1 Q) = epuE(Q1 Q) Comin @ - Q2 Ty - Ty

o Cp(Ty- Tyl ClTye- Ty
E - =
PHE Coin{T1i~ T2)  Comia{ 15~ Ti)

Since

108
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, , : Coninl Q- Q)
Taol Tri- Tai- Q@) = Toi - ol Q- Qb —¢ o (T~ Tl
Toof Toi- T2irQ Q) = T~ epatef @@ — oy T1i~ T
2
i s 3
i (Q) QP

Qp = 0.1gpm. 0.11gpm . 12gpm

Tlo(TlirTzi=Qm,Qmj-273K
o 5
Taol Tu.-Tth,,,:Qu)-le

|
- il

I\
=
P

/

3
0 2107 4107t &0t sa07t
Q

Pressure Drop
The frictional channel pressure drop

24(Q)L, G(Q & b s
APH(Qq) = 1)Ly Q) N, APg(Qy) = 7.6203-psi

BElBAL. & &
. . Al A7g(y) = 10622850

Dy, Pz F
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The connection and port pressure drop

4-mdot; Q) o 3
Gg( Q) = —— Gp1(Q) - 21803 107
“'Dp‘ m -&
4-mdoty| Qy)
Gl Q) = ———
'n-D;'
) ]2
. 1@ . ,
APpy{Qy) = 15-1*,;.-%2_'—“' AP(Qy) - 0.525pei
2
Gpal Q)

APy{Qy) == 13X, 3 APy Q) = 03298 psi

Py

APy(Qp) = AP(Q) + APy Q) APy(Qy) - 81453 psi
APy(Qq) == APR(Qq) + AP Q) aPy(Qy) - 111526 psi
GBM 220
20
= — Hot side
@, s cold side y
[o 9 ,
£ An(e) /
2 _pei 10 Vd /
é APy{Qp,) /
o ] i
P ; /
% 5 10
Om
Epm
Flow rate (gpm)

5'°p1(qlﬂ Dyip
) 3‘%‘°1(Q1.)2‘Np

13

110

www.manaraa.com



111

Experimental Data

ORIGIN := 1
Preererti

i=12.10

Tlo(T“,Tzi,i-gm:i-ym'] - 27513k
i3 K

Ty - 273K

M , -
i 4 K

M = - -

i.5 K
i APl(i‘.g;m) T - APy Fpm)
i.6 pei i,7 psi
Predictions
1 2 3 4 5 6 7
1 1 70.15| 39.4647 30.15| 60.3023 0.1271 0.1861
2 2 70.15| 42.2945 30.15| 57.4941 0.3827 0.5296
3 3 70.15| 43.8669 30.15 55.9337 0.821 1.1316
4 4 70.15| 45.1028 30.15| 54.7072 1.416 1.9478
M-|5 5 70.15| 46.1367 30.15| 53.6812 2.1648 2.9736
6 6 70.15( 47.0321 30.15| 52.7926 3.065 4.2059
7 7 70.15| 47.8251 30.15 | 52.0057 4,1145 5.642
8 8 70.15| 48.5383 30.15| 51.2979 5.312 7.2797
] g 70.15| 49.1871 30.15 50.654 6.656 9.1171
10 10 70.15| 49.7826 30.15| 50.0631 8.1453 11.1526
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Adding ternperature dependent
properties

Temperature dependent properties of water taken from table A.12 Thermal

Design

temperature range of properties, in deg

celsius )
o A

liquid density information, in

kg/m3

71002
1000
994
985
974

\ 960

dlyl = dly
disl := lspline(tx. diy1)
Raltavz1] h'ﬁ“!ﬁ{dhlax,csa,gwgl}lgi
P
dly3 = dly

dls3 - lspline{tx, dly3)

) = .55, g

dly2 = dly

1=l 1= Ispline{x, dly2)

Rt = e A 5 652,

1w

specific heat information, in
Jikg™K)
(4217‘
4181
4178
4184
4196
| 4216
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dopl = dopy Sopl - Spy

dcpsl = lepline{mx, dcpl) dcpsl - lspline{tx. dopl)

ffo)i’-vsl.) - mmququl ,tx,dq:l,t"gl.)-ﬁ

Seabtavea) = M@ﬂnmwjﬁ
dep3 = gy

dcps3 = Lsplinx, depl)

) = e 3, 65 g

thermal conductivity information, in
W/(m*K)
(552
397
628
631
668
.68 )

dkl = dky dk2 = aky

dks] = Ispline(ox, k1) ahs2 - lspline(x.8k2)

w

Kl tavgy ) o= interp{dics], ox k1 l‘vgl);?? Kol tavga) = h:up(m,m,dd,wv]ﬁ

dk3 - dky

ka3 = lopline{tx dk3)

absolute viscosity information, in
N*s/m2

71792
o . - 1792
e intaﬂ_dma,m,m,:w}ﬁ i
654
471
333
288
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&1 e dvay &2 = Gy &v3 im dvay
dws] = leplina{tx,dvl) dvsl i= lepling(tx, dv2) dvad = lsplina{tx, dv3)
—6

mtﬂsl mu;:(dwl . dvl, :“51] 10 N_l

=]

[ -9 N-g
ol taega) = imtenp(va2 ox, 642ty 10 =

N

“3‘.5"53] - interp(dva3, x,dv3, tﬁ@) 10 2

Prantle number
information

(136 )
7.02
434
3.02
222

 1.74

Pry2 = pIy Y3 - pry
pryl = pry

prsl 1= lrpline(tx. pryl) pral = Ispline({mx, pry2) pred i= lepline(tx pry3)
Boaltaver = interpprsl %, pr¥] g
Ridltave) o= imterp(peal, . 9652ty

P ) = {7 5.5 g
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Experiments. For the model and data that follows, when regarding side A and side B of the
heat exchangers, the hot side (A) will have a subscript 1. the cold side (B) will have a
subscript 2

Description of matrix columns: 1) hot loop flow rate, 2) cold loop flow rate, 3) T1i, 4) T1o,

&) T2i, 6) T20, 7) normalized hot loop inlet pressure, 8) normalized hot loop pressure outlet, 3)
normalized cold loop inlet pressure, 10) normalized cold loop outlet pressure,

11) T3i, 12) T30, 13) city water flow rate, 14) power applied to bulk heaters {(accounts for
voltage drop across shunts in power calc)

f represents full power, h represents half power, i represents isothermal

(301 3.003 9507 6426 42.50 7312 24.002 23.676 19.073 17.877 1235 33.83 4302 25"20}
3.513 3500 B8.7 61.28 41.1 67.41 21.648 20.018 17.831 16.157 12.08 34.06 4.266 15607
4011 402 B4.19 30.85 40.86 64.17 20468 1938 17.533 15406 11.96 34.05 4263 15682
4503 4.521 B0.71 58.06 41.02 61.89 10.717 1B216 17.663 14903 122 3435 4242 25688
4007 4002 TT.5 57.87 40.78 50.7 1016 17.157 17.777 14.527 1197 344 413 25674
5.504 5.504 7450 56.71 40.41 37.62 18.832 16.28¢ 1B.068 14.154 11.59 33.83 4.245 25660
6.014 6.027 73.07 367 41.23 56.01 18.007 15878 18.782 14.132 1108 34.58 4377 15640
6.514 6507 T0.79 35.62 40.7 5525 18008 15251 10.512 14.000 11.26 33.67 4.411 15645
TO0L 7.014 60.11 34.04 4055 54.1 10657 15.240 20310 14.060 12.24 3401 4.383 23616
T.515 7.524 67.84 54.59 40.7 5338 20.019 14.887 21.203 14.057 12.43 34.07 4.42]1 23613
8.007 8.067 66.21 53.75 4033 52.17 10438 14.536 12337 14.04 1134 33.87 4.442 25603
8.500 8508 65.14 53.39 4031 51.54 21.004 14361 23.103 14.020 12.34 33.02 4.444 15606
0.000 D035 63.85 52.71 40.04 50.64 1I1.715 14.000 24205 14021 12.25 33.64 4402 25607
\9.745 ©.758 62.62 31.20 40.08 4097 23.063 14.052 15.856 14.056 12.32 33.0 4484 25504

MY -

i=1.14

r3.011 3.001 50.88 4105 2848 4556 14.726 14.246 15518 14.193 1250 15.08 4.247 141587

4 4002 52.77 39.06 2726 4035 15321 14.127 16.276 14.036 11.57 23.54 4.426 14155
4408 45 3001 3866 27.62 3213 15710 14101 16.816 1402 12 23.8 4402 14146
4000 5011 4B.08 3788 17.4] 3791 16204 14.077 17.405 13.087 11.71 23.77 4.451 14131
3.527 5.531 47.81 37.71 27.82 37.31 16.741 14.065 18.080 13.074 11.14 24.06 4.478 14130
5007 5001 4600 37.6 2B11 3601 17212 14.006 18.677 13.004 12.12 2433 4413 14120
ME22 - | 6505 6504 46.23 37.52 2844 3637 17.8453 1300 10451 13.BB0 12.56 24.63 4.44] 14120
7017 7.034 4521 37.00 2B.37 35.01 18.524 13.973 20327 13.874 1247 24.65 4.417 14124
7503 7.5 4431 36.68 28.24 3533 19237 13061 11.139 13.862 1220 2447 4414 14106
7004 BODP 43.63 3644 2827 34.03 10088 13.0d44 22080 13.848 1217 24.4]1 4414 14091
8528 8515 43 3619 2828 3456 20.824 13036 23.121 13.B43 12.20 24.43 4478 14007
©.021 9038 42.61 36.15 2BAB 3441 21.702 13937 24113 1385 1240 247 4.474 14001
\O.782 ©.74] 42.08 36.08 287 3422 23.14]1 13.063 13823 13.800 11.65 24.87 4.436 14077

ix.=1.13
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(=]
'

(3005 3011 1216 1131 1125 1164 14712 14172 15644 14108 1087 11.18 426
3505 351 1202 112 1119 11353 15051 14.149 16.082 14.083 10.83 11.12 4256
4006 4005 1198 1118 11.18 115 15455 14138 16383 14060 1081 11.11 4228
4511 4497 1194 1116 11.18 1147 15924 1413 17.147 14062 1081 11.11 4226
5008 5003 1198 1121 1121 1151 16432 14117 17.784 14.052 10.82 11.14 4372
5503 53 12 1122 1123 11352 16992 14.106 18472 14.043 10.81 11.16 4413
6009 6012 1202 1126 1126 1135 17615 14.087 19237 14035 1081 11.17 4403
6496 651 1208 1132 1132 1161 1826 14.087 20042 14.027 10.84 1122 4411
7007 7.009 1214 1138 1137 11.66 18973 14072 20904 14.014 1086 1127 442
7496 7.506 12.19 1143 114 117 19713 1406 21823 14 1085 1129 443
8012 8.015 1221 1146 1144 1173 203538 14047 22816 13.992 10.84 1131 4435
8516 8511 1227 1152 1149 11.78 21.393 14.035 23852 13985 1083 1134 4436
9014 9017 123 11.55 11.51 11.81 22294 14037 24971 13994 1079 1135 4435

\9.757 9.769 1233 11.59 1153 11.84 23.777 14.068 26.769 14.056 10.7 11.35 4.448
B=1.14

M2 =

0 OO O O O O O 0 0 O O O

=
S

Now listing experimentally determined hose pressure drops. The values correspond to the
closest nominal flow rates in the experimental heat exchanger data. First column is for raw
hot side pressure drop and second column is for the raw cold side pressure drop

(1) is full
power
£ 6%t N 2 half power
B B0 3 isothermal
-0212 047 (-0318 0363
-0.101 0.618 -0.101 0618
0029 0755 0029 0.755
0225 0895 0225 0895
039 1052 039 1052
0.553 1207 2
-| o5 0.553 1207
: 746 1391 Mhosedrop2 = | 0.746 1391
0948 1584 0948 1584
117 1.787 L7 1
1385 2.001 1385 2.001
1634 2234 1634 2234
1891 249 1801 249
| 2302 2888 ) L2302 2888 )
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Now creating additional matrixes to calculate perturbations in the data due to
measurement
uncertainties

Uclflowmeter] = 1.0034 Uhlflowmeterl = 1.0032

=y
Uclflowmeter2 = 9966 Uhlf erd = 0.9948
maximum heat transfer error matrices

Mferr | = Mmi -Uhiflowmeter] Mﬂzﬂi N = Mmi ~ Uclflowmeter2

il 1
T1i value
Merr , =M£22 ,+ .17 MBerr , =M22 ,+0
i3 i.3 i.d i,4
T2i value
l‘&.;[ﬂmri:5 = Mﬂli:5+ 17 Mﬂmi,é = Mﬂli:ﬁ

Hot loop raw pressure

drop
MPerr = M2 ..1.00285 + 049 Mferr = MD22 -99713
5.7 i.7 i.8 i.8
Cold loop raw pressure
drop
Mﬂmé,Q = Mﬂli!g Mﬂmirm = Mﬂzi_.lﬂ

Mﬂ‘“;,u = mi__ll

Mtlerr, 5 = ME2, |,

half power error matrices

Now defining property values from matrixes
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QUML) = Mfi‘l-gpm QXML 1) = Mfi_l-gxm Q3(Mf.1) = Mfi_ls-gpm
TI(MS.1) = Mfi 3°C— J3=C T2(MfE 1) = Mfi_j"C— 02°C
Tio(Mf. D = Mf,l 4"0- 21°C T2o(Mf 1) = Mfi 6°C— 10°C

TH(ME D) = Mfi,ll *C T3o(Mf.1) = Mfi:n“C

tavel(MF ) = (57 ) 4 2 tavg2(Mf i) = (ME, .y~ I+ [ME, -
E - 2 ; - 2
Mf .+ Mf
tavg3(ME ) = i,9 - i.10

Now listing experimentally determined offsets for temperature difference and pressure
APhotoffzet = 54

APcoldoffzet = —1

Considering the offset of
AP

API(ME ) = (M, 5+ APhotoffset psi

APX(ME i) = (MF, ¢ + APeoldoffset |psi

ADYME.D = [[Mf, ;- M, g)+ APhotoffset -psi

ARUME D = [[ME, o= MF, ;) + APcoldoffset ] psi
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Now calculating NTU
relationships

CI(ME ) = py(tavgl(ME . D)-QLOME , )-¢pyy (tavgL (ME D)
C2AME i) = p(tavg2(ME ) QUM .)-cpp(tavE2(MS )

Cmin{Mf 1) = min(C1(Mf.1).C2(Mf.D) Cmax(Mf .1) = max(CI1(Mf.i) . C2(Mf .1)

Cr(Mt.1) = Conin(Mf .
Cmax(Mf 1)

(ME i) = CL(MS 1)-(TL(MI .1) — Tlo(Mf 1))
AMED Conin(MF . 1)-(T1(Mf . ) — T2U(ME 1) + 0)

. 1 1 - e(Mf.1)-Cr(Mf .1
NTU(Mf .1 = -
AT 1 - Cr(Mf£.1) b{ 1-e(Mf.1) j

U20ME D) = NTU(Mf,i,:Cnﬁn(Mf,D

=

Ay
U2(MS . 1) ?-{-l
(M) = 1

| UM D8

ke

This section calculates values from the data, friction factor, reynolds,
colburn, etc.

py(tavel(Mf .1)-QL(ME 1)

1) = P mmsn)m(Mf:‘)
GL(MF 1) . RN = oA
A
4-p (tavgl(MF . )-QI(ME ) 4 po(tavE2(ME .1))-Q2(ME i)
GpI(ME i) = - Gp2(ME i) = -
w-Dp ?r-Dp
BOME )-Pry (tavgL(MF D) 3
FIOMELD =

B(ME ) Pro(tavg2(MF D)
; P2(Mf D) =
GLOME)-cpy (tavgL (ME ) R0ME i GV 3, NE )
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15.(Gpi(M£.iy)° | DyPy(tavel(Mf D)
2.py(tavgl (Mf D)

fI(Mf. D) = l:iPi(ij) - 3
2-Lp-Gl(Mf=i)

_ 1-5v(Gpl(l\ﬁ,i))2] Dy-py(tavgl(Mf 1)

SRR [[API'M D = (Mbosetiop, , + APRotoffet) psi] 2 py(tavgl (ME )

2-LP-G1(Mf,1)2

15.(Gp20Ms .0)° | Py Poltag2(MY.D)
2.po(tavg2(ME . D)

RIME 1) = [APZ(Mf,l)- >
Q»LP-G?-,(MLD"

_ l.Sl(Gpl(Mf=D)21| Dy,-pq(tavgl(Mf .9))

flwithhoseh(Mf i) = h:APl(Mf:I) - {thsedwp},i:l + APhutoffset).psi 2oy gl O,

2-LP-G1(Mf,:)2

GI(Mf .)- N
Rel(Mf i) ;=—Dh r— 2ME ) Dy
iy (tavgl(MF 1)) D O
h(ME D)Ly,
Nul(Mf i) = ——
b

Now calculating values from martin correlation
hl(Ql)-Lp

Nu (Ql) =
g Ky

/91;.:= 1gpm_1.02gpm.. 15gpm
Full power values
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1
1))
=
8
o
]
L s
.,5 1(Q1)
B Awithos(nin2. i)
£ o0 0.1
T A%
8 JIME2.)
E AA
Z
=) —~— |
2 ﬂ.h\‘ﬁ-
—
0.01 4
100 1x10° 110
Re;(Qq | Rel(MD2.0) Rey(Qq | Rel(M2.§)
Revnolds Number
0.1
ir(Q)
o K‘\..
1M )
aa ‘-h\
‘\\.
T
ﬂ‘%
0.01
100 1x10° 1x10*

Re(Q) | Rel(ME2.7)

<l ) AT\ ZJ d I WWw.manaraa.com
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1x10°
"

Noy Q) i T ‘ﬁ
Nl (ME22.,§) 1 e
Abd
Nol (MA22,i2)
AMA

10 .

