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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 (Dovic 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 ofplates 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 ofwithstanding 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)
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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 ofTransfer 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, kwall 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 ofEquation 1.1. Tm is the bulk temperature of the fluid

while Twall 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 = h*A*(TOQ-Twall) (1.1)

q = m*cp*(Tli-Tl0) (1.2)

Another important concept in heat transfer is effectiveness, which has direct

physical meaning, it being the actual rate ofheat 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.

e = -±- (1.3)
Qmax

In order to define effectiveness, it is necessary to introduce a value known as

mass capacitance. It is the product ofmass flow rate and the specific heat of the

fluid.

C= rh* cp (1.4)

The heat capacity ratio, Cr, is defined as the ratio ofminimum and maximum mass

capacitances, Cmin and Cmax respectively.

c - (™*cpW (15)
(Th*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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Cmin*(Tli-T2i)

The number of transfer units (NTU), is a dimensionlessvalue, and represents the ratio

ofUA and Cmin, where Cmin is the minimum value ofmass capacitance in the

system, it being the limitingof the two mass flows. It is also possible to defineNTU

in terms of Cr and temperature.

NTO =-2_*ln(i^) (1.7)

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

NTU = — (1.8)

Where UA can also be expressed as

UA = ; • j | — (1.9)
hiA1 kwan h2A2

For the type of heat exchanger used in this study, the areas ofAl, A2, Aw are

equivalent. Setting the experimental flow rates equal to one another allows for the

assumption that hx = h2. 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.

2

Kxp = t—s~ (i-io)
u kwall

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,
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6

fluid properties, flow conditions and geometry. It is also necessary to introduce a

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

y *2E*£„pf (1H)

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.

Mtotal=Pt-Po 0-12)

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, APf andAPp 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. Gp is the mass velocity acrossthe port area.

G--
m

~~Ac

Gv 4*rh

n*Dp2

(1.13)

(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.
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15*G™2

r 2*p

It is nowpossible to determine APf by subtracting theportpressure drop from the

total pressure drop, as seen in Equation 1.16.

APf = APt-APp (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.

f =W£EL (i.iT)
J 2*p*Qz v '

Where Dh is the hydraulic diameter, Lp 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 ofwater

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 ofwater 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 ofmultiple 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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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 ofplate 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.

Figure 2.2 Internal Section of Stacked Chevron Plates, Lee (2010)

10
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The figure shows many of the important geometric parameters that concern

chevron type plates. The chevron angle, P, 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 5. The corrugation pitch, X, 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 P, the corrugation wavelength X, 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 (Dovie,

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 P, and another value named the surface enlargement

factor <I>. 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.

- _ corrugated area _ L\Nx ,~ -. >.
projected area Wv

Where L% is the enlarged length per wavelength, N% is the number ofwavelengths per

plate, and Wp is the widthof the plate. To put this in perspective, a perfectlyflat plate

would have a O 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 O 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 O 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 p, not to be confused with

the chevron angle. It has units ofmA2/mA3, 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 p 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 P values of

30, 45, and 60 degrees and another so-called mixed configuration approximating a P

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 ofplates with P=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 <D 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

12
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factor. There is also a corresponding gain and penalty for increasing values of p, 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 ofR-134a in a PHE.

The PHE used in this study employed chevron type plates, with a p 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 ofwater 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 p 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 ID 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 ofRe 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 p 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. Wamakulasuriya 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



www.manaraa.com

15

plates,with the anglebetween corrugations being 120degrees. They stated that the

inlet temperature differences rangedfrom 14to 20 degrees Celsius, with hot side inlet

temperatures ranging from 55 to 77Celsius. However, they did not calculatethe

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

agreementwith 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, Durmu§et al. (2009) investigated PHEs with different

surface geometries in both parallel and counter flow. They chosewater 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 experimentalheat 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 P values of

30 and 60 degrees, along with another mixed configuration using plates having an

alternating p 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 O 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 p.
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Another study comparingCFD simulationand chevronPHEswas undertaken

by Han et al. (2010). Theydid not provide specifications on plates used in the PHE,

although it was specified that five plateswereused, providing two channels of flow

for the hot and cold sides respectively. A CFDmodel was set up also having four

fluid channels, and it was found that there was not significant difference in thermal

performance betweenthem. Five flowrateswere employed in the study, ranging

from 50 to 90 liters/hour. The results presented showed a large discrepancy between

the simulation and experimentalvalues, on the order of 35%, however they did not

discuss the uncertainty of their measurements. For the simulationsettingsused, the

modelunderpredicted 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 Pof 90 degrees. As theywere interested in ocean thermal

energy conversion, low temperature differenceswere used in testing, and greater

scrutinywas 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.