100 1=10° 110

Rel{Ql] Rel(ME2 i) Rel({MR22 i)

half power values

1
£ j»
ROL UL
g
=
=2
g flQ)
5 —
- flwithhossh(Mh22,i2)
= OO 01
g alel
JL(MR22,i2)
EAA
=
] —
U Hoag
A LAl \“h
TR e
0.01
100 1x10° 1x10°
Reﬂ:Ql‘] Rel(Mh22.i2) Re(Q | Rel(Mh22,i2)
Reynolds Number
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0.1

Q)
Q e
JL{MR22,iD) [
a8 Hh\
n Ay """"---..;_.|
!\% [
0.01 \
100 1=10° 1=10

R.elt‘_ ql‘] Rel(Mh22.i)

Isothermal pressure

1
™N
OOO(JA T
-~ ——
=
ER
mo Q)
P e
S Awithhose(Mi22,i3)
o OO0
=
I
0.1
100 1x10° 1x10*
ngl{ Q) Rel(Mi22,i3)
Reynolds Number
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Mow what follow is a calculation of the associated error for heat transfer, reynolds
number, convection coefficient and friction factors

ATecityoffset .= 0

ATIMS 1) = T1Mf 1) — Tlo(Mf .1

AT2(MIS 1) = T2o(Mf.1) - T2(Mf .1
AT3I(MF .1) = T3o(Mf 1) — T31(Mf.1)

mmdotl(MF ) = QLM i)-py(tavgl (MF i)

mmdot2(MF i) = Q2(ME..i)-p(tavg2 (M., D)

mmdot3(Mf .1) = Q3(Mf.1)-p3(tavg3(Mf.1)

Qheatl(Mf 1) = mdotl(Mf=i)-cpl(tavgl(Mf,ﬂ)-ATl(Mf,a)
Qheat2(Mf .1) = nmdoQ(Mf,i)-cpz(m‘gZ(Mf .D)-AT2(MS 9
Qheat3(Mf 1) = mmdot3(Mf ,i)-cps(taVES(Mf:D)-ATS(Mf =)
Qheatelectric(Mf .1} = Mfi.l 4.W
Qhxmin(Mf .1) = min(Qheat1(Mf . 1), Qheat2(Mf .1)

Qhxmax(Mf . 1) = max(Qheat](Mf 1), Qheat2(Mf 1))

Qheat1(Mf , 1) + Qheat2(Mf 1)

Qhxave(Mf i) = ;
Qdiffhotvscold(Mf 1) = QurmaniME. ) — QluminlME. )
Qhxmin(M¥ . 1)
Ty Qheat I(MF ) - Qusavg(MF.D)
Qhxavg(MF 1)
. Qheat2(Mf , i) — Qhxave(MF i)
Qdiffcold(Mf i) = -100
‘ Qhavg(MF D)
. . Qheatelectric(Mf . 1) — Qhxaveg(Mf . 1)
Qhxavgvselectne(Mf 1) = -100
) Qhsave(Mf D)
) Qheat3(Mf , i) — Qhxave(MF i)
Qmm“gbwty(ms—) = ’lw
' Qhxave(MF )

124
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Qdiffhotvscold represents comparison between the min and maximum experimental data.
Qdiff hot and cold represent the heat transfer differences using the method used by muley
and manglik 1999 asme paper. The tables below represent percentages.

Quiffhot(ME2.) = . .

0.8619 Qaiffnot(Mu22,i2) = 2D = qgieoivn2. ) =
1.35 1.1175 “E'zzi -1.1175
ol 0.888 : ~0.0499
6200 1.0152 0.287 -0.1316
e 1.0644 0.6419 0.1103
1.5340 1.3094 0.6964 3.7771°103
468 1.6486 0.8086 0.1467
Tosa 17168 0.7042 0.2491
T 1.7245 0.757 0.3658
Teom1 16754 0.9802 0.4678
Tsa%6 15172 1'1;6; 0.5887
4298 1.9889 1 - 0.739
3007 1.8725 1'2171 0.755
3296 1.8066 1.3178 0.8669

1.4238

Qdiffhotvscold(Mf22.1) =

Qmavgvscity(M22.)) = Qhvavgvselectric(M2.) =

1.7388
1.6139 7.1496 Seo0s
2.77 6.6298 1.5194
2.4563 5.762 0.8727
0.8398
2.5721 5.4208 YT
2.8304 5.3055 0.7585
2.1702 5.1279 0.7544
0.5744
2.4437 5.1947 2603
2.4506 5.08 0.4172
3.0685 4.7674 0.2171
3.1364 4.5684 0072
* - 0.0929
3.1133 4.5656
3.2861 4.4833
3.3449 4.3735
3.9278 4.2084

SR Zyl_i.lsl
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Appendix C

MATHCAD for GB220H-20
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MathCAD format solution:
Test Heat Exchanger GB220H-20

Hot and cold water properties at Tf

Thot_water = 10°C Teol_warer = 40°C
Hot water (subscript 1) Cold water (subscript 2)
Py = 9853- Py= m‘k_%
m3 o
) 3 o 1
= 4184 = 1B
w w
iy = 0.639— ky - 0628
w = 47110782 g B 00
m& m&-
Pry = 302 Pry = 434

Thermal conductivity of the plate (Stainless Steel AlSI 316)

“:'
k- 13.4;15
Given information

Volume flow rates for hot and cold water

Q= 10gpm Q= 10gpm:
Mass flow rates
MI‘Q]_J - PI'Q]_ ﬂlIotﬂQlj - 0’62147
wdoty(Qg) = P2 Qg ety Q) - 0.6271°E

www.manaraa.com
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Geometric parameters:
N, -1 Number of passes
{5 = 60dee Corrugation inclination angle (chevron angle)
N, =20 Total number of plates
D, - Eim Port diameter
LA
1, = 0.087in spacing between plates
o = 406 Corrugation Pitch angle
A = 1y i) Corrugation Pitch (=wavelengtht) A= 0.073:in
8 i= 0.6mem Thickness of the plates

Use the dimensions of the test heat exchanger

wp:-3in Loip = 11in L?:-Lﬂ,-lh Lp-lﬂ-'m

Hp =ty Ny H, - 1. 74

MNumber of wavelength per single plate

v.r
k\",‘ - —;g
Number of channels for hot and cold fluid

Nep =

3 X =10

" JRL.
e ’ Ny-9
Amplitude of corrugation and channel spacing

1 [ H 217,
e oo BNEDNER  BNERSO0NE

b

Corrugation ratio y

www.maharaa.com
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§im 4»% - 1.7363

Corrugated length

Heat transfer area for hot fluid (fluid1)

Apie 2L, 8 Ly A; - 0.8015m"

Ay = 2Ly Ny LNy 4y- 07213

Now setting the heat transfer area equal to the minimum area, which is A2
.&;‘@v:- Ay

Projected area for the plates

Ay =2W LN .
Aol plpal Apy = 2-“'9-1_?‘1%'(1

Enlargement factor ¢

P - P - 2»0705
W,
Exact hydraulic diameter
D, = o2 Dy - 1555 mer
Minimum free-flow area
2
Agp = 2aWpNy A = 19013in
A= 2‘"“’9‘“:2 A4= LTH2 'm2
Surface area density
A 1
4 > —
T N2,y Iy = 23151 10"~
Mass velocity
mdoty(Q; ) Gy Q) m
G(Qq) = — ¥y - —— = 0.5143—
Q) = —7— S .
G(Q) Dy
- ——— 1 3
Rey(Q) - — Rej(Q)) = 1.6725 % 10

oL ZJI_E})I
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Rey{Qy) = Gj‘?;l-nh Rey(Qy) - 1.3506 10°
Friction factors

Martin's correlation (1996) for the Darcy friction factor is modified by the Fanning friction
factor.

Martin, H., 1996, A theoretical approach to predict the performance of chevron-type plate
heat exchanger, Chem. Eng. Processing, Vol.35, pp. 301-310.

£1(Q) = |(1:56-tn(Rey(Qq]] - 3.01 i Rej(Qy) 2 400

16
Re(Qq)

£2(Q) = [(156mReg{@y)) - 301 if ReyiQy) 2 400
16

. 9.75 . i
Q) - — o2 © Rey(Qp) 2 400

Re)(Q))
14925

W + 09625 otherwise

9.75 .
Ta(Q) = — o389 Rey(Q;) 2 400
Rey( Q)
14925
+ 09625 otherwise
ReQy)
-2
O S
! 03 J-”-‘ﬁn @)
Q 1
(0.645 tan([3) + 0.09-sin(3) + f';l(_lj.]
cos([3)
£(Qy) - 05039
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131

| L -y [
£(Qq) = <ol |5) . ( J
B (0 045. 0.00sim( 15 %z{Qz)JO'J 384w Q)
= tan([3) + U. ‘!!ﬁ]‘.] + p—r
£(Qy) - 0.5144
Heat transfer coefficients
I: L 0374]
: 3%
i) = 5 0205901 (50 202
{ 4 w
myfQy) = 2301110 —
m K
o o
¢ 3.6 . 5
hl‘QZ} = E 0.205-9:23 1 (&‘Qﬂmz(qz) ‘siilllﬂj)

bl Qg) - 21917 x 104.%

mé-K
Owerall heat teansfer coefficient

- 1
Co )~ Ay 5 1
By(Qp)Ay TR Byl Q)

U4fQy.Qy) - 74705 m".Lz'K
m

¥l

Uy(Q).Qy) A - 53887 10"

Effectiveness-NTU Method

SUSIET

€)(Qq ) = mdoty( Q| 25y

€[] = mdony{ Q) 52 ) - 26201 10° 2
K=z

. *§ I | I |
'-:J'||_j L:-v--“j']& ‘IJ www.manaraa.com
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Conin| Q1+ Qg = min(Cy(Q1).Co(Qy))  Coin Q- Q) = 26001 0 2k

K<
; 2 mz-kg
Cor{Q1-Qa) = m2(€(Q)). G Q) Cppy( Q. Q) = 26201 107 K's_;
Coninl Q1-Qy) .
Q- Q) = C—m;{‘(;l—zz' C,(Q;.Qq) = 0.9924
Us(Q.Q;)-4; o
NTU(Q;.Q,) 2% b NTU(Q,.Qy) = 20725

= —Cm(Qle]‘

Counterflow effectiveness
o 1- e[ -NTU(Qp. Q{1 - €{Q1-Q))]
eprE(Q-Q) = 2 Cr(Qq.Qy)-exp{ -NTU[Qy.Q))-(1- €{Qy. Q)]

EPH:E{QI . Qz' = 0.6765

Qp, = lepm.2gpm.. 15gpm

GBM 108

AN

08

07 o

Heat transfer rate for the PHE

o T3 T2-Q1- Q) = eppE( Q- Q) Cominl Q1 - Q2 Ty~ Tail

CrlTy- Tyl ) Co(Tap = Tyy)
Conn(T1i= T2)  Conn(Tyi— 1)

Since

EPHE ~
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133
. . - Coninl Q- Q)
Tyl T1i- T2i- Q- Q) = Ty~ eppp( Q- Q) —

s Y | T (Y
CI{QIJ { 1 a.'

. Cominl Q1- Q)
Tool T3 Toj- Q) Q) = Toj+ £pe( Q). Q) '

r

—————(Ty;- Ty
Glo) HH
2
(1) hy(Qq)-Pry
Q) =—m—m—m™
t Gy( Q)¢5
Ty, = 70°C Ty; = 30°C

Qg = 0.1gpm.0.11gpm.. 12gpm

T10{ T1i- T2i: Qn Q-2 73K

:
To( T1i: T2i Q- Q- 273K

Pressure Drop

The frictional channel pressure drop

26(Q;) L, G4(Q)?
APH(Qy) = I(D:‘] P, ltll Ny

AP (Qq) = 62215.psi

25(Qy) L, 645(Q,)°
APp(Qy) = Z{Dh' - 2t, —Np

APp(Qy) = 79119.psi
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The connection and port pressure drop

~ 4mdoty(Qq) ' 3
Gp1Q) = —— Gpy(Q) = 21803 10 25
“'Dp m -8
) 4-mdoty( Q)
Gpa( Q) = ;
x-Dp
, Gp1(Qy)” N
APpy(Q)) = 1-5~NP-LP1 APp(Qy) = 0.525-psi
Py
G 1{Qﬂ]2 o
_ p2l 2 | ) -
AP Q) = L3N, > APL(Qy) = 05298 psi
APy(Qq) = APq(Qq) + APL;(Qy) APy(Qy) = 6.7464.psi
APy(Qy) = APp(Qy) + &Pp(Qy) APy(Qy) = 84417 psi
GBM 220
15
= —— Hot side
@ — cold side
S ap {Qu 10 /
2 arjo,) /
5~ s i
Ll — |
(e
= /
00 5 10 13
Y
EpTD
Flow rate (gpm)
-
1565 (Q))" | Dypy

AlQ) = [N’ 1(Qy) -

2p .
/21600 N,
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Experimental Data

ORIGIN =1
AR
i=12.10
Mi,l =1
o Ty;- 213K
§.Z K

Mi,3 X
Ty - 213K
M =
i.4 K
Tyl Ty Toj-i-gpm.i-gpm) - 273.15K
M =
i X
ﬂ](i‘m) .-.&P;(i-gpm)
M, =— M =—
.6 psi & psi
Predictions
1 2 3 4 5 6 7
1 1 70.15| 35.2955 30.15| 64.4397 0.1201 0.1667
2 2 70.15| 37.1478 30.15| 62.6015 0.3566 0.4761
3 3 70.15| 38.5009 30.15| 61.2587 0.6863 0.8677
4 4 70.15 39.381 30.15| 60.3854 1.18 1.4867
M=|5 5 70.15| 40.1342 30.15| 59.6379 1.8003 2.2635
6 6 70.15| 40.8009 30.15| 58.9763 2.5454 3.1956
7 7 70.15| 41.4038 30.15 58.378 3.4138 4.2809
8 8 70.15 41.957 30.15 57.829 4.4041 5.518
9 g 70.15| 42.4699 30.15 57.32 5.5153 6.9053
10 10 70.15 | 42.9493 30.15( 56.8443 6.7464 8.4417

Ol Ll Zyl_i.lbl
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Adding temperature dependent
properties

Temperature dependent properties of water taken from table A.12 Thermal

Design
temperature range of properties, in deg
celsius p

0

20
40
60
80
100/

liquid density information, in
kg/m3
(1002
1000
994
983
974
\ 960

5

a1 = diy 2 = dly

dls2 = lspline(tx. dly2)
dis1 = Ispline(tx, diyl)

. ( Yooua 4 [ ) | E
paltavgt) = terpdst 5.y Lty Raltavg) = interp{ A2, i, diy2. typa =
m

m
dly3 = dly

dis3 = Ispline(tx dly3)
{ ) mte,p{cnss T ke jﬁ:;if;%heai information. in
") L (4217
4181
4178
4184
4196
\ 4216 /
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depl = depy dep2 = depy
deps] = Ispline(tx. dep1) deps2 := Ispline(tx, dcp2)

Spiltavt) = mep{dpsl 5,801, gy}

L -
Spaltave) = mtap{dcpslmdcpz:tmz)_ﬁ

depd = depy
deps3 = Ispline(tx. depl)

o3l tavgs) = intap{dcps-":tx,dcpltwg}).?g%

thermal conductivity information. in

W/(m*K)
(552
597
628
dky =
. 631
668
\ 68
dkl = dky di2 = dky
dksl = Ispline(tx.dk!) dks2 = Ispline(tx. dk2)
k[ taepy ) = interp{dis] tx. k.t ]-i ko tyepy) = imterp{ dics2. tx. di2.t -.]—E—
Fltavel! P avg2! | B o
dk3 = dky
. absolute viscosity information, in
dks3 = lsplme(lx,dk?&) N*Sfm"z ’ty '
(1792
: W
kalt = interp| dks3, tx, dk3. —_— 1006
3(tavgs) = interp{dis3. o0, 45, typ3) —
P 654
= am
3355
| 288
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TS e sy o oy
dvsl = lspline(tx_dvl) dvs2 = lspline(tx, dv2) s = Iplinetx )
Bl tavgt) = hmp{_dvsl,u,dvl,tml).w‘ﬁﬁ'z_’
m
: 16 Ns
Haltavg2) = mezp{dvsz,u,dvmmg)-m =
m

. _6 Nos
alt = interp| dvs3, tx, dv3, A0 T —
sl avgB' NORIP e 1. "’-tavgs.] 3

Prantle number
information

(1360
7.02
434
3.02
222

\1.74 )

2 = r3 o= ;
o — pry2 = pry pry3 = pry

prel = lepline(tx. pryl) prs2 = Ispline(tx. prv) prs3 = lspline(tx, pry3)

thl] = iautexp(prsl,b::pryl,twgl}
Mtw] = intetp{pml,b::pf}'-?:twgz)

Pfs(tavgs' = intexp{prsi,txzptyltﬂg;)
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Experiments. For the model and data that follows, when regarding side A and side B of the
heat exchangers, the hot side (A) will have a subscript 1, the cold side (B) will have a
subscript 2

Description of matrix columns: 1) hot loop flow rate, 2) cold loop flow rate, 3) T1i, 4) T1o,

5) T2i, 6) T20, T) normalized hot loop inlet pressure, 8) normalized hot loop pressure outlet, 9)
nermalized cold loop inlet pressure, 10) normalized cold loop outlet pressure,

11) T3i, 12) T30, 13) city water flow rate, 14) power applied to bulk heaters (accounts for
voltage drop across shunts in power calc)

f represents full power, h represents half power, i represents isothermal

(3016 3015 9215 57.06 4405 778 22198 21902 20277 19301 116 3517 4381 28283
3511 3306 8506 546 425 7167 20249 10609 18.996 17696 1168 3484 445 28284
4022 4011 8039 35366 4222 6795 19397 18534 18486 16812 1169 352 4437 28278
4504 4536 7639 32.44 4173 6456 18.633 17414 18.198 16.089 1141 3466 449 28265
5005 3011 752 5154 4128 6202 18.187 16585 18.052 1553 11.18 3434 43513 28261
5497 5507 7069 5099 4111 60.11 18195 16.143 17.828 14861 1126 3444 4520 28249
6016 603 6867 5066 4122 3856 18492 15045 17876 14352 112 3439 4535 28229
7021 7019 6548 4997 4119 5614 19.143 13535 18721 14064 1122 3443 4536 28206
7999 8005 6300 4942 4121 35433 20049 15248 19979 14014 1126 3441 43552 28189
8999 0018 6136 4935 4163 333 21225 15041 2145 13986 11.16 33508 4382 28164
9996 10066 60.16 4912 4182 323 22575 14862 23.162 13.977 11.17 3527 439 28132
\11.005 11.016 58.97 489 419 5151 24182 1474 24883 14022 112 354 4377 28115)

Mf2 =

i=1.12

(3021 302 518 3381 2644 4341 14385 1404 15085 13979 11.01 2329 4268 14216)
3516 3.323 30.87 3491 2794 4303 16726 16.149 15391 14229 1191 247 4218 14495
4036 4.037 4688 3312 2669 39.68 14944 13987 15705 13886 1101 2335 4271 14208
4508 4511 46.83 34.19 2801 3994 17032 15764 16286 14.164 11.89 2441 4375 14490
4901 5033 4366 3246 2669 3721 15678 13954 16527 1384 1094 2302 4441 14199
54968 53528 442 3377 2818 3798 17.686 15324 17202 14.118 1198 2435 4373 14484

6 6.018 4133 3188 2661 3545 16589 13925 1752 13.806 10.89 2291 447 14187
6996 7.038 3965 3148 2662 3422 17.672 13897 1871 13777 1089 2292 4478 14173
8038 8041 3844 3123 2667 3336 18931 13.872 20.056 13.749 10.88 2291 4493 14157
9.012 9027 3742 3093 26.63 32.61 20287 13851 213537 1373 1086 2291 4512 14144
10.013 10.016 36.67 30.76 26.68 32.00 21.833 13848 23204 13731 1089 23 4526 14128
\11.016 11019 36.04 3061 2672 31.65 23.621 13895 25065 13.811 1088 23 4533 14130,

ol Laa Ejl_ﬂbl
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(3.028
3.488
4016
450
5.019
5.506
6022
7.021
8.008
9.004
10.028
\ 11.007

2=1.12

3.0235
3.497
4.015
4518
5.01
3516
6.039
1.017
8.01
9.017
10.013
11.029

=1.12

17.85
1351
16.29
13.05
155

13.08
14.39
1423
13.91
13.61
13.66
13.84

16.88
12.57
1544
1227
14.66
1232
13.35
1353
13.17
12.89
12.96
13.14

16.66
1253
1332
233
14.56
1238
13.46
13.53
13.15
129
12.98
13.13

1729
13.05
15.79
12.67
15.01
12.7

13.91
13.83
13.49
1321
1327

13.43

14,582
14.623
15.191
15.386
16.018
16.323
17.008
18.144
19.435
20.893
22.563
24389

14216
14.059
14164
14.02

14.143
14011
1412

14.099
14.086
14.071
14.068
14.123

15328

15.44
15.995
16.261
16.885
17242
17.994
19216
20.622
22215
23.949
25934

14.17
14.022
14.108
13.988
14.089
13.961
14.066
14.048

14.04
14.031
14.044

1415

155
11.88
14.61
11.87
13.74

119
12.58
13.05
1236
1217
1226
12.34

16.01
1238
15.09
1224
1431
1229
1322
13.42
1293
1273
12.81
12.96

4429

28
4.435
4269
4413
4266
4.405
444
4437
4416
4.446
4457

Now listing experimentally determined hose pressure drops. The values correspond to the
closest nominal flow rates in the experimental heat exchanger data. First column is for raw

L= T =]
—

O O O O O QO O O Q

(=1
| -

140

hot side pressure drop and second column is for the raw cold side pressure drop

(1) 1s full
power
2 half power
3 isothermal
(-0318 0363
0212 047
-0.101 0.618
0029 0.735
0225 0895
. 039 1052
) P71 0553 1207
0948 1.584
1.385 2.001
1.801 249
2433 3.023 ,
r all three experimental runs share the same sets of
L 303 3576)  gow rates
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Now creating additional matrixes to calculate perturbations in the data due to
measurement

uncertainties  ycifiowmeter! = 10034 Uniflowmeterl := 1.0052

RS Uhlflowmeter2 = 0.9948

maximum heat transfer error matrices
Mﬂeni 1= Mﬂ;‘_i l-Uhlﬂowmetul Mﬂmi 8= Mﬂli ~-Utclflowmeterl

T1i value T1o value
mﬂj = Mmirs + .16 MﬂeniA = Mﬂli:4+ -.16
T2i value T20 value
Mferr . =MD22 _+-16 Mfer ,=M22 . +-16
i.3 i3 i.6 i.6
Hot loop raw pressure
drop
Mferr. , = M2 _.1.00285 + 049 Mf2err, [ = Mf22 . 99715
i.7 i,7 i.8 i.8
Cold loop raw pressure
drop
lv!.ﬂ.mi'_g = Mmiﬁ M&mi,lo = Mmi,l()
Mlar, 4y =0, o Miew, g we MES 0y
Mﬂﬁfi,lS 2= mi,lS Mﬂmi,la‘ = Mﬂl‘r“

half power error matrices

Now defining property values from matrixes
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QLML D) = Mfi‘l-gpm Q2(MIL.1) = Mf_l_2~gpm Q3(Mf 1) = Mfi‘ls-gpm

TliMf,D:-h[f.ls"C—.B“C T2(MS 1) :=Mfi5°C‘.02°C

Tle(Mf.1) = M.fi 4°C- . b T2o(Mf.1) = Mfi 6"C-— 10°C

T3i(Mf.1) = Mf': lIbC Tio(Mf.1) = Mfi 12"C

(Mfi - .,73.] + (MfL 4 21) (Mfi__j - .02_) e (Mfi: & _1)

W3
; M i) = —
2 » 2

avel(Mf 1) =

MIf. 9 Mfirlo

tavg3(MF i) = ‘_2_

Now listing experimentally determined offsets for temperature difference and pressure
APhotoffset = 54

APcoldoffzet == —.1

Considering the offset of
AP

API(MF i) = ]:(Mfi’.! - Mfizs] + APhotoffut]-psi

AP2(ME i) = I:(Mfigg— Mfmoj + APcoidoﬂ'set]-psi

ol Lel ZIJLELI
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Now calculating NTU
relationships

CIOME D) = py(tavgl(ME D) QUOME D-cpyg (tavgl (ME D)
C2(ME ) = py(tave2(ME ,D)-QXME ,D-¢p(tave2(ME D)

Cmin(Mf . 1) = min(CI(Mf . 1), C2(Mf . 1) Cmax(Mf 1) = max(C1(MFf 1) C2({Mf .1))

CrOME ) = CAMED
Cmax({Mf .1)

e(ME.D) = CIL(MIE . D-(T1(Mf 1) — Tlo(Mf 1))
A Cmin(MF 1) (T1(MF .1) — T2(Mf.D) + 0)

1 1 - e(Mf.1)-Cr(Mf£ .1)
NTU(MSE 1) = -
M"W’“{ . l-Cr(Mf,ﬂh{ 1—e(Mf.1) )
NTU(MI 1) Coin(MF 1)
Mf.1) =
U2(Mf .1 ™
Ay
Uz(Mfi) T-Fl
"
Mf.1) =
Y | 205
Ky

This section calculates values from the data, friction factor, reynolds,
colburn, etc.

py(tavgl(MF _)-QI(MY i)

o p(tavg2(MF ) Q2(ME D
Gl(m_l} < _A‘cl GXM{,E) =
Ao

4-p(tavgl(Mf.1))-QL(MS D 4-py(tavg2(Mf.1)-Q2ME .1)

GpI(ME .1 = - Gp2(ME i) = -
?\'-Dp ?\'—DP
B(ME )P (tavel (MF D) 3
JLOME ) >

(M, 1)-Pry(tavg2(M . )

= : (M) =
GIOME.D-cpy(taglMf.D)  ROMED GAME - (1avg2(MF D)
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The various friction factors calculated below represent different corrections applied. f1is the
basic form used to calculate the friction factor, while the hose designations have the

experimental hose pressure drop subtracted from them. The h designation at the end is used
to distinguish between the various runs with different numbers of flow rate sets.

; o2 | Dyypy(tavgl(ME D)
SAOME D = | P10t - L5 (CPIOE.D) Dyy-py(tave
2-py(tavgl(Mf .1))

p
z.Lp.Gl(m=;)‘

_ , 15.(Gol(Mf 0)* | DyPy(tavel(ME.D)
flwithhosef (MF i) = [Lapuw,n-gmomopi_ﬁamwﬁmp.psi]- L3 AEpUMT D) ],Dh i

2o ralMED |51 crourp?

; 2 Dy -pa(tavgd(ME i)
£2(Mf . 3[&2@\“,1)_ L5-(Gp2(Mf.1) } Dy-P2

z_pz(mgl(Mf,i)) 2.L - G2(Mf i)l
p 3

| . 2 Dy py(tavgl(M£ . ))
ot 03 i ] 080 ] 2
\ . Py 1

2~LPVGI(M=T,I2

GI(MED-
RAMLD = Tfnh REAMED = o
py(tavgl (M. D) RV (g0 D)
h(Mf:i)—Lp

Nul(Mf D) =
by

Now calculating values from martin correlation
hy(Q)-L,,

Nuy(Ql) =
1 K,

Q1,= lgpm. 1.02gpm.. 15gpm
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Full power values

1 =
o
i
. Y s v ey
=)
°
& alal
‘= fwithhosef (NI, §)
= OO0 0.1
2 M)
oY )
EAA ~..
S
LO} ""---t!.i----ﬂ-...v--..'\'«-\,_~
—
POML Bospg
0.01
100 1x10° 1x10*
Rep(Qp).Rel{M22,0) Rej( Q| Rel(Mf22.))
Reynolds Number
01
™~
Q)
=1 "‘\.\
JLMER2 6 =
aa \\\
.
Aﬁqﬂ¥
""!&%
0.01
100 1x10° 1x10*
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1107
L
Nuy Q) 1, ‘Qi
e f/; A%
Nol (ME2,§) 100
FY Y
Nol (MK22,i2)
AAD
10
100 1=10° 1=10*

Rel{er] JRel{ME2 ) Ral(MR22,iD)

half power values

! o
Qo
0“@: { Vava et
=
=
,_E
g 4@
g —
- flwithhosaf (Mh22, i2)
= OO0 01
ER
JI(MRIZ.i2)
E AA i
=
=
5 P
&Ml \Nﬁ
Lh u:m
0.01
100 1x10° 1x10*
Re;(Qq| . Rel(Mh22,i2) Rey(Q; | Rel(MK12,i2)
Revnolds Number
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0.1
J'I{Qﬂ
JU(MR22.12)
ah Fa hﬂ\
4 ‘a yes M
i'm!flaA
0.01
100 1x10° 1x10*
Rep(Q) | Rel(ME22,i2)
Isothermal pressure
1
™~
O o
© %OOSCOD
Q)
flwithhosef (Mi22, i3)
C O
0.1
100 1x10° 1x10*

Re)(Q)| . Rel(Mi22,i3)
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Now what follow is a calculation of the associated error for heat transfer, reynolds
number, convection coefficient and friction factors

ATatyoffset = 0

ATI(ME 1) = TH(MI i) — Tlo(Mf 1)

AT2(MF 1) = T2o(Mf.1) — T2(M{ .1)
AT3(MS .1) = T3o(Mf 1) — T3(MI£ .1

mandot1(MF ) = QL(ME.i)-py (tavgl (MF D)

mmdot2(MF ) = Q2(ME .i)-p(taved(ME D)

mmdot3(Mf 1) = Q3(Mf ,i).ps(tang(Mf %))
Qheat1(Mf .1) = mmdot1(Mf ,f)-cpl(tzvgl(Mf,D)-ATl(Mf,:)

Qheat2(Mf 1) = mmdot2(Mf =i)-cp2(tzng(Mf A)-AT2(ME LD

Qheat3(Mf 1) = mmdot3(Mf =D~cp3(tzv33(Mf ))-AT3(MS 1)
Qheatelectric(Mf 1) = Mf_ , . W

Qbxmin(Mf . 1) = min(Qheat 1(Mf ). Qheat2(Mf .1))
Qhxmax(Mf .1) = max(Qheat1(Mf . 1) , Qheat2(Mf .1))

Qheat1(Mf . 1) + Qheat2(Mf 1)

Qhxavg(Mf.1) = 3
Qdiffhotvscold(ME i) = Qhunax(Mf:i)'- Qhxmin( M 1) 100
Qtomin(M£ . 1)
: Qheat 1(M i) — Qhxavg(M# ,i)
Qdiffhot(Mf 1) = 100
D Qhxavg(MF ,1)
Quiffoold(M i) = 2DeAtZAME.D — QuuavgMELD o
Qtxavg(Mf . 1)
: g Qheatelectric(Mf . 1) — Qhxavg(Mf . 1)
hxavgvselectric( Mf .1) = .100
Q ¥ Qhxave(Mf 1)
. Qheat 3(Mf . 1) — Qhxavg(Mf 1)
hxavgvscity(Mf 1) = -100
Q )] Qg MF D)
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Qdiffhotvscold represents comparison between the min and maximum experimental data.
Qdiff hot and cold represent the heat transfer differences using the method used by muley
and manglik 1999 asme paper.