16
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Table 2.1 Review ofExperiments in Literature

Authors Year Type Fluid Chevron

Angle

P
(degrees)

Number

of plates

<D Flow

Rates

Stated

and

(gpm)

Re

Muley, 1999 Gasketed Water, 30/30, 12,24 1.29, 1.46 Not 600-

Manglik PHE Veg. Oil 30/60,
60/60

given 10,00
0

Hsieh, et al. 2002 PHE R-134a 60 3 Not given,
calculable

Not

given
N/A

Jokar et al. 2004 BPHE Water,
Water/Gly
col, R-
134a

60 40,54 Not given,
calculable

0.15-
0.45

kg/s
(2.38-
7.14)

70-
900

Galeazzo et 2006 Gasketed Water N/A 4 1 0.3- Not

al. PHE 0.8 L/s
(4.76 -
12.70)

given

Dwivedi, 2007 Gasketed Water 60 40 Not given, 0.93- 877-
Das PHE calculable 1.86

L/s
(14.76

29.52)

1756

Warnakulasu 2008 PHE Absorbent N/A Not Not given 0.30- 250-
riya, Worek salt

solution
LZB

given 0.58

kg/s
1100

Durmu§ et 2009 Gasketed Water N/A 15 Not given 0.03- 50-
al. PHE 0.16

kg/s
(0.48 -
2.54)

1000
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Table 2.1 Continued

Authors Year Type Fluid Chevron

Angle

P
(degrees)

Number

ofplates

Surface

Enlargem

ent factor

Flow

Rates

Stated

and

(gpm)

Re

Khan et al. 2010 Gasketed
PHE

Water 30/30,
30/60,
60/60

3 1.117 Not

given
500-
2500

Han et al. 2010 BPHE Water Not

given
5 Not given 50-

90
L/hr
(.22-
0.40)

Not

given

Faizal, 2012 Gasketed Water N/A 20 Not given, 0.18- Not

Ahmed PHE calculable 0.63
L/s

(2.86 -
10)

given

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 whengiven, and the range of values for which the correlations are valid.

It should be noted that in his definitions, he defines the chevron angle p as the angle

between the corrugations and the axis perpendicularto the main direction of flow,

where as Lee and several other authors define (3 with respect to the longitudinal axis.

Dovic 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.

Selba§ 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 Dovic et al.. He found that in general that was
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reasonableagreementbetweenthe twowith regards to the Colburn and friction

factors, although the level of agreement depended on the geometric parameters

selected, particularlywith differing values of the chevron angle p.

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 requirementswill refer to tests of a steady state nature. Perhaps the

most important, is the need to provide the inlet ports of the heat exchangerwith 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

componentswhich are not common to the rest of the diagramswill be noted where

appropriate. The diagramswhich are presentedmay 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.

20
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HEAT EXCHANGER PUMP FLOW METER TANK

A \/

PRESSURETAP THERMOCOUPLE

o
INLINE IMMERSION HEATER VALVE DRAIN DIRECTION OF FLOW

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 ofRe, 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/ T_L -- P,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 speedor steamflow rate. Theyalso define the steadystate in terms of

maintaining an energy balance,q, across the hot and cold sides of the heat exchanger

to within ±5%.

Wamakulasuriya andWorek (2008) constructed an experiment for testing the

performance of a viscous absorptionsalt solutionwithin a PHE. The paper does not

specify the means of controlling the flow rates within variousparts of the system,

althoughthe diagramdoes show recirculating loopswith adjustable valves so it is

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

HOT LOOP
TEST SECTION

P,T

COLD LOOP

COOLING WATER INLET

Figure 2.5 Wamakulasuriya 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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DRAIN

GM-
HOT WATER TANK COLD WATER TANK CITY WATER INLET

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.

COLD WATER INLET

HOT WATER TANK TANK o
-0-

P,T

4*-

\'/
DRAIN

Figure 2.7 Khan et al. Experimental System
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A 2.2 kW pumpwith an inverterwas 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.

ATMOSPHERE

HOT WATER TANK

COLD WATER INLET

P,T

4

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 1.5meters 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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respectivecold 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.

HOT LOOP

IMMERSION

HEATERS

RECIRCULATING LOOP

COOLING LOOP

>

\-&-+
\V
DRAIN

COOLING WATER INLET

Figure 3.1 Logical Diagram ofExperimental 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 ofEnergy Flow at Steady State Conditions
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Figure 3.3 Picture ofExperimental System
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3.2.1 Flow loops
The hot loop was largely constmcted of schedule 10 1 Vi 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 lA 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 tanks 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 lA hp

motor. The motor was replaced with a lA 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 4JMY2, which provided

similar performance to the other pump. A motor of the same type was attached to it.

Each motor had a Vi hp drive powering it, an Invertek ODE-2-11005-1HO12. 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
Heatwas generated within the hot loop through meansof two immersion

heaters. Theywere purchased fromVulcanElectric, and have the part number SF-

1524B. Their locations can be seen in the figure below. Each of the heaters operate

usingDC current, havinga maximum ratedvoltage of 240V, and capableof

generating 15kW of heat, providing a maximum heat generation withinthe system of

30kW. A programmable power supply, model EMHP 300-200 was used to supply

power to the heaters, converting 480Vthreephasepowertaken 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.

Thesewere temperature, pressure, flow rate, and electrical. The descriptionsof the

instruments and data acquisition systemwill 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 ofOmega 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 constmction. 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 lA 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 ofmain 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 DAQcardallowed for lesspossibility of signal interference from the other
instrumentsto 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 primarygoal of the studywas to measure the temperature difference and

pressure drop across the heat exchanger under various testingconditions. The

temperaturedifference across the test sectionwas measuredusing two thermocouples

and taking the difference betweenthem, likewise with the pressure transducers. The

thermocouples were locatedmidstream, with their tips along the centerline of the

piping. Pressure taps were installedwith the pressure transducers oriented vertically

which took measurements of the static pressure.