i M1 = . :
el smenn.) =Qd‘fi°‘;‘:{;m=ﬂ T QaffeoldMIR. D) =
1.7822 1.5828 : -1.5828
17046 2.6414 i 0.2109
17275 1.833 :z'(z};z; -0.4798
1.8436 2.8027 = 0.7751
1.2413 1.2119 s -0.0528
11269 2.2872 : 1.0472
1.0627 1.6009 z:gz; 0.126
1.0436 1.3089 = 0.3325
10164 1.5908 ' 0.5513
0.0214 1.5529 g'::; 0.6593
0.7418 1.7603 : 0.7812
1.938 0.8988 0.8376

Qlmavgvscity(MR2,i) =  Qavgvselectric(Mf22. 1) = Qeiffhotvacoli bt =

2.1483
2.1422 6.0516 Sy
1.6964 5.729 1.9858
2.4776 5.2071 1.8145
2.3841 4.9592 L2368
i} L 0.7917
2.3315 4.7442 0.7189
2.454 4.3427 0.4897
2.6876 4.3117 04475
E = 0.351
2.6148 4.054 0.1692
2.6574 3.967 0.1559
2.0051 3.802
2.8299 3.5924
2.7578 3.3755

Ol LAC U Zyl_ﬂbl
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Appendix D

MATHCAD for GB240H-20
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MathCAD format solution:

Test Heat Exchanger GB240H-20

Hot and cold water properties at Tf

Thot_water = 30°C Teold water = 40°C
Hot water (subscript 1) Cold water (subscript 2)
k
pp = 983 Ei py = 994—%
m m
J J
c.q = 4184 —— e~ = 4178 ——
pl K Pl kg K
W W
ky = 0639 — ky = 0.628 —
m-K m-K
-6 N- -6N-
py = 471007 022 by = 654107 822
m” m
Pfl =302 Pl’z =434

Thermal conductivity of the plate (Stainless Steel AISI 316)

< 134 w
K " mK

Given information

Volume flow rates for hot and cold water

Qq = 10gpm Q, = 10gpm

Mass flow rates
" k
mdoty(Q) = py-Qq mdot(Q) = o.szuf

mdoty( Q) = py-Qy mdoty(Q,) = 0.6271 ke

s
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Geometric parameters:

Np =1 Number of passes

3 = 60deg Corrugation inclination angle (chevron angle)
N, = Total number of plates

Dp = lin Port diameter

t,, = 0.087in spacing between plates

o= 40deg Corrugation Pitch angle
X = tytan(a) Corrugation Pitch (=wavelengtht) A=0073in
4 = 0.6mm Thickness of the plates

Use the dimensions of the test heat exchanger

1 1 = 1 = - i = -1
W, = 3in Lygp=163n  L,=Ly,~15n  Lp=148in
I‘{p = l'n'Nt [{p = 1.74in

Number of wavelength per single plate

N'=h)
TN

Number of channels for hot and cold fluid

N
Nl'=—-
< ZNP NC1=10
No= Nt 1
“fed - ZNp N =9

Amplitude of corrugation and channel spacing

2[&) cconrn DS NSNS

Ny

Caorrugation ratio y
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N
X

Corrugated length

X

5
2mwal”
L, = 1+ co
» j [ X
0

Heat transfer area for hot fluid (fluid1)

Al = 2>L>\N>\“LPNC1

P

154

~ = 1.7363

2
Ay =11862m"

,
Ay = 1.0676m"

MNow setting the heat transfer area equal to the minimum area, which is A2

st A2

Projected area for the plates

Apy =2 WL Ny

Enlargement factor ¢

LN
PO\
d =

o

Exact hydraulic diameter
Dy =
Minimum free-flow area
A= l-a—WP-Ncl

ACZ =2 &WP'NGZ

Mass velocity
. mdoty(Qy)
Q) = Ay
<
. Gy(Qy) Dy
Re(Qy) = Ty

¢ = 20705

. 2
."\cl = 19013-in

2
A= 171120

Gy(Qy)

= 051432
Py s

\'l =

Re;(Qq) = 16725 10°
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: mdo‘g(Qﬂ GE{QZ} m
j=— Vq = ~ =03715—
GZ{Ql _&ﬂ 2 pl s
. Gyl Qy) Dy, , 3
Rey(Qy) = T Re,|Qy) = 13506 x 10
Friction factors

Martin's correlation (1996) for the Darcy friction factor is modified by the Fanning friction
factor.

Martin, H., 1996, A theoretical approach to predict the performance of chevron-type plate
heat exchanger, Chem. Eng. Processing, Vol.35, pp. 301-310.

£01(Qq) = [ (156 n(Re;(Qy)) - 307 i Rey(Qy) 2 400
16
Re(Q)

otherwise

faal Q) = |(15610(Rey(Qy)) - 30" i Rey(Qy) > 400

otherwise

if Rey(Q) 2 400

- + 09625 otherwise

9.75

i) | ez

+ 09625 othersise

cos(8) 1 - cos(@) ) i

fl(Q1] = £01(Q1))05 +( S

0.045- 3) + 0.09-st
( tan(F) + 0.09-sin() + -

£,(Qy) = 05039
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- cos(B) 1- cos(i3) i
fZ(Q?J s 0.3 - [ 386,5(Q J
[o 045-tan((3) + 0.09-sin(P) + f°2{'Q2)] '
) ) cos(f3) .
£5(Qy) = 05144
Heat transfer coefficients

wlv—

: k

1
s 0374
hl(Ql) - D—L-I:DJO.*»P:] !6-(!‘1((11)-1{31((21)2-3'.,(2.;3)) :|

N 4 W
hy(Qq) = 23011 x 10 5
m K

laalr-a
| -

k

oy [ _‘ . 0_374]
@) = o {02050, " 1 () Resf 0 sm09)

ByQg) = 21917 x 10—

m“K

Owerall heat teansfer coefficient

1

_—  —— + —
h(Q)A; Ky By(Qy)

Uy(Q).Q,) = 74705 x 103-¥
m'K

: 3 W
Us{Qy.Qy)-Ay = 79753 x 10—
2Q1. Q)44 w0

Effectiveness-NTU Method

C4(Qq) = mdoty(Qy)-cpy ¢4(Qy) = 26001 x 10° ’“_"_f
K-s™

; ; _ .

CyfQq) = mdoty(Qy)-cp) C5(Qy) = 26201 x 10° ':( :
-8
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~
7

Coi 0103 = (1)) Gl Q) =200 10”25
Conax( Q- Qq) = max(C1[Q)).C5(Qq))  Cpuay{ Q- Q) = 26201 10’ %
CrlQp. Q) = gﬁ;—"g CrlQq. Q) = 0.9924

Counterflow effectiveness

“ 1 - exp[-NTU[Qq.Qy)-{1 - €,(Q1.Qq)]]
¢prE(Q1-Q) = 7= CelQq. Qq)-en -NTU[Qq.Qq)(1 - €(Q;.Qy)]]

eprg( Q1 Q) = 07363

Qp = lgpm.2gpm.. 13gpm

GBM 108
093
0. \\
0.85
L"“E{Q’“’Q“] 08 P
0.73 \ ‘\‘\
O'TO 3 10 13
Qm
gpm

Heat transfer rate for the PHE

q( T35 T Q1-Q)) = €pgE( Q- Q) Copin Q1 - QT35 - Ty)

A Crl Ty - Tro) - (T30 - Toi)
PHE™ Con (Tt~ T2)  Comier( Tt~ i

Since

157
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,, - Comin( Q- Q)
Ty Ty3:Ti-Qq. Q) = Ty; - pyp( Q. Q)

e N .-

4  Coinl Q1. Q3
Tol T1i Toi Q- Qo) = Ty + EP}E{QI,QZJ-—?{{;TJ-[TH - Ty)

| rs

() - By(Qy)Pry
e Gy(Qq)-cp1

Ty; = 70°C Ty; = 30°C

Qp = 0.1gpm . 0.11gpm.. 12gpm

10

S

60

Tl Tti: Tai- Qe Q) 273K

g 5
Tyo T4 T2j- Q- Qu)-273K

40
/ﬂ
30

0 107"

Pressure Drop

The frictional channel pressure drop

o 2f(Q)L 01(01)2
APy (Q) = " L. 5 N,

APgy(Qq) = 92077-psi

C26(Qy) ¥
arfe) - z(;zz)Lp C‘z(;z 5,

APp(Q,) = 11.7096-psi
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The connection and port pressure drop

~ 4mdoty(Q,) 3
Gp1(Q) = ——— GplQq) = 12264 x 10 ‘;g
W'Dp m -s
4-mdoty(Q,)
GpZ(QZ) =
7\'—Dp
3 Gpl{er , ; )
APpy(Qq) = 15Ny zor AP(Qy) = 0.1661-psi
Gpal @) _
p2 )
AP, =15N- AP = 0.1676-psi
pZ(Qz) P 2py pZ(sz
APy(Qy) = APy (Qy) + APRy(Qy) APy(Qy) = 9.3739-psi
APy(Qy) = APy (Q) + APy (Qy) APy(Qy) = 118772 psi
GBM 220
20
= —— Hot side
@‘J i cold side /
S APy(Qy) /
T e / /
= 1
2 APQp) "
& pds
do 5 10 13
Om
gpm
Flow rate (gpm)

‘-S'Gpl(Ql}‘J Dy, py

\2
2LyGy( Q) N,
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ORIGIN =1
AAAAAAAAIANA
i=1.2_10
Mi,l =1
Ty: - 273K
M. = h—
1,4 K

Ty Ty Toy-Fgpm.i-gpm) - 273.15K

160

M" ~n
1,3 K
" Ty - 273K
.47 K
Tyo( Ty Tyj i gpm.i-gpm) - 273.15K
M. .=
i3 K
AP (1-gpm) APH(1-gpm)
M g=— M ,=———
1 psi % ps1
Predictions
1 2 3 4 5 6 7
1 1 70.15| 33.6986 30.15| 66.0243 0.1716 0.2406
2 2 70.15| 35.0896 30.15 64.644 0.5034 0.6799
3 3 70.15 36.134 30.15( 63.6076 0.9608 1.2286
4 4 70.15| 36.8266 30.15( 62.9202 1.6486 2.1017
M=|5 5 70.15| 37.4279 30.15( 62.3235 2.5117 3.1959
& 6 70.15| 237.9669 30.15| 61.7886 3.5473 4.5075
7 7 70.15| 38.4598 30.15| 61.2995 4.7531 6.0337
8 8 70.15| 38.9167 30.15| 60.8461 6.1271 1.772
g 9 70.15| 39.3445 30.15 60.4216 7.6679 9.7205
10 10 70.15| 39.7478 30.15| 60.0213 9.3739 11.8772

o)L Zyl_i}bl
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Adding temperature dependent
properties

Temperature dependent properties of water taken from table A.12 Thermal
Design

temperature range of properties, in deg
celsius ’
[

20
40
60
80
\ 100

liquid density information. in

kg/m3

(1002}
1000
994
983
974

dyl = diy aiy2 =y

dis2 = Ispline(tx, diy2)
dis1 = Ispline(tx, diy1)

- e

Raltavgl) = ‘"‘“P{dlsl,m,dtyl,tavgl)-k—i Raltavgy) = interp{ ds2. 5. diy2.tyyg)) 3

m

dly3 = diy

dis3 = Ispline(tx, dly3)

- < specific heat information, in
P3ltavgs) = interp{dIs3. . dv3.tyygs) = JiegK)

&

B

(42177
4181
4178
4184
4196
| 4216 /

depy =
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depl = depy depl = depy

deps] = Ispline(tx, depl) deps2 = Ispline(tx. dep2)

S J
/Expd.(tavgl) = map(dq)sl ., depl =tavg1)“k—g_z

) =i
r?\lﬂ[tavgl, = mtelp{dcps?.,tx,dcpz,tavgﬂ.;;g
dep3 = depy

deps3 = Isphne(tx, depl)

) = i 3 4 .
cps(tavgg,) o= mtmp(dcps:ztx:dcpgjtav gﬂﬁ

thermal conductivity information, in

Wim*K)

(552"
397
628
651
668

.68 )

dky -

dkl = dky di2 = dky

dksl = Isphne(tx, dkl) dks2 = Ispline(tx. dk2)

r

. LW - :
,g]";i,(tavgl) = mtetp{dksl,b(,dkl,tavgl_j-ﬁ Alzigl{tﬂ\"gl' = m’tetp{dkslxtx,m,tm,gzj E

dk3 = dky
dks3 = Isplne(tx, dk3)

_ W absolute viscosity information, in
k3(‘a\'&’;) = interpLdI:SB,tx,dB,ta\,g_;,j-H N*s/mr2

17927
1006
654
4mn
355

| 288 )

dvsy =
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dvl = dvsy dv2 = dvsy dv3 = dvsy
dvsl = Ispline(tx, dv1) dvs2 = Ispline(tx, dv2) it = eplioa(is. 65
S v =8 N-s
Hiltavg) = interp{dvsl . dvl.ty g ) 10—
. —6 N-s
Haltavga) = interp(dvs2, tx,dv2,tyyg)-10 =
m
5 3 o= 6 N-s
HS{tang} = mte:p{d\rSS,u,d\r:,tavgsfl-w —
o
Prantle number
information
(13.6)
702
434
Y= sm
222
\1-74_)
proll 55 pry pryl = pry pry3 = pry
prsl = Ispline(tx.pryl) prs2 = Ispline(tx. pry2) prs3 = Ispline(tx, pry3)

mtavgl) = mte'p{pts‘ ,tx,ptyl =ta\rgl)
mtavgl’.) = htetp{prsz,tx,ptyz,t“gz)

PrS{tanS) = iﬂtelp{prss =“=P‘y3 =tavg3:'
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Experiments. For the model and data that follows, when regarding side A and side B of the
heat exchangers the hot side (A) will have a subscript 1, the cold side (B) will have a

Descnptlcm of matrix columns: 1) hot loop flow rate, 2) cold loop flow rate, 3) T1i, 4) T1o,
5) T2i, 6) T20, 7) normalized hot loop inlet pressure, 8) normalized hot loop pressure outlet, 9)
normalized cold loop inlet pressure, 10) normalized cold loop outlet pressure,
11) T3i, 12) T30, 13) city water flow rate, 14) power applied to bulk heaters {accounts for
voltage drop across shunts in power calc)

(2997
3.514
3.999
4517
5.006
5.511
6.002

M2 = 6523

7.013

7.509

8013

8.519

9012

9522

| 10.013

i=1.13
3.018
3.509
4017
4507
4999
5.51
6.009
Mh22 = | 6501
7.001
7.499
8.007
8.5
9.004
9.505
\_10.006

3.016
3315
3992
4513
3013
5.523
6.024
6516
7.01

—d
n
[3%]
Gy

b
o

16
8513
9.024
9524
10.006

3.011
3.508
4.01
4301
5.009
5514
6.005
6518
7.013
7514
8.006
2502

9.506
10,012

f represents full power, h represents half power. i represents isothermal

9031
84.65
19.49
R
1299
7184
69.73
6747
65.51
65.68
63.00
63.72
614
62.15
60.08

5197
4953
4728
4571
44.78
43.16
4299
an
41.64
40.69
408

4021
3991
3938
3945

56.97
55.64
53.83
3283
5233
53.08
52.46
5151
50.57
bl Wy
4593
5134
49.66
51.02
4942

4834

477
46.34
4588
435.63
46.69
4628
45.54
44.81
46.16
4451
46.09
4434
46.04
4454

2055
2975
2962
29.66
30.11
2957
3036
20388
3052
30.13
50.78
30.64
3075
30.8

3102

80.82
BN
71.08
678
63.46
647
629
60.92
59.17
59.54
57112
3795
5577
36.69
5472

46.16
417
4231
41.02
4029
389
3892
3179
3787
37.04

AV
g

36.7
36.56
3632
3626

22297
2042
18.94

18.365

18.072
18212

18.586

18.851

19223

20.013
2041

21.379

21952

22.966

25.896

14.452
14.798
15224
15674
16.192
16.772
17.377
18.039
18.751
19.509
20.335
21.187
2211
23.106
24181

21.756
19341
17.67
16.616
1583
15411
15.175
14.767
14.447
14502
14.084
14.198
13.859
13912
13.826

13.872
13.858
13.845
13.835
13.835
13.82
15.81
13.798
13.79
13.776
13.772
13.766
13.76
13.779
1382

21.106
19648
18.539
18.176
18.083
18.304
1833
19.027
19.801
20.658
21517
22474
23.501
24571
25.681

15.04
15415
15.889
16.411
17.035
17.683
18.368
19.138
19.939
20.79
21.695
22635
23.685
24801
25982

19.88
17.983
16.391
15471
14.803
14378
13.741
13.702
13679
13.687
13.645
13.661
13622
15649
13.678

159
1594
1398
15.88
15393
16.06
16.14
15.67
1529

144
1448
14.37
14.59
14.74
14.73

3 1485

15.01
15.06
1512
1518
15.23
1526
1531
1528

37.53
3851
3191
37.74
3784
38.83
38.61
319
374
39.02
3717
39.16
3733
392
375

4.548 27089
4363 27055
4544 27044
4571 27030
4563 27029
4357 27023
4439 27008
421 27007
4519 26996
418 26085
4555 26974
4194 26087
4566 26964
4217 26957
4575 26975)

44 137310
4422 13728
4527 1372
4598 13721
4339 13721
4715 13717
4374 13711
4718 13702
4348 13696
4656 13693
431 13689
451 13681
4477 13676
4479 13668
4358 13662
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2=1.13

(=}
-

73.001 3.011 1733 1669 1665 1692 14616 13976 15524 14006 1644 166 4297
3505 3501 17.17 1652 1648 1676 15005 13.938 135957 13987 1622 1642 4313
4008 4007 1701 1637 1635 1661 15453 15946 16.468 13975 16.11 1631 4312
4508 4509 17.01 1639 1637 1661 15954 13935 17.04 13962 16.16 1633 4.656
5006 5019 1692 1628 1626 1652 16309 13923 17665 13951 1601 1623 4.648
551 5502 1686 1624 1623 1647 1712 13914 18326 1394 1505 162 4343
6007 5998 1668 1604 1604 1628 17.766 13903 19.057 13928 15690 16 43514
=] 6508 6513 1673 161 161 1633 18479 13893 19.860 13018 1576 16.04 4.603
7007 7016 16.76 16.14 16.13 1636 19234 13385 20726 1391 158 1609 4612
7498 1503 1668 1604 1603 1628 20028 15.879 21399 13904 1558 1593 4.626
8012 8006 1683 162 162 1643 20909 13874 223568 13901 1575 1612 4.395
8519 851 17.13 1649 1648 1672 21812 13872 23385 15904 1594 1638 4236
9012 8996 16.79 16.14 1612 1639 22774 13876 24649 13918 1551 16.01 4306
9.512 9332 1681 1617 1614 164 23841 1391 25865 13960 15553 1602 43595
|, 998 9001 1696 1631 1629 16354 24.888 13042 26962 14020 1562 1615 4359

(I~ - - - - - - - - - -

(=}
i

i3:=1.12

Now listing experimentally determined hose pressure drops. The values correspond to the
closest nominal flow rates in the experimental heat exchanger data. First column is for raw
hot side pressure drop and second column is for the raw cold side pressure drop

(1) is full

power
(0318 0363 2 half power

0212 047 3 isothermal
-0.101 0618
0.029 0.755
0225 0895
039 1052
0553 1207
Mhosedrop = | 0.746 1.391
0948 1584
1.17 1787 _
all three experimental runs share the same sets of
1385 2001 [  gow rates
1634 22534
1891 249
2162 2763
\ 2433 3.023)
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Now creating additional matrixes to calculate perturbations in the data due to
measurement
uncertainties

Uclflowmeter] == 1.0034 Uhiflowmeterl = 1.0052
Do e etekin SEEH Uhiflowmeter? = 09948
maximum heat transfer error matrices

Mﬂwi = Mﬂ?.i -Uhiflowmeter2 Mﬂmi 7= Mﬂli l-UcIﬂmmeterl

1
T1i value T1o value
Mflerr. , = Mf22. . + -.16 Mflerr. , = Mf22. , + .16
1.3 1.3 1.4 1.4
T2i value T20 value
Mflerr. . = Mf22. _ + 16 Mfemr. . = M22. _+-16
t.5 1.3 1.6 1.6

Hot loop raw pressure
drop
Mf2err. . = Mf22. _-1.00285 + .049 Mf2err. , = Mf22. -99713
3.7 1.7 1.8 1.8

Cold loop raw pressure
drop

Mﬂm’i:g o= Mﬂli:g Mﬂeni:w = Mﬂ;’.i:lo
Mﬂexri:“ = Mﬂzi,ll Mﬂ,mi:u = Mﬂzi:ll
Mﬂmi:l?' = Mf22, |, Mﬂeni= 1= Mﬂzi,ld

half power error matrices

Now defining property values from matrixes

QI(ME i) = MfL ;- gpm QM .§) = Mfi:l—gpm Q3(ME 1) = Mfi:w'

166

gpm
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TLi(ME 1) = Mfi 3"C— J3°C T2(ME 1) = Mfi_j“C- 02°C

Tlo(Mf,:]?Mfi‘t"C—.Zl"C Tlo(h-ﬁ',i)FIv!fi_G”C-.IO"C

THOMED = Mf, ,,°C  Tio(Mf.) = Mf, ,,°C
ME. . - T3)+ (ME. , - 21) ME. - 02) + (M. .- 1
tavgl(ME i) = { 1.5 J ( 1.4 ' taved(ME i) = ( 1.5 J., ( 1.6 ]

2 Ee

ME.
tavg3(Mf i) =

+Mf; 19

s

Now listing experimentally determined offsets for temperature difference and pressure

APhotoffset = .34

APcoldoffset = -1

Considering the offset of
AP
API(MS i) = |:(Mfi 5= M, s') + APhotoﬁ‘set]—psi

AP2ME ) = [[Mf; o= ME; o) + APcoldoffset]-psi
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MNow calculating NTU
relationships

CI(ME ) = py(tavgl(ME i) QI(ME .i)-cp (tavel(VE )
C"){Mf 3 ‘) = Pz(ta"'gz(hﬁ' :'))’Qz(w 2 i) 'sz(m"g)(Mf ::))

Cmin(Mf 1) = min(C1(MF. 1) C2(Mf. 1)) Cmax(Mf .1) = max(C1(Mf i) . C2(Mf .1))

et g = SO D
, Cmax(Mf .1)
G e LT JF{TIME y T1of bt 9]

Cmin(Mf .1)-(T1(Mf .1) — TAME 1) + 0)

- 1 o1 - (MF,i)-Cr(MF i)
ARAME-D l—c:r(Mf.-)h( 1-e(Mf.9) )

NTU(MS .i)-Cmin(Mf .1)

U2(ME i) = 5,
=)
U2(MS .9)- A +1
1
h = x
Q) —Gowas
Lo
This section calculates values from the data, friction factor, reynolds,
colburn, etc.
gl -QI(NE
GI(ME i) = PRIGHOE DO  py(tave2(MF.D)-QUME )
Ay GUME i) = =
c2
£-py(tavgl(ME 1))-Q1(ME D) 4-py(tavg2(ME .1))-QUME .3)
GpI(ME i) = - Gp2(ME i) = .
rr-Dp‘b '.'r-DP"

ur | b2
w | ra

Mf .1)-Pr A
A~ h(Mf .1)-Pry(tavgl(Mf 1)) B(ME ) Pro(tavg2(MF 1)

VT GIME Do (tavel(ME ) RO = O 3oy oD D)
Dy :
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The various friction factors calculated below represent different corrections applied. f1is the
basic form used to calculate the friction factor, while the hose designations have the
experimental hose pressure drop subtracted from them. The h designation at the end is used
to distinguish between the various runs with different numbers of flow rate sets.

L coie « 15(GpteME,)” | Dpy(tavelMF.D)
FLOME ) = {APl(Mf,:) - 2'p1(ta\'gl(Mf,:))}

2L, GI(ME G

Dyy-py(tavgl (M .5))

2—1P—61M,az

. N . | S 15Gp1ME )’
flwithhosef (Mf i) = [[API(M(‘,:) = {Mhosed:ropi:i + APhotoﬁ'set,-pﬁ] - 2—pl(tavgl{hﬁ',i))}

| g _ 15-(Gp2(ME .9)° Drppltave2V.0)
(M) {APHWJ) z.pz(tangMf:i))]

2-LP-G2(M.f,i)2

3 2 -0 ol 3
f2withhose(Mf 1) - 1.5-(Gpl{Mf 1)) —I Dy, -py(tavgl(Mf 1)

[I:API(MLD - (Mhosedrop, , + APcoLdoffseq-psi] -

2—pl(tavgl(Mf,‘))_I g.Lp‘Gl(Mf,:)z
GI(ME ,i)- i
RME) = B GOMEDy
py(tavegl(ME 1) e po(taveg2(Mf . 1))
h@*‘ifs‘)'l'p
Nul(Mf.f) = ——
Ky

Now calculating values from martin correlation
hy(QDL,,
Ky

Nuy(Q1) =

Q.= lgpm.1.02gpm.. 15gpm

Full power values
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1 -
T
.
b]
(€
g
8 .
"é Q)
5 flwithhosef (M2 i)
E oo @
'g 11(Qy) ’
g jlM22LD
% =
=5
=
=] I
&) e ———
-‘\-‘""5—
4 Mﬂﬁm
0.01
100 1x10° 1x10*
Re;(Q).Rel(M22.i).Re;(Qy ). Rel(M£22.9)
Revnolds Number
0.1
N
1(Q1) A
jloMR2.) N
A A \
-
MQ"’Q
ﬁ%%
0.01
100 1x10° 110*

Re;(Qq).Rel(MR2.7)
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Colburn and Friction actor

lxl'ﬂsl
i
‘/
//
Nuy(Qy) ) d
— 1/
Nul(M£2.7) d
FY VY [ e
Nul(Mh22,i2) "
AAA AT B
/ AA_ A
/_/'
100
100 1x10° 1x10*
Re;(Qy).Rel(MR2. D) Rel(Mn22,i2)
half power values

fi(Q)
flwithhosef (Mh22,12)
o0
i(Qy)

+ o+ s

JL(MK22,12)
LA

171

1 -
P —
i

Jo

0.1
T

4 o _hn —

0.01
100 1x10°

Re;(Qy).Rel(Mh22.i2) .Re;(Q; ) .Rel(Mn22.i2)

Reynolds Number

1x10*
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0.1
N
Q)
\\
JLOMR22 i2) Suy
A A )
L,
’ M.
%%
0.01 4
e l><103 1x10
Rey(Qq).Rel(Mh22.i2)
Isothermal pressure
1
i
N
Y A mb
=
3
= Q)
g flwithhosef (Mi22.13)
B 00
0.1
100 1o’ 1x10*

Rey(Qy).Rel(Mi22.13)

Reynolds Number
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Now what follow is a calculation of the associated error for heat transfer, reynolds
number, convection coefficient and friction factors

ATecityoffset = 0

ATI(ME i) = TI(MF i) — T1o(Mf i)

AT2(ME i) = T20(Mf ,i) — T2(ME i)
AT3(ME i) = T3o(Mf,i) — T3i(Mf.i)

mmdot1(Mf i) = QI(Mf ,i)-py(tavgl(Mf.1)
mmdot2(Mf .1) = Q2(ME .1)-p;(tavg2(Mf .1))
mmdot3(Mf .1) = Q3(Mf.1)-p;(tavg3(Mf .1))

Qheatl(Mf 1) = mmdotl(Mf ,t}cpl(tavgl(Mf ))-ATIME . 1)
Qheat2(Mf 1) = mmdot2(Mf ,ﬂ-cpz(tavg(w,i))-.-;\TB(Mf,i)
Qheat3(Mf ,i) = mmdot3(Mf ,i)-cps(tang(Mf A))-AT3(ME .9
Qheatelectne(Mf 1) = Mfi. ) 4—W
Qhxmin(Mf .i) = min(Qheat1(Mf .1). Qheat2(Mf .1))
Qhxmas(Mf 1) = max(Qheatl1(Mf.1). Qheat2(Mf 1))

Qheat1(Mf, 1) + Qheat2(Mf i)

thavg(Mf,f) = -
Qiffhotvscold(Mf i) = Jmas(ME i) - QsminMf.D |,
Qhuxmin( Mf 1)
Qdiffhot(Mf i) = Qheatl(MF i) — Qmavg(MF.i) |
Qhxavg(Mf .1)
QiEcold(M i) = 2Pe2CALE.D - Qavg(MF.5) )
Qhiave(MF )
- Qheatelectric(MF 1) — Qhxavg(MF . 1)
3 Mf.1) = )
Qhxavgvselectric{ME . 1) T 100
rgvscity(ME i) = Qheat3(Mf i) — Qhxavg(Mf i)
Qha‘g‘ :i) E Qm‘Tg(hIt.:l) 100

173
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Qdiffhotvscold represents comparison between the min and maximum experimental data.

174

Qdiff hot and cold represent the heat transfer differences using the method used by muley
and manglik 1999 asme paper.

Qdiffhot(ME22.1) =
0.1497
1.7863
2.1581
2.1443

2.153
1.9512
1.6825
1.8746
2.1151
1.9211
2.1382
1.9507
1.9029
1.7709
2.1164

Qhxavgvscity(Mf22.1) = Qhxavgvselectric(Mf22.1) =

2.1429
2.0224
3.1004
3.2866
3.1231
2.33
2.5563
-3.7998
2.4017
1.8098
2.651
2.4038
2.7014
2.6181

3.5918

SR Zyl_i.lsl

Qdiffcold (ME22.1) =

Qdiffhot(Mh22 ,12) =
T 1.4938] -0.1497
1.3477 0.1411
1.2572 0-336%
1.2237 0%
1.3036 0.6882
1.3258 0.6956
1.1878 1.0246
1.3684 1.0809
0.9916 1.3097
1.1281 1.2692
1.0342 #5017
1.0992 gt
1.007 1.6022
0.0474 1.6039
1.0738 1.832

6.6526

6.2094

5.9564

5.7723

5.526

5.4947

5.0868

5.0232

4.7375

4.7378

4.4491

4.6078

4.3033

4.2745

4.1022

Qdiffcold(Mh22.12) =

-1.4938

-0.0472

-0.6725

-0.4603

-0.6361

-0.2141

-0.3009

-0.1771

-0.2188

0.1049

0.018

0.2164

0.3462

0.4857

0.4354

0.299¢9

1.6429

1.8135

1.6765

1.4548

1.2469

0.6512

0.7852

0.7949

0.6437

0.6276

0.544

0.2959

0.1644

0.2792

Qdiffhotvscold(Mf22,i) =
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Appendix E

Averaged Experimental Results in Table Format
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This appendix contains tables of the averaged experimental results of all
measurements which were necessary to complete the intended study. The pressure
drops are normalized with respect to the excitation voltage and have the appropriate
hose pressure drops removed. The temperatures in the tables below have the offsets

applied.