Figure 3.6 Picture ofTest Section

After the instrumentation portion of the test section, 1 lA to 3A 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 3A 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.
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3.3 Analytical method
MathCADwas 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 predictionmade by

Martin's correlation, a principle factor affecting the predictions is the surface area of

the plate. The method employedby Muley andManglik (1999) of directlymeasuring

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 providedby the manufacturer, GEAPHE 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.

Figure 4.1 Picture ofHeat Exchangers Tested
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All of the heat exchangers have plates comprised ofAISI 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 PHEswere all of the chevron type, havinga chevronangle of 60

degrees, provided by the manufacturer GEA PHE Systems. Measurements were

made to verify the values providedby the manufacturer, and the two were found to be

in good agreement. As only one heat exchangerwas 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.

Wavelength

Corrugated pitch angle
Plate thickness

Figure 4.4 GEA Plate Dimensions

Rather than specify the wavelength of the corrugation directly, GEA defines the

plates in terms of a cormgated pitch angle, a, the total height of the plate, tn, and the

plate thickness 5. Additionally, all of the heat exchangers tested had plates with an a

of40 degrees, and a 8 of .6mm, as stated by the manufacturer. Alothman (2011),

defined the wavelength, X, and amplitude of the sinusoidal wave, a, in terms of these

factors.

38

X = tn* tan (a)

tn-S
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
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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 Wn U L„7r, Nt tn ft, X a O Dp% h '-•pip Nt tn "p X a

(in) (in) (in) (in) (in) (in) (in) (in)

Fp3x8-10 3 5 6 10 0.093 0.93 0.078 0.035 2.1072 .75

Fg3x8-14 3 6.2 7.2 14 0.087 1.12 0.073 0.032 2.0705 .75

GB220H-20 3 10 11 20 0.087 1.74 0.073 0.032 2.0705 .75

GB240H-20 3 15.3 16.3 20 0.087 1.78 0.073 0.032 2.0705 1

Wp represents the width of the plate, Lp2p is the port to port length, Nt is the number

of plates, Hp is theoverall depth, Xis thewavelength, and Dp is theportdiameter.

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 Lp. Therefore for themodeling, one inch was subtracted from Lp2p to

determineLp. This was a direct measurement for theFp3x8-10, 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 ofRe. For each heat exchanger two levels of heat
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generationwere 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 ofwater, or the capacity of the immersion heaters,

30kW, was reached. After reaching steady state and recording the run, the heat

generationwas 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 systembehavior 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 3A 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 commonpractice in the

manufacturers literature.

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

the loops were purged with compressedair 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 trappedwithin the systemwould 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 takenwith respectto the variables in question. However, he

goeson to statethat formore complex experiments, of which the type in this study is
unquestionably, using a data interpretation program and creating perturbations to the

input values and comparingthe nominal values to the programoutput is also an

acceptable method.

As part of the literature review, it was discovered that there is a wide rangeof

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 regardingthe plate geometries will not be consideredand values

given by the manufacturer shall be treated as tme. Also, other than the discussion

regarding the method of calculating fluid propertiesbased 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 ofwhat

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, q. Muley and Manglik (1999), described a

method for determining steady state by comparing the hot and cold side q values with

the average measured q, as shown in equation 4.4.
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=Siot^coM (4.3)

%error q= <""*""li""'"'<' *100 (4.4)
Qavg

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%. Wamakulasuriya 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 ofHan 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 discussionwas made regarding change in

temperature.

A sample ofvarious 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 T2o HLflow CLflow HLAP CLAP

(C) (C) (C) (C) rate

(gpm)

rate

(gpm)

(psi) (psi)

Average 77 50 57 87 40.73 59.70 4.997 4.992 2.0021 3.2503

Std.
0.0457 0.0315 0.0536 0.0390 0.0117 0.0216 0.0071 0.0225

Dev.

Min 77.40 57.78 40.65 59.56 4.950 4.925 1.9835 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 ofwater 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 samewas 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

PX32Bl-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
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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 Px * (±0.285%) - P2 >* (±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.

February 16th

February 20th

February 26th

Table 4.4 Range ofMeasured Temperature Offsets

Tlo

0.2052 C

0.2107 C

0.2003 C

Tli

0.8130 C

0.6389 C

0.7555 C

T2o

-0.0235 C

0.2165 C

0.0407 C

T2i

-0.1366 C

0.1773 C

-0.1408 C

The standard deviations of the offsets were very small, for the Tlo 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.

50

Table 4.5 Temperature Offsets

Tli offset Tlo offset T2i offset T2o offset

0.73 C 0.21 C 0.02 C .10C

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 +-0.16C +-0.16C

Pressure drop Pi * (±0.285%) - P2 * (±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 1lgpm. 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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T =
Ti+T0 (4.4)

It is unclear what is accepted practice when comparing a range of data when each

point has a different temperature (Tavg) associated with it. For a given setofdata of
the type in this study, each data point can have the fluid properties calculated using

the respective Tavg, orthe fluid properties can be calculated bythe average Tavg of
the entire data set. Regardless ofwhich temperature was used to calculate properties,

the method of calculating properties was done by linearly interpolating between the

values found in table A-12 ofThermal 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

thepoints with circles use theaveraged Tavg of theentire 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 ofHose 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
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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 Tli Tlo T2i T2o hexp Jlexp flexp Rel

flow flow (C) (C) (C) (C) (W/mA2K)

(gpm) (gpm)

3.015 3.015 93.59 66.48 36.98 63.22 10819 0.0159 0.8083 1301

3.484 3.504 87.58 64.14 36.63 59.34 11799 0.0156 0.8015 1430

3.994 4.002 83.11 62.44 36.45 56.59 12922 0.0153 0.7808 1575

4.505 4.506 79.47 61.11 36.57 54.47 13999 0.015 0.7748 1719

4.993 4.995 76.71 60.14 36.79 52.99 14979 0.0148 0.7627 1856

5.512 5.511 74.25 59.34 37.05 51.77 15828 0.0144 0.7736 2003

6.004 6.01 72.26 58.51 37.1 50.65 16836 0.0143 0.7667 2138

6.506 6.513 70.55 57.86 37.24 49.78 17756 0.0141 0.765 2277

6.992 6.996 69.14 57.33 37.4 49.08 18651 0.0139 0.7625 2412

7.497 7.485 67.94 56.9 37.58 48.52 19593 0.0137 0.7599 2555
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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 1IkW

HL HL Tli Tlo T2i T2o hexp jexp fexp Rel

flow flow (C) (C) (C) (C) (W/mA2K)

(gpm) (gpm)

3.008 3.007 54.74 41.11 24.43 37.62 9532 0.0197 0.8261 818

3.5 3.504 51.42 39.64 24.1 35.54 10476 0.0191 0.8047 915

4.005 4.009 49.45 39.14 24.66 34.72 11472 0.0186 0.7961 1026

4.496 4.508 47.79 38.6 24.96 33.95 12385 0.0181 0.7915 1132

5.007 5.01 46.32 38.06 25.12 33.25 13291 0.0176 0.7798 1240

5.512 5.519 45.07 37.56 25.22 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 42.97 36.56 25.16 31.49 15944 0.0167 0.7745 1549

7.008 6.993 41.57 35.61 24.56 30.47 16676 0.0165 0.7742 1636
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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 Tli Tlo T2i T2o hexp jexp fexp Rel

flow flow (C) (C) (C) (C) (W/mA2K)

(gpm) (gpm)

3.01 3.003 95.24 64.05 42.57 73.02 9048 0.0171 0.4907 940

3.513 3.509 87.97 61.07 41.08 67.31 9979 0.0169 0.4589 1030

4.011 4.02 83.46 59.64 40.84 64.07 10908 0.0166 0.4424 1131

4.503 4.521 79.98 58.75 41 61.79 11739 0.0163 0.4334 1233

4.997 4.992 76.77 57.66 40.76 59.6 12545 0.016 0.4239 1328

5.504 5.504 73.86 56.5 40.39 57.52 13365 0.0158 0.4226 1420

6.014 6.027 72.34 56.49 41.21 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

7.515 7.524 67.11 54.38 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 52.51 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 Tli Tlo T2i T2o hexp jexp fexp Rel

flow flow (C) (C) (C) (C) (W/mA2K)

(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 27.24 40.25 9674 0.0198 0.5251 759

4.498 4.5 50.18 38.45 27.6 39.15 10521 0.0194 0.5091 838

4.999 5.011 48.25 37.67 27.39 37.81 11282 0.019 0.4996 911

5.527 5.531 47.08 37.5 27.8 37.22 12176 0.0187 0.476 997

5.997 5.992 46.26 37.39 28.09 36.81 12945 0.0184 0.4652 1073

6.505 6.504 45.5 37.31 28.42 36.47 13752 0.0181 0.4617 1156

7.017 7.034 44.48 36.88 28.35 35.81 14525 0.0179 0.4567 1232

7.503 7.5 43.58 36.47 28.22 35.23 15224 0.0177 0.453 1303

7.994 8.009 42.9 36.23 28.25 34.83 15896 0.0174 0.4501 1378

8.528 8.525 42.27 35.98 28.26 34.46 16794 0.0173 0.4462 1460

9.021 9.038 41.88 35.94 28.46 34.31 17501 0.0171 0.4441 1539

9.782 9.741 41.35 35.87 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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5.3 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 ofpower 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 5.7Isothermal Friction Factor GB220H-20

1x10"

There is an erratic early portion ofthe trend ofthe friction factor data in
Figure 5.7. This is due to slightly changing temperatures ofthe course ofthis 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 ofGB220H-20 at 28kW

HL HL Tli Tlo T2i

flow flow (C) (C) (C)

(gpm) (gpm)

T2o hexp jexp

(C) (W/mA2K)

fexp Rel

3.016 3.015 91.42 56.85 44.03 77.7

3.511 3.506 84.33 54.39 42.48 71.57

4.022 4.011 79.66 53.45 42.2 67.85

4.504 4.536 75.66 52.23 41.71 64.46

5.003 5.011 72.47 51.33 41.26 61.92

5.497 5.507 69.96 50.78 41.09 60.01

6.016 6.03 67.94 50.45 41.2 58.46

7.021 7.019 64.75 49.76 41.17 56.04

7.999 8.005 62.36 49.21 41.19 54.23

8.999 9.018 60.83 49.14 41.61 53.2

9.996 10.066 59.43 48.91 41.8 52.2

11.005 11.016 58.24 48.69 41 51.41

6652 0.0188 0.5084 616

7349 0.0187 0.4606 673

7913 0.0181 0.4418 741

8484 0.0178 0.4336 799

9043 0.0174 0.4042 861

9448 0.0169 0.4031 925

9979 0.0165 0.4036 994

10987 0.0159 0.394 1126

11971 0.0155 0.389 1254

12972 0.015 0.3858 1393

13918 0.0147 0.3841 1528

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 (C) (C) (C) (C) (W/mA2K)