Data for Fp3x8-10

Maximum power

HL HL Tli Tlo T2i T20 DP DP T3i T30 City | electric
flow flow ©) © © ©) hot cold © ©) water | power
(gpm) | (gpm) (psi) | (ps) flow W)
(gpm)

3.015 | 3.015 | 93.59 | 6648 | 3698 | 6322 | 1439 | 2219 | 1291 | 30.82 | 4.526 | 22346

3.484 | 3.504 | 87.58 | 64.14 | 36.63 | 59.34 | 1911 | 2.991 12.72 | 30.65 | 4.562 | 22342

3.994 | 4.002 | 83.11 | 62.44 | 3645 | 56.59 | 2.453 | 3.789 12.7 30.7 4562 | 22330

4.505 | 4.506 | 79.47 | 61.11 | 36.57 | 5447 | 3.102 | 4.808 | 12.78 | 30.86 | 4.567 | 22329

4993 | 4995 | 76.71 | 60.14 | 36.79 | 5299 | 3.757 | 5.889 | 12.56 | 31.29 | 4.403 | 22317

5.512 | 5.511 | 7425 | 5934 | 37.05 | 51.77 | 4.646 | 7.136 | 12.59 31.5 4375 | 22302

6.004 6.01 7226 | 58.51 37.1 50.65 | 5.469 | 8.448 | 12.56 | 31.58 | 4.352 | 22277

6.506 | 6.513 | 70.55 | 57.86 | 37.24 | 49.78 | 6.412 9.86 12.55 | 31.58 | 4.329 | 22269

6.992 | 6.996 | 69.14 | 57.33 37.4 49.08 | 7.386 | 11.327 | 12.58 | 31.83 | 4.307 | 22253

7.497 | 7.485 | 67.94 56.9 37.58 | 48.52 | 8.467 | 12.904 | 12.63 32 4293 | 22254

Half power
hl cl tli tlo t2i t20 dp hot dp t3i t30 city | electric
flow flow ©) © © © (psi) cold © ©) flow power
(gpm) | (gpm) (psi) (gpm) | (W)

3.008 | 3.007 | 54.74 | 41.11 | 2443 | 37.62 | 1.488 | 2.288 | 12.16 | 21.67 | 4318 | 11118

3.5 3.504 | 51.42 | 39.64 24.1 3554 | 1.966 3.04 12.17 | 21.01 | 4.695 | 11106

4.005 | 4.009 | 4945 | 39.14 | 24.66 | 34.72 | 2.549 | 3.897 | 12.18 | 21.65 | 4.374 | 11102

4.496 | 4.508 | 47.79 38.6 2496 | 3395 | 3.196 | 4.883 | 1224 | 21.81 | 4.327 | 11096

5.007 5.01 46.32 | 38.06 | 25.12 | 33.25 | 3.909 | 5.996 | 12.24 | 21.96 | 4.323 | 11090

5512 | 5519 | 45.07 | 37.56 | 2522 | 32.63 | 4.743 7.24 1228 | 22.03 | 4.309 | 11080

6.013 | 6.019 | 43.75 | 36.85 | 25.02 | 31.82 | 5.642 | 8.611 1232 | 21.73 | 4479 | 11074
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6.51 6.504 | 4297 | 36.56 | 25.16 | 31.49 | 6.571 | 10.015 | 1243 | 21.88 4.5 11074
7.008 | 6.993 | 41.57 | 35.61 | 2456 | 3047 | 7.615 | 11.522 | 123 21.29 | 4.766 | 11065

Isothermal data

hi cl tli tlo t2i t20 dp hot dp t3i t3o city | electric
flow flow © © © © (psi) cold © ©) flow power
(gpm) | (gpm) (psi) (gpm) | (W)
3.016 | 3.017 | 20.73 | 20.55 | 2046 | 20.66 | 1.474 | 2.308 | 20.24 | 2044 | 4.507 0
3.498 | 3.504 | 16.72 | 16.21 15.7 16.25 1.96 3.036 14.86 | 15.51 | 4.471 0
3.994 | 3.997 | 15.07 | 1477 | 14.66 | 1497 | 2.556 | 3.904 14.16 | 14.57 | 4.494 0
4.509 | 4.501 1442 | 14.14 | 14.08 1436 | 3.268 | 4.923 13.55 13.98 | 4.463 0
5.012 | 4.999 13.75 13.49 13.46 13.73 | 4.002 | 6.054 12.92 13.34 | 4.487 0
5.507 | 5.502 | 13.39 | 13.15 13.17 | 13.41 4.84 7.312 | 12.64 | 13.05 | 4.488 0
6.004 6 133 13.08 13.12 | 1335 | 5.748 | 8.681 12.58 13 4.493 0
6.507 | 6.505 1337 | 13.15 13.18 134 6.719 | 10.173 | 12.58 | 13.04 | 4.485 0
6.993 | 6.997 | 13.38 13.17 | 13.18 13.41 7.75 11.726 | 12.51 13.02 | 4.488 0
Data for Fg3x8-14
Maximum power
hl cl tli tlo t2i t20 dp hot dp t3i t3o0 city electri
flow flow ©) ©) © © (psi) cold ©) © flow c
(gpm) | (gpm) (psi) (gpm) | power
W)

3.01 3.003 | 9524 | 64.05 | 4257 | 73.02 | 0.734 | 0.833 | 1235 | 33.83 | 4.302 | 25720
3.513 | 3.509 | 87.97 | 61.07 | 41.08 | 67.31 | 0.942 | 1.204 | 12.08 | 34.06 | 4.266 | 25697
4.011 4.02 83.46 | 59.64 | 40.84 | 64.07 | 1.189 | 1.529 | 11.96 | 34.05 | 4.263 | 25682
4503 | 4.521 | 7998 | 58.75 4] 61.79 | 1472 | 1913 12.2 34.5 4.242 | 25688
4997 | 4992 | 76.77 | 57.66 | 40.76 59.6 1.778 | 2.355 | 11.97 34.4 423 | 25674
5.504 | 5504 | 73.86 56.5 4039 | 57.52 | 2.153 | 2.862 | 11.59 | 33.83 | 4.245 | 25669
6.014 | 6.027 | 7234 | 5649 | 41.21 | 56.81 | 2.566 | 3.443 | 1298 | 34.58 | 4.377 | 25649
6.514 | 6.507 | 70.06 | 5541 | 40.68 | 55.15 3 4.022 | 12.26 | 33.67 | 4.421 | 25645
7.001 | 7.014 | 68.38 | 54.73 | 40.53 54 346 | 4.666 | 12.24 | 34.01 | 4.383 | 25616
7.515 | 7524 | 67.11 | 5438 | 40.68 | 53.28 | 3.962 | 5359 | 1243 | 34.07 | 4.421 | 25613
8.007 | 8.067 | 65.48 | 53.54 | 4033 | 52.07 | 4517 | 6.196 | 1234 | 33.87 | 4.442 | 25603
8.509 | 8.508 | 64.41 | 53.18 | 40.29 | 51.44 | 5.098 6.84 1234 | 33.92 | 4.444 | 25606
9.009 | 9.035 | 63.12 | 52.51 | 40.02 | 50.54 | 5.725 | 7.694 | 1225 | 33.64 | 4.492 | 25607
9.745 | 9.758 | 61.89 | 52.08 | 40.06 | 49.82 | 6.709 | 8912 | 12.32 33.9 4.484 | 25594
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Half power
hl cl tli tlo t2i t20 dp hot dp t3i t3o0 city electri
flow flow © ©) © © (psi) cold © © flow c
(gpm) | (gpm) (psi) (gpm) | power

3.011 3.001 59.15 41.74 | 2846 | 4546 | 0.798 0.962 12.59 | 25.08 | 4.247 14158

4 4.002 52.04 38.85 2724 | 40.25 1.295 1.622 11.57 | 23.54 | 4.426 14155
4,498 4.5 50.18 38.45 27.6 39.15 1.598 2.041 12 23.8 4,492 14146
4999 | 5.011 48.25 37.67 27.39 | 37.81 1.902 2.523 11.71 23.77 | 4.451 14131
5.527 | 5.531 47.08 37.5 278 3722 | 2.287 3.063 12.14 | 24.06 | 4.478 14130
5.997 | 5.992 | 46.26 | 37.39 28.09 | 36.81 2.663 3.566 12.19 | 2433 | 4413 14120
6.505 6.504 45.5 37.31 2842 | 36.47 | 3.109 4.171 12.56 | 24.63 | 4.441 14129
7.017 | 7.034 | 4448 | 36.88 | 2835 | 3581 | 3.603 | 4.869 | 12.47 | 24.65 | 4.417 | 14124
7503 | 7.5 | 43.58 | 36.47 | 2822 | 3523 | 4.096 | 549 | 12.29 | 2447 | 4.414 | 14106
7.994 | 8.009 | 429 | 36.23 | 2825 | 34.83 | 4659 | 624 | 12.17 | 24.41 | 4.414 | 14091
8.528 | 8.525 | 42.27 | 3598 | 2826 | 34.46 | 5254 | 7.045 | 1229 | 24.43 | 4.478 | 14097
9.021 | 9.038 | 41.88 | 3594 | 28.46 | 3431 | 5874 | 7.875 | 1249 | 24.7 | 4.474 | 14091
9782 | 9.741 | 4135 | 35.87 | 28.68 | 34.12 | 6.874 | 9.038 | 12.65 | 24.87 | 4.456 | 14077
Isothermal data

hl cl tli tlo t2i t20 dp hot dp t3i t3o city electri
flow flow © © © ©) (psi) cold ©) ©) flow c

(gpm) | (gpm) (psi) (gpm) | power

(W)

3.005 | 3.011 11.43 11.1 11.23 | 11.54 | 0.858 1.173 10.87 | 11.18 4.26 0
3.505 3.51 1129 | 1099 | 11.17 | 11.43 | 1.114 | 1.529 | 10.83 | 11.12 | 4.256 0
4.006 | 4.005 | 11.25 | 1097 | 11.16 114 1.418 | 1.896 10.81 11.11 | 4.228 0
4511 | 4.497 | 11.21 1095 | 11.16 | 1137 | 1.765 2.33 10.81 11.11 | 4.229 0
5.008 | 5.003 | 11.25 11 11.19 | 11.41 2.09 2.837 10.82 | 11.14 | 4372 0
5.503 5.5 11.27 | 11.01 11.21 11.42 | 2496 | 3.377 | 10.8] 11.16 | 4.413 0
6.009 | 6.012 | 11.29 | 11.05 | 11.24 | 11.45 | 2965 | 3.995 10.81 11.17 | 4.403 0
6.496 6.51 1135 | 11.11 11.3 11.51 | 3.427 | 4.624 10.84 | 11.22 | 4.411 0
7.007 | 7.009 | 1141 11.17 | 1135 | 11.56 | 3953 | 5306 | 10.86 | 11.27 4.42 0
7496 | 7.506 | 1146 | 11.22 | 11.38 11.6 4483 | 6.036 | 10.85 | 11.29 4.43 0
8.012 | 8.015 | 1148 | 11.25 | 11.42 | 11.63 | 5.106 | 6.823 10.84 | 1131 | 4.435 0
8.516 | 8511 11.54 | 11.31 11.47 | 11.68 | 5.724 | 7.633 10.83 | 11.34 | 4.436 0
9.014 | 9.017 | 11.57 | 11.34 | 1149 | 11.71 | 6.366 | 8.487 | 10.79 | 11.35 | 4.435 0
0

9.757 ] 9.769 | 11.62 | 11.38 | 11.51 11.74 | 7.407 | 9.825 10.7 11.35 | 4.448
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Data for GB220H-20
Maximum power

hl flow cl tli tlo t2i t20 dp hot dp t3i t30 city | electric
(gom) | flow | (C) | (©) (©) (© | (psi) | cold | (C) (C) | flow | power
(gpm) (psi) (gpm) | (W)

3.016 3.015 | 91.42 | 56.85 | 44.03 717 0.614 | 0.613 11.6 35.17 | 4.381 | 28283
3.511 3.506 | 84.33 | 5439 | 4248 | 71.57 | 0.762 0.83 11.68 | 34.84 | 4.45 28284
4.022 4.011 | 79.66 | 53.45 422 | 67.85 | 0964 | 1.056 | 11.69 352 | 4.437 | 28278
4.504 4.536 | 75.66 | 52.23 | 41.71 | 64.46 1.19 1.354 | 11.41 | 34.66 | 4.49 | 28265
5.003 5.011 | 7247 | 51.33 | 41.26 | 61.92 | 1.379 | 1.627 | 11.18 | 34.34 | 4.513 | 28261
5.497 5.507 | 69.96 | 50.78 | 41.09 | 60.01 | 1.662 | 1.915 | 11.26 | 3444 | 4529 | 28249
6.016 6.03 | 67.94 | 5045 412 | 5846 | 1.994 | 2317 11.2 | 3439 | 4.535 | 28229
7.021 7.019 | 64.75 | 49.76 | 41.17 | 56.04 2.66 3.073 | 11.22 | 3443 | 4.536 | 28206
7.999 8.005 | 62.36 | 49.21 | 41.19 | 5423 | 3.416 | 3.964 | 11.26 | 3441 | 4.552 | 28189
8.999 9.018 | 60.83 | 49.14 | 41.61 532 | 4293 | 4974 | 11.16 | 35.08 | 4.382 | 28164
9.996 10.066 | 59.43 | 48.91 41.8 52.2 5278 | 6.162 | 11.17 | 3527 | 4.39 | 28132
11.005 | 11.016 | 5824 | 48.69 | 41.88 | 51.41 | 6.412 | 7.285 11.2 354 | 4377 | 28115

Half power
hl flow | cl flow tli tlo t2i t20 dp hot dp t3i t30 city electri
@m | gm | © | © | © | © | (si) | cold | (© | © | flow | e
(psi) (gpm) | power
W)

3.021 3.02 51.07 | 33.6 | 2642 | 4331 | 0.663 | 0.743 11.01 | 23.29 | 4.268 | 14216
3.516 | 3.523 | 50.14 347 | 2792 | 4293 | 0.789 | 0.892 | 1191 24.7 | 4218 | 14495
4.036 | 4.037 | 46.15 | 3291 | 26.67 | 39.58 | 1.058 | 1.201 11.01 23.5 4.271 | 14208
4.508 | 4.511 46.1 3398 | 2799 | 39.84 | 1.239 | 1.367 | 11.89 | 2441 | 4.375 | 14490
4.991 5.033 | 4293 | 32.25 | 26.67 | 37.11 1.499 | 1.792 | 1094 | 23.02 | 4.441 | 14199
5.498 | 5.528 | 43.47 | 33.56 | 28.16 | 37.88 | 1.772 | 2.032 | 11.98 24.5 4.373 | 14484

6 6.018 40.6 31.67 | 26.59 | 3535 [ 2.111 | 2.507 | 10.89 | 2291 4.47 14187
6.996 | 7.038 | 38.92 | 31.27 26,6 | 34.12 | 2.827 | 3.349 | 10.89 | 2292 | 4478 | 14173
8.038 8.041 | 37.71 | 31.02 [ 26.65 | 3326 | 3.674 | 4.306 | 10.88 | 2291 | 4.493 | 14157
9.012 | 9.027 | 36.69 | 30.72 | 26.61 | 32.51 | 4.545 | 5317 | 10.86 | 2291 | 4.512 | 14144
10.013 | 10.016 | 3594 | 30.55 | 26.66 | 31.99 | 5.552 6.45 10.89 23 4.526 | 14128
11.016 | 11.019 | 35.31 30.4 26.7 31.55 | 6.696 | 7.678 | 10.88 23 4.533 | 14130
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Isothermal data

hl flow cl tli tlo 21 t20 dp hot dp t3i t30 city | electric
(gpm) flow © © ©) ©) (psi) cold © © flow power
(gpm) (psi) (gpm) | (W)

3.028 3.025 | 17.12 | 16.67 | 16.64 | 17.19 | 0.684 | 0.795 15.5 16.01 | 4.429
3.488 3.497 | 1278 | 1236 | 12.51 1295 | 0.796 | 0.948 | 11.88 | 12.38 4.28
4.016 4.015 | 15.56 | 15.23 15.3 15.69 | 1.128 | 1.269 | 14.61 15.09 | 4435
4.522 4518 | 1232 | 12.06 | 12.31 | 1257 | 1.337 | 1.518 | 11.87 | 12.24 | 4.269
5.019 5.01 1477 | 1445 | 1454 | 1491 1.65 1.901 | 13.74 | 1431 | 4.413
5.506 5.516 | 1235 | 12.11 | 12.36 12.6 1.924 | 2.229 11.9 12.29 | 4.266
6.022 6.039 | 13.66 | 13.34 | 13.44 | 13.81 | 2.335 | 2.72] 12.58 | 13.22 | 4.405
7.021 7.017 | 135 | 1332 | 1353 | 13.73 | 3.097 | 3.584 | 13.05 | 13.42 | 444
8.008 8.01 13.18 | 1296 | 13.13 | 1339 | 3.964 | 4.581 | 12.36 | 12.95 | 4.437
9.004 9.017 | 12.88 | 12.68 | 12.88 | 13.11 | 4.931 | 5.694 | 12.17 | 1273 | 4.416
10.028 | 10.013 | 12.93 | 12.75 | 1296 | 13.17 | 6.062 | 6.882 | 12.26 [ 12.81 | 4.446
11.007 | 11.029 | 13.11 | 1293 | 13.13 | 13.33 | 7.236 | 8.208 | 12.34 | 12.96 | 4.457

O O O O O O o o o o o o
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Data for GB240H-20
Maximum power

hl cl flow tli tlo t2i t20 dp hot dp t3i t3o0 city electri
flow (gpm) ©) © © © (psi) cold © © flow c
(gpm) (psi) (gpm) | power
(W)