(gpm) (gpm)

3.021 3.02 51.07 33.6 26.42 43.31 6042 0.0242 0.5411 382

3.516 3.523 50.14 34.7 27.92 42.93 6644 0.0229 0.4703 445

4.036 4.037 46.15 32.91 26.67 39.58 7209 0.0224 0.4787 487

4.508 4.511 46.1 33.98 27.99 39.84 7756 0.0214 0.4468 548

4.991 5.033 42.93 32.25 26.67 37.11 8131 0.0209 0.44 583

5.498 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 0.4275 684

6.996 7.038 38.92 31.27 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 35.31 30.4 26.7 31.55 13956 0.0172 0.3992 1183



www.manaraa.com

o

O
O

0.1

0.01

c
uc'<* f<S>Or>^^

r\

• Martin's prediction for Colburn factor
Martin's prediction for friction factor

\y experimental mction lactor
.

A Experimental Colburn factor

4 AZ £ft Ahnri^Aaa

100 lxl 0J

Reynolds Number
1x10

Figure 5.9 Colburn and Friction Factor GB220H-20 14kW

Figure 5.9 shows similar results, again showingthat the level of heat transfer

does not effect the trend ofmeasured Colburn factors. There is also a transition

region, occurringat aroundRe 650,which is again shifted relative to the data for

28kW ofheat transfer for this heat exchanger.
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5.4 GB240H-20

This heat exchangerwas 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

1x10

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 ofGB240H-20 at 27kW

HL HL Tli Tlo T2i T2o hexp jexp fexp Rel

flow flow (C) (C) (C) (C) (W/mA2K)

(gpm) (gpm)

2.997 3.016 89.58 56.76 48.32 80.72 6326 0.0182 0.518 605

3.514 3.515 83.92 55.43 47.68 75.61 7236 0.0183 0.4769 676

3.999 3.992 78.76 53.62 46.32 70.98 7850 0.0181 0.4616 733

4.517 4.515 74.98 52.72 45.86 67.7 8443 0.0177 0.4532 800

5.006 5.013 72.26 52.14 45.61 65.36 8955 0.0172 0.4319 865

5.511 5.523 71.11 52.87 46.67 64.6 9504 0.0166 0.4258 950

6.002 6.024 69 52.25 46.26 62.8 9901 0.0161 0.4252 1013

6.523 6.516 66.74 51.3 45.52 60.82 10462 0.016 0.42 1075

7.013 7.01 64.78 50.36 44.79 59.07 11008 0.0159 0.4164 1130

7.509 7.523 64.95 51.51 46.14 59.44 11452 0.0153 0.4119 1222

8.013 8.016 62.36 49.72 44.49 57.02 11938 0.0154 0.4112 1261

8.519 8.513 62.99 51.13 46.07 57.85 12428 0.0149 0.4086 1362

9.012 9.024 60.67 49.45 44.52 55.67 12840 0.0149 0.4078 1397

9.522 9.524 61.42 50.81 46.02 56.59 13329 0.0144 0.4061 1500

10.013 10.006 59.35 49.21 44.52 54.62 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 ofGB240H-20 at 13.7kW

HL HL Tli Tlo T2i T2o hexp jexp fexp Rel

flow flow (C) (C) (C) (C) (W/mA2K)

(gpm) (gpm)

3.018 3.011 51.24 34.22 29.53 46.06 6113 0.0244 0.5262 384

3.509 3.508 48.8 34.11 29.73 44.07 6616 0.0231 0.4986 437

4.017 4.01 46.55 33.7 29.6 42.21 7177 0.0222 0.4884 489

4.507 4.501 44.98 33.51 29.64 40.92 7688 0.0214 0.474 541

4.999 5.009 44.05 33.72 30.09 40.19 8236 0.0208 0.4534 597

5.51 5.514 42.43 33.02 29.55 38.8 8757 0.0203 0.4482 645

6.009 6.005 42.26 33.65 30.34 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 40.91 33.53 30.5 37.77 10266 0.0189 0.4345 813

7.499 7.514 39.96 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 33.37 30.62 36.67 11697 0.0179 0.4247 973

9.004 9 39.18 33.41 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 33.52 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 ofReynolds

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 experimentalprocedure and systemperformedwell 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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GEA Fp3x8-1

MathCAD format solution:

Test Heat Exchanger fP3x8-io

Hot and cold water properties at Tf

Thot_iR«:«r :" 50 °C Tcold_TR«er :" 40 °C

Hot water (subscript 1) Coldwater (subscript 2)

1 3 2 3
m tn

kEK T* ti-K

k :. 0.639— k, :- 0.628—
1 oo-K * m-K

lij:- 471 10 — |i2> 65410 —
si tn

Pr, :- 3.02 Pr2 :- 434

Thermal conductivity of the plate (Stainless Steel AISI 316)

Given information

Volume flow rates for hot and cold water

Qj :- lOgpm Qi :- lOgpm

Mass flow rates

ks
mdot^Q^I :- P2Q2 tn*>t^Q2l * 0-6271—
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Geometric parameters:

Number of passes

Corrugation inclination angle (chevron angle)

Total number of plates

Port diameter

t^ > 0.093in spacing between plates

Corrugation Pitch angle

Corrugation Pitch (=wavelengtht) x - 0.078-in

Thickness of the plates

Use the dimensions of the test heat exchanger

Wp :- 3in Lpjj,:- 6in Lp :- Lp2p - lin Lp - 5m

Hpr-VNt Hp-0.93-in

Number ofwavelength per single plate

-:P :-l

p>. 60deg

Nt:-10

DP
3

:- —in
4

u :-40dee

X :- Itasca)

f> :
Al*

- 0.6mm

X X

Number of channels for hot and cold fluid

Nt

%-5

Nt
N-,:.—--1

^'p Nc2-4

Amplitude of corrugation and channel spacing

1 J%, > _. _£ _&| a . 0.0347-in2Ut
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Corrugation ratio y
i

Corrugated length

-v>+± -r-1.7781
X

U >

X

J 2 2
, [ 2-7T-1 ) jf2-7T I
1 + • -cos* x dx

\. X J 'v X j
0

Heat transfer area for hot fluid (fluid 1)

Al :-2-Lx-Nx -Lp.Ncl A] - 0_2039m^

A2 :-2-LxKx LpN^ A;- 0.1631mx
Now setting the heat transfer area equal to the minimum area, which is A2

Projected area for the plates

-V:-2^Vlpnci

Enlargement factor q>
LXNX.\>..-L2l «i>-2.1072
w.

Exact hydraulic diameter

4*

^:" « 1^-1.6725-11™
Minimum free-flow area

A,-! :- 2-i-W Ncl Ad - 1.0407 tV

V>2"W^

A^r-^.-Wp-K^ A^-0.8325^
Surface area density

P *'1" wp-2-,LpKcl 19132xlQ3j_
Mass velocity

IT.

llQl''" m R^(Q,) - 3-2868* 10"
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G^O^j :-
mdot^Q^l

Pi B

R*2(Q2):-
^Qi)-1^

^
Recife)-2.9859* 10"

Friction factors

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

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

fa(Qi):-

WQ2) :-

!1.56-lnlRe^Qij) - 3.0)"* if Kt](Q]) >400
16

R*llQll
(MlNIWJM

(1.56-ln|Re '̂Qj) j- 3.01 if Kc^Qj) >400
16

k^Q-i'
otherwise

^nl(Ql) :-
9.75 if Re,(Qi I> 400

0.289 * 1J

• ♦ 0.9625 otherwise

wN:-

b](Ql]
14925

RejlQj]

9.75

Re^Qil

14925

"•flOd

if Re-,|Q,| > 400
0289 • •

* 0.9625 otherwise

f1(Q1j-0.4745
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cos<|i) f 1- coaUt)
mil •••

50.045ao(fS) * 0.09-Bin(H) - "•'

f2(Q2) - 0.4784

Heat transfer coefficients

hjiQji- 3.4672* 104-^—
m K

1 1

W^ *23i64(0205-Pr2 1 •U(Q2)-Re2(Q2f-«Mrf2-f\

h^Qj)-3.5899* 104-^—
m -K

Overall heat teansfer coefficient

Wi^h-
6 1

WiJ-Ai K h2lQ2,i

U^Q^I-9.8548* lO^-^-
m~K

3 W
u2<Ql«92)'A2- 1-^077* 10 —

Jv

Effectiveness-NTU Method

C,(Q,):- «**,(<},)-c^j

^.0.374

Cj(Qj) - 2.6001 * 10"

83
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C^Q2| :-mdM^Q2j.€^2 3 z*c^Qj) - 2.6201 *10 .2-3
Ki

CmJ'Ql:Q2J :" «»<CliQl)rC^Q2)) C^Qj,92_j-2.6001 x10 i^
Ks

cm«iQi:Q2J:-aH'Ci{Qii^'Q2):i cm«(Ql:Q2I - 2.6201 * 10"

^Qi.^y
CminlQl:Q2.1

NTU(Q1,Q2)> uiQl^2J'A2
Cmi^Ql:Q2l

Counterfiow effectiveness

C^Q1;Q2|-0.9924

NTU(Q1:Q2|-0.6183

1- •J"-WTU(Q, :q2H l - CJQ^Q, i[]
'"PHE- Qi -Q-> I > r •

ePHE'Ql:Q2l-0-3826

Qpj :- lgpm.2gpm.. 15gpm

GBM 108

5 10

Qm

Heat transfer rate for the PHE •"

«(Tli.T2l»Ql.Qj :" £PH^Ql:Q2.lCmWQl:Q2,l':Tli- T2i

15

Ks"
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Since CPHE
CHTli-Tlo) C2'(T2o-T2iJ
CminlTli-T2il Cmin^Tli-T2il

. CminlQl^2) ,
TlolTlrT2i^l:Q2) :" Tli" ePHdQl:Q2)—FTq-—lTli- T2il

Cmi^Ql:Q2) ,
T2tfTli:T2i:Ql^2J :" T2i - «PHBlQl.92)— ^^ - T,c^Q2l li_ *2iJ

, , hl(Ql)*J
J1IQ1P- Gl(Ql..l-tpl

TH:- 70«C T2i:-30=C

Qj^ :- 0.1gpmr0.11gpm.. 12gpm

'0

60

50

40

VTli=T2i;Qm^Qm)-273K

T2oiTli:T2i:Qm:Qm;i-273K

-4
2*10

Pressure Drop

The frictional channel pressure drop

2^)4 0,(0,)
°h Pi *

-4
4*10

Qm

-4
6*10 8*10"