2997 | 3.016 | 89.58 | 56.76 | 48.32 | 80.72 | 0.859 | 0.863 15.9 37.53 | 4.548 | 27089
3.514 | 3.515 | 8392 | 5543 | 47.68 | 75.61 1.091 1.193 | 1594 | 3851 | 4363 | 27055
3.999 | 3.992 | 78.76 | 53.62 | 4632 | 7098 | 1.371 1.53 1598 | 3791 | 4.544 | 27044
4517 | 4515 | 7498 | 52.72 | 45.86 67.7 1.72 1.95 15.88 | 37.74 | 4.571 | 27030
5.006 | 5.013 | 7226 | 52.14 | 45.61 | 65.36 | 2.017 239 1593 | 37.84 | 4.563 | 27029
5.511 5.523 | 71.11 | 52.87 | 46.67 64.6 2411 | 2.874 | 16.06 | 38.83 | 4.357 | 27023
6.002 | 6.024 69 5225 | 46.26 62.8 2.858 | 3.382 | 16.14 | 38.61 | 4.439 | 27008
6.523 | 6.516 | 66.74 | 51.3 4552 | 60.82 | 3.338 | 3.934 | 15.67 | 3791 421 27007
7.013 7.01 64.78 | 50.36 | 44.79 | 59.07 | 3.828 | 4.538 | 15.29 374 | 4519 | 26996
7.509 | 7.523 | 6495 | 51.51 | 46.14 | 59.44 | 4341 | S5.184 | 1526 | 39.02 | 4.18 26985
8.013 | 8.016 | 6236 | 49.72 | 44.49 | 57.02 | 4.941 | 5.871 15.13 | 37.17 | 4.555 | 26974
8519 | 8513 | 6299 | 51.13 | 46.07 | 57.85 | 5.547 | 6.579 15.3 39.16 | 4.194 | 26987
9.012 | 9.024 | 60.67 | 49.45 | 44.52 | 55.67 | 6.202 | 7.389 15.3 37.33 | 4.566 | 26964
9.522 | 9.524 | 61.42 | 50.81 | 46.02 | 56.59 | 6.892 | 8.154 | 15.36 39.2 4217 | 26957
10.013 49.21 | 44.52 | 54.62 | 7.637 8.98 15.26 37.5 4.575 | 26975
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Half power
hl cl tli tlo t2i t20 | dp hot dp t3i t30 city | electric
flow flow © © © ©) (psi) cold () ©) flow power
(gpm) | (gpm) (psi) (gpm) | (W)

3.018 | 3.011 | 51.24 | 3422 29.53 | 46.06 | 0.898 1.02 14.4 25.93 4.4 13731
3.509 | 3.508 48.8 34.11 29.73 | 44.07 | 1.152 | 1.335 | 14.48 | 2598 | 4.422 | 13728
4.017 4.01 46.55 33.7 29.6 | 42.21 1.48 1.683 | 1437 | 25.64 | 4.527 | 13722
4.507 | 4.501 | 4498 | 3351 29.64 | 4092 [ 1.8] 2.084 | 1459 | 2575 | 4.598 | 13721
4.999 | 5.009 | 44.05 33.72 30.09 | 40.19 | 2.132 | 2.573 | 14.74 | 26.54 | 4.339 | 13721
5.51 5.514 | 4243 33.02 29.55 | 388 | 2.562 | 3.086 | 14.73 25.7 4.715 | 13717
6.009 | 6.005 | 42.26 | 33.65 30.34 | 38.82 | 3.014 | 3.628 | 14.85 | 26.62 | 4.374 | 13711
6.501 | 6.518 | 40.98 33 29.86 | 37.69 | 3.495 | 4226 | 15.01 | 26.01 | 4.718 | 13702
7.001 | 7.015 | 4091 33.53 30.5 [37.77 | 4.013 | 4.839 | 15.06 | 2696 | 4348 | 13696
7499 | 7.514 | 3996 | 33.04 30.11 | 3694 | 4.563 | 5.506 | 15.12 | 2631 | 4.656 | 13693
8.007 | 8.006 | 40.07 33.6 30.76 | 37.16 | 5.178 | 6.193 | 15.18 27.2 431 13689
8.5 8.502 | 39.48 33.37 30.62 | 36.67 | 5.787 | 6.927 | 1523 | 26.83 4.51 13681
9.004 9 39.18 33.41 30.73 | 36.46 | 6459 | 7.701 | 15.26 | 2696 | 4.477 | 13676
9.505 | 9.506 | 38.85 33.38 30.78 | 36.22 | 7.165 | 8.506 | 1531 | 26.99 | 4.479 | 13668

10.00 | 10.01
6 2 38.72 | 33.52 31 36.16 | 7.928 | 9.363 | 1528 | 27.39 | 4.358 | 13662
Isothermal data
hl cl tli tlo t2i t20 dp hot dp t3i t30 city electri
flow flow © © ©) © (psi) cold ©) ©) flow c
(gpm) | (gpm) (psi) (gpm) | power
W)
3.001 [ 3.011 16.6 1648 | 16.63 | 16.82 | 0.958 | 1.155 | 16.44 16.6 | 4.297 0
3.505 | 3.501 | 1644 | 1631 | 1646 | 16.66 | 1.259 1.5 1622 | 1642 | 4.313 0
4.008 | 4.007 16.28 16.16 16.33 16.51 1.608 1.875 16.11 16.31 4.312 0
4508 | 4509 | 16.28 | 16.18 | 16.35 | 16.51 1.99 | 2323 | 16.16 | 1633 | 4.656 0
5.006 | 5.019 | 16.19 | 16.07 | 1624 | 16.42 | 2.361 | 2.819 | 16.01 | 1623 | 4.648 0
5.51 5.502 16.13 16.03 16.21 16.37 2.816 | 3.334 15.95 16.2 4.343 0
6.007 | 5.998 15.95 15.83 16.02 16.18 3.31 3.922 15.69 16 4314 0
6.508 | 6.513 16 1589 | 16.08 | 16.23 3.84 4.56 1576 | 16.04 | 4.603 0
7.007 | 7.016 | 16.03 | 1593 | 16.11 | 1626 | 4.401 | 5.232 15.8 16.09 | 4.612 0
7.498 | 7.503 | 1595 | 15.83 | 16.01 | 16.18 | 4979 | 5908 | 15.58 | 15.95 | 4.626 0
8.012 | 8.006 16.1 1599 | 16.18 | 16.33 5.65 6.666 | 1575 | 16.12 | 4.595 0
8519 [ 8.1 16.4 1628 | 1646 | 16.62 | 6.306 | 7.447 | 1594 | 16.38 | 4.256 0
9.012 8.996 16.06 15.93 16.1 16.29 7.007 8.241 15.51 16.01 4.306 0
9.512 9.532 16.08 15.96 16.12 16.3 7.769 | 9.128 15.53 16.02 | 4.595 0
9.98 | 9.991 | 16.23 16.1 16.27 | 16.44 | 8.513 9.91 1562 | 16.15 | 4.59 0
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Appendix F

Table of Experimental Hose Pressure Drops
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These values are the averaged isothermal pressure drops for the hoses used to connect

the heat exchangers in the test section. A 4 inch steel nipple was used in place of the

heat exchanger, and the values below include the offsets listed in chapter 4.

Table F.1 Experimental hose pressure drop values

Hot loop flow

Hot loop hose

Cold loop flow  Cold loop hose

rate pressure drop rate pressure drop
(gpm) (psi) (gpm) (psi)
2.997 0.222 3.025 0.251
3.516 0.328 3.516 0.358
3.991 0.439 4.003 0.506
4.479 0.569 4.501 0.643
5.013 0.765 5.001 0.783
5.514 0.93 5.511 0.94
5.987 1.093 5.995 1.095
6.503 1.286 6.513 1.279
7.01 1.488 7.015 1.472
7.516 1.71 7.513 1.675
8.002 1.925 7.994 1.889
8.514 2.174 8.494 2.122
9.014 2.431 9.008 2.378
9.518 2.702 9.528 2.656
9.773 2.842 9.745 2.776
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10.007 2.973 9.994 2911
Table F.1 Continued

Hot loop flow  Hot loop hose  Cold loop flow  Cold loop hose

rate pressure drop rate pressure drop
(gpm) (psi) (gpm) (psi)
10.007 2.973 9.994 2911
10.514 3.27 10.5 3.189
11.005 3.57 10.993 3.464
11.509 3.892 11.537 3.779
12.006 4221 12.011 4.065
12.505 4.56 12.534 4.375
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Appendix G

Power Measurement
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This appendix discusses the equipment used to control and measure the power
applied to the immersion heaters in the system. There are two immersion heaters in
the hot loop, they were manufactured by Vulcan Electric and have the part number
SF-1524B. They are flanged at one end, and are inserted into portions of the flow
loop constructed by Andrew O’Neill. They are rated for 15kW each, giving a total
heat generation capacity of 30kW. The maximum voltage they are rated for is 240V,
and consist of a bundle of hairpin type heaters, with a stated heat flux density of
84W/in™2. They were connected to the EHMP 300-200 power supply through a set
of high capacity voltage shunts placed in parallel on the return side of the current
flow. This was a choice made from safety concerns, as was the decision to install
fuses on the instrumentation wiring. The shunts were mounted on a board with

rubber feet to ensure electrical isolation . This can be seen in Figure G.1.

www.manaraa.com




188

Figure G.1 Voltage shunts and rear of EHMP power supply
The voltage shunts were manufactured by Sensitive Instruments, and were
modified from a previous experiment. They were calibrated after modification and
had known resistances that can be seen in Table G.1, and each had a rated capacity of

50 A.

Table G.1 Shunt specifications

SH-5182 SH-5186 SH-5190
Resistance (Ohms) 0.007954 0.007954 0.007949
Maximum variation +-10E-6 +-10E-6 +-2*10E-6
of resistance
(Ohms)
Uncertainty (%) +-0.013 +-0.013 +-0.026
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The voltage of the power supply was measure directly across the terminals
with a SCXI-1122 module and appropriate mounting block. Voltage measurements
of the shunts were taken with the SCXI-1102 module independently to verify that no
stray currents would unknowingly surpass their rated capacities. The instrumentation
and SCXI-1000 Chassis was mounted on a separate movable rack to again ensure that
the user was isolated from any potential danger. The rack can be seen in Figure G.2.
An earth safety ground was connected to module as was required by the operations

manual.

Figure G.2 Picture of data acquisition system
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In order to measure such a high voltage, a gain of .01 was used, and was
capable of reading the full power supply voltage at all operating conditions. At this
gain, the module is capable of reading voltages in steps of 0.518V, and had a percent
error of 0.22%. At the maximum level of heat generation, 30kW, the voltage output
was 240V with a corresponding current of 125 DC Amps. The combined uncertainty
of the shunts was 0.52%, coupled with an uncertainty of 0.05% for each shunt
reading. Therefore, the total uncertainty of amperage was 0.67%. When the
maximum uncertainties for voltage and amperage are applied for a full heat load to
the immersion heaters, this resulted in an uncertainty of +-267W, which was in

general agreement with the measured applied power.
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Appendix H

Instrumentation and Experimental Equipment Information
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This appendix contains the calibration reports of various instruments used in
this experiment as well as specifications regarding various pieces of equipment
installed in test stand.

Pressure Transducers

OMEGADYNE INC.

PRESSURE TRANSDUCER
FINAL CALIBRATION

0 - 100.00 PSIA
Excitation 10.0C0 Vdc
Job: Serial: 130258
Model: PX32B1-100AV Tested By: RICK
Date: 12/23/2002 Temperature Range: -40 to 345 %
Calibrated: 0.00 - 100.00 PSIA SpecEile: Px32..spf
Pregsure Unit Data
PSIA mVde
0.00 0.000
50.00 14.954
100.00 29.940
50.00 14.970
0.00 0.002
Balance 0.120 mVde
Sansitivity 25,940 mVde
In Resist 150.30 Ohms
Out Resist 150.80 Ohms
Shunt : 25,776 mVdc

ELECTRICAL LEAKAGE: PASS
FRESSURE CONNECTION/FITTING: 1/8-27 NPT FEMALE

sl CinacAL WIRING/CONNLCTOR: Pin A < INFUT

Pin B +OUTET
Pin C QUTPUT
Pin D INPUT
Pins E&F SHUNT

This Calibration was performed using Instruments and Standards that ais

traceable to the United States National Institute of Standards alagy.
S/N Description Range Reference Cal
1538/94-13 30/1%0 PSI DRUCK STD 0 - 150 lbs C-2502 C-2502
3145A205%7 HP 34401A nder Test C-240% C-240%
C.A. Representative : Date: j,%—‘ga_-_gg
This transducer is teste hed specifications. After final
calibration our products are stored in a controlled stock room & considered i1
bonded storage. Depending on environment & severity of use factory calibration

is recommended every one to three years after initial service installation date

Omegadyne, Inc., 149 Stelzer Court, Sunbury, OH 43074 (740) 98%-9:40
ntep://www.omegadyne . com email: info@#omegadyne.com (800) USA-DYNE

Figure H.1 Cold loop test section outlet pressure transducer
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OMEGADYNE INC.

PRESSURE TRANSDUCER
FINAL CALIBRATION
0 - 100.00 PSIA
Excitation 10.000 vdc
Job: Serial: 130259
Model: PX32B1-100AV Tested By: RICK
Date: 12/23/2002 Temperature hnga: -40 to 335 F
Calibrated: 0.00 - 100.00 PSIA Specfile: Px32..spf
Unit Data
mVi .
0.00 0.000
50.00 15.011
100.00 29.908
50.00 15.036
0.00 0.011
Balance 0.105 mvdc
Sensitivity 29.50% mVde
In Resist 350.80 Ohms
Out Resist 350.80 Ohms
Shunt : 25,675 mVdc

ELECTRICAL LEAKAGE: PASS
_PRESSURE CONNECTION/FITTING: 1/8-27 NPT FEMALE

CTOR+*Rin A — e — * - -
Pin B &'%j‘
Pin C -OUTPUT
Pin D - INPUT
Pins E&F SHUNT

This Calibration was performed using Instruments and Standards that are
traceable to the United States National Institute of Standards Technology
8/N Description Range ‘Reference  Cal Cert
1598/94-3 30/150 PSI DRUCK STD 0 - 150 1lbs C-2502 C-2502
3146A20557 HP 34401A i r Test C-240% C-2405
Q.A. Representative :

Date; [a'aii‘%
This transducer is teated to & specifications. After fina
calibration our products are stored in a controlled stock room & considered i

bonded storage. Depending on environment & severity of use factory calibration
i8 recommended every one to three years after initial service installation dat-

Omegadyne, Inc., 149 Stelzer Court, Sunbury, OH 43074 (740) 965-9340
http://www.omegadyne . com email: in!ooamgndyne.com (800} USA-DYNE

Figure H.1 Hot loop test section outlet pressure transducer
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OMEGADYNE 1 NC.
PRESSURE TRANSDUCER

FINAL CALIBRATION

0 - 100.00 PSIA
Excitation 10.000 Vdc
Job: Serial: 130260
Model: PX32B1-100AV ' Tested By: RICK
Date: 12/23/2002 Temperature Range: -40 to 335 F
Calibrated: 0.00 - 100.00 psx§ : Specfile: Px32..spt
iy
Pressure Unit Data 1
PSIA mVdce .
: 0.00 0.000 i
50.00 14.999 "
100.00 30.012
50.00 15.015
0.00 0.014
Balance - 0.065 mVde 1
Sensitivity 30,012 mVdc :
In Resist 350.10 Ohms
Out Resist 350.70 Ohms
Shunt : 25.521 mVde -
ELECTRICAL LEAKAGE: PASS
PRESSURE CONNECTION/FITTING: 1/8-27 N .
LG N rBin.d o ALY - b B
g Pin B o< S
Pin C -OUTPUT
Pin D - INPUT
Pins E&F SHUNT

This Calibration was performed using Instruments and Standards that are

traceable to the United States National Institute of Standards Technology .

S/N Description Range Reference cCal Cert
1598/94-3 30/150 PSI DRUCK STD 0 - 150 1bs C-2502 C-2502
3146A20557 HP 34401A - & er Test C-2405% C-240%8

U.A. Representative : Date: [ﬁj—gz-aa -
This transducer is tested to & ets specifications. Afrer flna’
calibration our products are stored in a controlled stock room & considered .r
storage. Depending on environment & severity of use factory calibration
is recommended every one to three years after initial service installation date

Omegadyne, Inc.,
ht:p://ww.mgldm

(740) 965-9340
(B00) USA-DYNE

149 Stelzer Court, Sunbury, OH 43074
-com  email: infosomegadyne.com

Figure H.3 Hot loop inlet pressure transducer
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OMEGADYNE INC.