APfl(Qj)- 9.0907 psi

APjj|Q2|- 14.4519 psi
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The connection and port pressure drop
4-flBdOtJQj]

GpllQlp-
7t-D„

Gp2lQ2):-
4odot2|'Q2j

ir-D„

GidQ-»rAP^Q,):-!^-^-
2p2

AP,(Q,) :-APfllQi) *APp,(Q,)

AP2<;Q2):-APc(;Q2j*AP2^Q2

Op,(Q,)-2.1ttBxlO-S_

APp,(Q,) - 0.525-psi

**4#h)" 0-5298 psi

APj(Qj) - 9.6156 psi

AP^Qji - 14.9816 psi

GBM 220

p
-5

•—

3

—

APl(<U20

3C

— Hot side

— cold side

ip

• r

0

psi

psi

10

Qm
epm

Flow rate (gpm)

::<
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•o

Experimental Data

AP,(Q,) •
I

l-5-^,(Ql)
2-px

ORIGIN :- 1

i-1,2 10

M •- i
irl

th-273k
1.2 K

-I

Mi.3 :"
TlolTli^T2i;i-BPrnsi-Bpn) - 273.15K

T-»; - 273k

i.4 K

M. ,:-
t. j

T^T^T^igpflUgpm) - 273.15K

>.I
APjCi-gpm)

psi
M

APi{i gpm)

.7 pi!

Predictions

M-

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

5 5 70.15 50.9012 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 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
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Adding temperature dependent
properties

Temperature dependent properties ofwater taken fromtable A.12 Thermal
Design

temperature range of properties, in deg
celsius

( 0}
20

-10
tx :-

60

100

liquid density information, in
kg/m3

dty :-

dtyl :- dty

dtsl :- lspline{tx.dlyl)

1002"

1000

994

985

974

960 j

^W):_ ^«N^i:«:<Myi:^ii—r

dty3 :- dly

dts3 :- lspttae{tx.dty3)

tfPjfWg3.J :" M»«P<*«3. tx f«y3 ,twt^j—-

dty2 :- dty

dts2 :- tspline(tx.dty2)

&E
£&*&} '•' i^dl^tx^^)—

specific heat information, in
J/(kg*K)

f4217^

dcpy :-

4181

4178

4184

4196

^4216.
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dcpl :- dcpy

dcpsl :- isplioe(tx.dcpl)

jfclW) :" HKBp^i^dcpl^j-—

dcp3 :- dcpy

dcps3 :- lsplii*(tx:dcpl)

Cp^f^) :- int«pidcps3:a:dcp3:t^|.—

thermal conductivity information, in
W/(m*K)

dcp2 :- dcpy

dcp&2 :- lspline(tx.dcp2)

'.552^
.597

l-o •
.628

fcy .-
.651

.668

,68,

dfcl :-dfcy dk2 :- dfcy

dksl - tsplii:e(tx:dkl) dks2 :- l«pline(tx.dk23

wMw*l) •- fflt^dfcsl.tx.dfcl.^l-—- &(W) :" **«»(*»afl»,*2,liig2)—-

dk3 :- dty

dks3 :- lspline{tx.dk3)

WM***^) :" a««^dks3:a:dk3:tIvg3|—-

absolute viscosity information, in
ISTs/m^

dviy:—

'"1792"1

1006

654

471

355

I 288
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dvl > dvsy dv2 :— dvsy

dvsl :- lspltoe<tx.dvl) dvs2 :- lspltne(tx.dv2)

/fajlW) :" *«*S(*^ .*»<« :t.vgl)-10 ~

^W-1 :" a****** .«M*2.^Bg2:)-10 —£

MW) :" taa*(dwi3',x'<W»twi})-1° —T

Prantle number
information

py>

^13.6^
7.02

434

3.02

222

f»yl :-piy

prsl :- lspline(tx.pryl)

£&iW.-':" l-"*(irt»**»l«W)

^it«vS2,l :-i«»(p«2,l«,w2,^>g2)

Plr3(1mi3l :" im«^Pre3:n;:f»>"3rt1vg3l

piy2 :- pjy

pts2 :- lspliise(tx.piy2)

dv3 :- dvsy

dvs3 :- lspline(tx.dv3)

pry3 :- pry

prs3 :- tspline(tx.pfy3)
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Experiments. For the model and data that follows, when regarding sideAand side B ofthe
heat exchangers, the hot side (A) will have a subscript 1, the cold side (B) will have a
subscript 2

Description ofmatrix columns: 1) hot loop flow rate, 2) cold loop flow rate, 3)T1i, 4)T1o,
5)T2i, 6)T2o, 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)T3o, 13)citywater 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

MG2:-

Mh22>

'3.015 3.015 94.32 66.69 3" 63.32 26.725 25.604 20.852 18.2" 12.91 30.82 4.526 22346"s'

3.484 3.504 88.31 64.35 36.65 59.44 23.819 22.12 20.713 1".252 12.72 30.65 4.562 22342

3.994 4.002 83.84 62.65 36.47 56.69 22.466 20.114 20.876 16.469 12.7 30.7 4.562 22330

4.505 4.506 80.2 61.32 36.59 54.57 21.63 18.499 21.T33 16.17 12.-8 30.86 4.56-? 22329

4.993 4.995 •".44 60.35 36.81 53.09 21.181 1".199 22.822 16.038 12.56 31.29 4.403 22317

5.512 5.511 "4.98 59.55 37.07 51.8" 21.661 16.625 23.836 15.648 12.59 31.5 4.375 22302