PRESSURE TRANSDUCER
FINAL CALIBRATION

0.00 - 100.00 PSIA
Excitation 10.000 Vvdc
Job: Serial: 257877
Model: PX32B1-100AV Tested By: CHRIS
Date: 9/2/2010 Temperature Range: -40 to 335 F
Calibrated: 0.00 - 100.00 PSIA Specfile: PX32
Pressure Unit Data
PSIA mvdc
0.00 0.045
50.00 14.998
100.00 30.028
50.00 15.010
0.00 0.051
Balance 0.045 mvdc
Sensitivity 29.983 mvdc
In Resist 414.40 Ohms
Out Resist 350.50 Ohms
80% Shunt 23.918 mvdc

ELECTRICAL LEAKAGE: PASS .
PRESSURE CONNECTION/FITTING: 1/8-27 NPT FEMAL
ELECTRITAI, WIRTNG/CONNFCTOR: PIN A . .= +INPUT (EXC) il nion
PIN B = +OUTPUT -
PIN C = -~-QUTPUT
PIN D = -INPUT (EXC)
PINS E&F = SHUNT

This Calibration was performed using Instruments and Standards that are
traceable to the United States National Institute of Standards Technology.

S/N Description Range Reference Cal Cert
1598 94-3 AUTO Druck 30/150 ST 0 - 150 PSIA C-2502 C-2502
MY4100867 AT34970A DMM Unit Under Test C-2473 908949730
Q.A. Representative : Chris Diaz Date: 9/2/2010

This transducer is tested to & meets published specifications. After final
calibration our products are stored in a controlled stock room & considered in
bonded storage. Depending on environment & severity of use factory calibration
is recommended every one to three years after initial service installation date.

Omegadyne, Inc., 149 Stelzer Court, Sunbury, OH 43074 (740) 965-9340
http://www.omegadyne.com email: info@omegadyne.com (800) USA-DYNE

Figure H.4 Cold loop test section inlet pressure transducer
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The calibration reports for the flow meters used in this study now follow.

Omega

! One Omega Drive Box 4047
/ Stamfort CT 069070047
Phone 203.359-1660 Fax 203-968.7100

Calibration Report

Unit Under Test (UUT) Information: Master Meter:

Description: METER,1/2°,1/2°"NPT:0 75-7 50 GPM Std uncertainty: *0.25%

Model Number: FTB-1412 Traceability No: TFM-1996 7 TFM-1958
Serial Number: 102810303 Model No: Oplifiux 4000 Mag Flowmater
Sensor Type: Magnetic Pickup Serial Not AOS2B610 / AODOB248
Output type: Frequency

Minimum Flow: 075 GPM 28 LPM

Maximum Flow: 75 GPM 284 LPM

Calibration Date: October 28, 2010

Calibration interval: 12 Manths

Cal. Liquid: Water

&mbien! Temperature:  73.64 °F

Ambient Humidity: 54.71 %RH

Linear Points: 5

UUT Calibration Data Table In GPM:

Flow Actual wurt uuT Visc UUTFV UUT K (Hz'BOy MK Linear  Raw En
| Standard GFM Hz Temp “F cSt Hz/eSt CYC/GAL GPM COEFF % Rale
1 749 1262300  69.40 De8d 1283333 1011188 745 1 0051 051
1 4 716,800 69.40 0984 728 744 1021568 - 423 09949 051
1 237 403.000 69.40 0984 409,715 1020253 238 peee2 038
1 133 272200 6940 0984 225802 10024 0B 13 10139 :
1 074 118.300 65 30 0985 120107 0681 %9 070 1 0508 L

Nominal K (NK) 10163.770 -

UUT Calibration Data Table In LPM:

Flow Actusl uut uuT Visc UUT FV UUT F. (Hz-60) HK  Linear Raw Emr
Standard LPM Hz Temp °F cS1 Hz/c5t Cyr/Liter LPM COEFF % Rate
1 2835 1262.300 69 40 0964 1281333 267126 LA 1.0051 051
1 1594 716.800 69.40 0 984 728744 Ws8 0 1602 08949 081
1 ag7 403,000 69 40 0984 409.715 269522 am Q99462 038
1 $03 222200 8640 0gE4 225902 264808 497 10139 .
' 280 118 300 €930 0885 120102 2533 @ 264 1 0596

Nominal K (NK) 2684.084

Status: PASS

Meter Accuracy (of Rata): + 051 %

Average Calib. Temperature : 69.4 F Calibrated By: Edward Patez
Average Calib. Specific Gravity : 1

Average Calib. Viscosity | 0 986 c5t Certified By- B
Flow Direction © Forwatd Kris Kulg

* Maler Accuracy and Nominal K resuits are calculated from the upper 70% range of 38 177 and 34" melers

Omega calibrations are preformed using standards traceable 1o the National Institute of Standards and Technalogy
d calibration p complies with 1SO 9001 2008 and MIL-STO-4E862A

The an

Figure H.5 Cooling loop flow meter
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Omega

One Omega Dnve Box 4047
Stamfort, CT 06907-0047
Phene 203-356-1660 Fax 203-968-7100

Calibration Report

Unit Ynder Test (UUT) Information: Master Meter:

Description: METER, 1100, 78" 30:20 0 GFM Std uncertainty: 20 28%

Model Nurmmber: FTB-1424 Traceability No: TFM-1956  TFM-1858
Serial Number: 101410324 Madel No: Cptifiux 4000 Mag Flawmeter
Sensor Type: Magnetic Pickup Serial No: ADO28610 / A0906248
Output type: Frequency

Miniimum Flow: 3 GPM 114 LPM

Maximum Flow: 30 GPM 1136 LPM

Calibration Date: Oclober 14, 2010 S

Calibration interval: 12 Months

Cal, Liquid: Waler v >'<Z I % & ’;5

Ambient Temperature: 73 64 °F 0 4
Ambient Humidity: 5471 %RH ‘ lo] 4 1 O% A
Linear Points; 5 (a( c{

YUT Calibration Data Yable In GPM:

Flaw Actual uut wur Vise UuT FiV UUT K (Hz*60)'NK  Linear Raw En
Standard GPM Hz Temp “F (2] Hz/chl CYCIGAL GPM COEFF, % Rate
2 30.00 1273100 75.40 0906 1405022 254535 9.9 10033 033
2 1888 TV7.700 7530 0907 Mo 2551 07 1€ 86 10010 010
2 8es 379 600 " 0909 anren 2551 86 B892 0 9968 £33
2 531 326 000 248 756 25 7 5N N, ano
2 3.00 127,400 0 112081 s z3 912

Nominal K {NK) 2553.665

UUT Calibration Data Table In LPM:

Flow Actual uut uut Vise UUT Frv UUT K (Hz*BO)YNK  Linear Raw Ent
Standard LPM Hz Temp F cSt H2 S Cyc Lites LPM COEFF _ % Rate
2 11360 1273100 7% 40 0 906 1405 022 672 41 11323 10033 033
2 63.90 7T 76 30 0ea7 71017 E73 62 6383 10010 010
2 33865 ITe 600 7520 0409 47822 676 80 176 09968 032
2 2010 225 000 7520 0503 248 758 874 61 0 10000 000
2 1136 127 400 7510 0810 140 041 873 11 133 1.0022 022
Nominal K (NK) 674.607
quu: PASS
Meter Accuracy (of Rate): +033%
Average Calib. Temperature ; 16.2F Calibrated By: Edward Pare2
Average Calib, Specific Gravity @ 1
Average Calib. Viscosity : 0.91 cSt Centified By:
Flow Direction © Forward Kns Kulig

Omega calibrations are preformed using standards raceable Lo the National Institute of Standards and Technology
The equipment and calibration procedure complies with IS0 9001:2008 and MIL-STD-456624

Figure H.6 Cold loop flow meter calibration report
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Omega

One Omega Drive Box 4047
Stamfort CT 06207-0047
Fhone 203-354-1650 Fax 203-588-7100

Calibration Report

Unit Under Test (UUT) Information: Master Meter:

Description: METER, 1100, 7/8° 30-30 0 GPM Sid uncertainty: 20 25%

Model Number: FTB-1424 Traceability No: TFM-1856 / TFM-1958
Serial Number: 101410325 Model No: Cpliflux 4000 Mag Flowmeler
Sensor Type: Magnetic Pickup Setial No: ADSZ8610/ AQS06248
Output type: Frequency

Risitnum Flow: 3 GPM 114 LPM

Maximuin Flow: 30 GPM 1138 LPM S

Calibration Date: Qctober 14, 2010

Calibration Interval; 12 Months 7 /O I lj / O B 25
Cal. Liquid: Water

Ambient Temperature; 7364 °F

Ambient Humidity: 54.71 %RH 4‘) _/

Linear Points; &

UUT Calibration Data Table In GPM:

Fiow Actual uuT uut Vise UUT Fay UUT K  (Hz'B0YNK Linear RawEn
Standarg GFM H2 Temp °F 51 Hz/c 81 CYC/GAL GPM CQEFF_ % Rale
2 3002 1278 800 7540 0806 1411312 255540 3012 05968 D32
2 16 86 718 600 7530 0907 79311 256085 | 1635 0 8943 052
2 942 404 000 7520 Q869 444678 2556 g6 25 0 9944 <0237
2 533 22T 400 7520 0909 250 297 255985 536 39952 0 a3
2 299 126 300 7520 0 909 1353017 . 253445 L 10052 0s2
Naminal K (NK) 2547.65]

UUT Calibration Data Table In LPM:

Flow Actual uur uut Vinc UUT Fv UUT K (Hz'60pNK  Linear RawEn
Standard LPM Hz Temp *F cSt HzicSt Cyciliter LPM COEFF % Rate
2 11364 1278800 75.40 0606 1411312 67520 11401 09968  -0.32
2 63az 719 600 7530 0 607 793111 676 51 €415 0.9948 -052
2 35 89 404000 7520 0909 444678 675 48 Aoz 0 9964 037
2 2018 227 400 7520 0809 250 2497 676 24 20.27 09952 045
2 132 126 300 7520 0809 139017 669,52 126 10052 052
Nominal K {(NK) 673.019
Status: PASS
|Meter Accuracy (of Rate): +052 %
Average Calib. Temperature : TS3F Calibrated By: Euward Perez
Average Calib. Specific Gravity : 1 |
Average Calib. Viscosity 961 et Cestilied By:
[Flnw Direction : Farwarg Kris Kiihg

Omega calibrations are preformed using standards traceable 10 the National Institute of Standards and Technolagy
The ip and calib plies with [SO 9001:2008 and MIL-STD45662A

Figure H.7 Hot loop flow meter calibration report

www.manaraa.com




199

System equipment

The figures that follow represent some of the performance characteristics of

various critical components of the sytem.

MOTOR SIZES AND INFELLE R DIAMETERS

111 2 HPODP 5 DA
1 1% HP 0P OR 2 HP TEFC 4147 DIA
(3 1HPODPOR 1V HP TEFC 347 DIA.
@ % HPODP OR 1 HP TEIC 344" DIA.
5 ¥ HP ODP OR % HP 1EFC 34 DIA.
METERS FEE11:'0 ® OF1IONA tmiuo IAFELLER 24 DIA.
MODEL 3642/3742 ODP & TEFC
0k SIZE1Vax 1125
RPM 3500
120 - ) 121-710CiBI
A5 '
' 55 13 ‘l
-~ ER LY
30 [~ 1m I‘Tr ."l ‘i‘ F :"l't
L_{y
1681
o 80 \ ' lcr:
<t T Wi
¥ @ by LT 1 =
(X A e [ 4
= Af o "N \\' AN s
2 @ L 1 ' ]
o . ¥ /;@
—d 1 ‘
5 10 \‘ AX
P—
10} & ~ ! N
ol \ |
) 1 v ’4‘!«’.‘ %
2y @I
ok 0 ‘F,
0 20 40 50 a0 100 120 140 1.8, GPM
1 1 1 1
] 10 20 30 m¥*h
CAPACITY

Figure H.8 Performance diagram of Goulds 3642 pump in hot loop
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Item Centrifugal Pump Head

Type Chemical Transfer, Straight

HP Reguired 1/2

RPM 3450

Inlet (In.} V4

Outlet (In.) 4

Use with Frame Number 56J

Wetted Materials Carbon, Ceramic, 304 §S, Viton
Impeller Materfai 304 88

Housing Material 304 88

Scraw Materfal 304 Stainless Steel

Seal Type Mechanical

Seal Material Carbon, Ceramic, Viton

Seal Application Nonflammable Liguids Compatible with Pump Components
Max. Liquid Temp. (F) 200

GPM of Water @ § Ft. of Head 38

GPM of Water @ 10 Ft. of Head 340

GPM of Water @ 15 Ft. of Head 32

GPM of Water @ 20 Ft. of Head 29

GPM of Water @ 26 Ft. of Head 26

GPM of Water @ 30 Ft. of Head 20

GPM of Water @ 40 Ft. of Head 5

Max. Head (Ft.) 50

Max. GPM @ Head (Ft.} B@5

Bast Efficlency GPM @ Head {Ft.) 28¢@ 22

Min. GPM @ Head (Ft) 5@ 40

Best Efficiency Range GPM @ Head (Ft.) 33@1224@ 28

Max. Specific Gravity 1.0

Max. Case Preasure (PSI) 150

Max. Fluld Viscosity 31 85U

Inlet Pressure (PSI) 128

Impeller Type Closed

Duty Centinuous

Max. Dia. Solids (In.) 18

Port Rotation 90, Increments

Drain Plug No

Manufacturers Warranty Length 1 Year

Application Liguids Transfer, Circulation, Chemical Processing, Cooling, Pressure Boosting and Circulating
For Use With Clear, Non-Abrasive, Non-Flammable Liquids Compatible with Pump Components
Height {In.} 7-13416

Length (In.) 3

Width (In.) 8-3/8

Includes Mounting Adapter, Hardware, Seal, O-ring

H.9 Specifications for Dayton 4JIMY?2 pump head in cold loop
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4.3. Connection Diagram

MCH o
e 222
Y

1 phase —T— L
AC gt |
:“x: owed | Extama Lam
AC riad 1 '|lwcm
SLROMe S~ u

1024V Quiput
2 Digitt rpt 1
3 Digea frpt 2
4 Diget frpet 3

Dot
Aot A gt bngut
Connectons: S +36Y Quiput, Hatyy Common

& Anaiag input 1 at ity Coriac,

Tav

Figure H.10 Connection diagram for Invertek ODE-2-11005-1H012 drive

CONNECTION DIAGRAM (RSTL TO POWER SUPPLY)

AN T
) YELLOW B1
Tifr-sw / \ o
? >V READ +
18 1 — VIOLET _2_1 V_READ +
3 . 3 ¥ _PROG LOCAL
PR I 2] v _PROG OUT
P i ore {5 |
8 Y V_PROG (-)
s 7] V_READ (-)
19 — BROWN X —
7 GREEN \ / 8
PR s X % g | ]_PROG LOCAL
n M ol |_PROG_OUT
9
]
10 2 I PROG (—)
I READ (-
" 73] =)
2a 12 ! READ +
12 )
25
e [+] pos ourpur

Figure 1 Connection Diagram (RSTL to Power Supply)

Figure H.11 Connection diagram for EMHP 300-200 60kW power supply
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October 15, 2012

Copyright holder

Mechanical and Aeronautical Engineering
Western Michigan University

Parkview, Room G216

Kalamazoo, Michigan 4900-5343

Phone: (269) 276-3429

Dear Dr. Ho Sung Lee:
[ would like to request your permission to include an excerpt of the following items in
my thesis:

Lee, Ho Sung, “Thermal Design: heat sink, thermoelectric, compact heat exchanger,
and solar cell,” John Wiley & Sons Inc, Hoboken, New Jersey, 2010.

The figures 1.1, 2.1, and 2.2 will be helpful for the readers understanding of my
analysis. The source will receive full credit in the manuscript.

For your convenience, | am including a space for your signature on the page to
indicate your permission for my use of the above-mentioned. By signing below, you
give ProQuest information and learning (former university Microfilms) the right to
supply copies of this material on demand as part of Master Thesis. Please attach any
other terms conditions for the purpose of the use of the item below. If you no longer
hold the copyrlght to this work, please indicate to whom [ should direct my request on
the bottom 1s page and return it to me.

o170/
/ l
Ho Sung Lee Date

Please return this letter in the self addressed, stamped envelope provided. Thank you
for your time and attention to this matter.

Sincerely,
Andrew H. Pike
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