6.004 6.01 72.99 58.72 37.12 50.75 22.232 16.21 24."01 15.046 12.56 31.58 4.352 22277

6.506 6.513 71.28 58.0" 37.26 49.88 22.939 15.781 26.043 14.792 12.55 31.58 4.329 22269

6.992 6.996 69.8" 57.54 37.42 49.18 23.825 15.491 2T.545 14.634 12.58 31.83 4.30" 22253

^7.497 "485 68.6T 57.11 37.6 48.62 24.85T 15.22 29.244 14.553 12.63 32 4.293 22254;

i:-l. 10

^3.008 3.007 55.47 41.32 24.45 37.72 15.124 13.954 16.634 13.983 12.16 21.67 4.318 11118^
3.5 3.504 52.15 39.85 24.12 35.64 15.6"4 13.92 1".44" 13.937 12.17 21.01 4.695 11106

4.005 4.009 50.18 39.35 24.68 34.82 16.34 13.892 18.428 13.913 12.18 21.65 4.374 11102

4.496 4.508 48.52 38.81 24.98 34.05 1".092 13.867 19.526 13.888 12.24 21.81 4.327 11096

5.007 5.01 47.05 38.2" 25.14 33.35 1T.98 13.846 20.T5T 13.866 12.24 21.96 4.323 11090

5.512 5,519 45.8 37.77 25.24 32.73 18.965 13.832 22.151 13.859 12.28 22.03 4.309 11080

6.013 6.019 44.48 37.06 25.04 31.92 20.015 13.82 23.665 13.847 12.32 21.73 4.479 110"4

6.51 6.504 43." 36.77 25.18 31.59 21.134 13.817 25.256 13.B5 12.43 21.88 4.5 11074

^7.008 6.993 42.3 35.82 24.58 30.57 22.384 13.821 26.963 13.85" 12.3 21.29 4.766 11065^

i2:-1.9
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Mi22:-

'3.016 3.017 21.46 20.76 20.48 20.76 15.414 14.258 16.91 14.239 20.24 20.44 4.507 0\
3.498 3.504 17.45 16.42 15.72 16.35 15.978 14.23 17.692 14.186 14.86 15.51 4.471 0

3.994 3.99T 15.8 14.98 14.68 15.0" 16.661 14.206 18.676 14.154 14.16 14.57 4.494 0

4.509 4.501 15.15 14.35 14.1 14.46 17.4C 14.186 19.799 14.121 13.55 13.9B 4.463 0

5.012 4.999 14.48 13.T 13.48 13.83 18.399 14.172 21.048 14.099 12.92 13.34 4.487 0

5.507 5.502 14.12 13.36 13.19 13.51 19.391 14.161 22.448 14.084 12.64 13.05 4.488 0

6.004 6 14.03 13.29 13.14 13.45 20.444 14.143 23.954 14.066 12.58 13 4.493 0

6.507 6.505 14.1 13.36 13.2 13.5 21.603 14.138 25.628 14.064 12.58 13.04 4.485 0

^6.993 6.997 14.11 13.38 13.2 13.51 22.844 14.146 27.393 14.083 12.51 13.02 4.4B8 Oj

«3:-1..9

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 forthe rawcold side pressure drop

(1) is full
power
2 half power
3 isothermal

Mbose<Jfop

^-0.318 0.363^

-0.212 0.47

-0.101 0.61B

0.029 0.755

0.225 0.895

0.39 1.052

0.553 1.207

0.746 1.391

0.948 1.584

^ 1.17 1.787;

X£bosedfop2 :—

'-0.318 0.363^

-0.212 0.4T

-0.101 0.618

0.029 0.755

0.225 0.895

0.39 1.052

0.553 1.207

0.746 1.391

0.948 1.584;

half power and isothermal share same flow rates

Nowcreating additional matrixes to calculate perturbations in the data due to
measurement

uncertainties

92



www.manaraa.com

Utlflovmeterl :- 1.0034

UdBnmMMS:- .9966

Ufaffltremeterl :- 1.0052

WKkmmua:- 0.9948

maximum heat transfer error matrices

MEerr , :- ME2 . UhlflcsToeter2
i.l i.l

T1i value

MEerr , :- ME2 , * -.16
i.3 i.J

T2i value

T1o value

MEeir . :- ME2 . * .16
i.4 i.4

T2o value

MEerr . :- ME2 , - -.16 MEerr , :- Mf22 - ♦ -.16
i.5 i.5 i.O i.O

Hot loop raw pressure
drop

MEerr _ :- ME2 _ MEerr . :- ME2 .
i.7 i.7 i.o 1.8

Cold loop raw pressure
drop

MEen- A :-ME2 _
i.9 i.y

MEerr ,A:-ME2. ..
i.10 i.-C

MEen- ,.:-ME2 ., MEen •-ME2. ._
i.ll i.ll t.12 1.12

MEerr . „ :- ME2 .„
1,13 i,13

half power error matrices

MEerr , . :- ME2 . .
i.14 i.14

Nowdefining property values from matrixes

QKMf.i) :-Mf ,epm
i.l

TlL(Mf.i) :-Mf „°C-.73°C

Tlo{Mf.i):-Mf t*C-2l°C
i.4

Q2(Mf:i) :-Mf ^^ai Q3{Mf:i) :-Mf. «5S»b

T2i<Mf.0 :- Mf =C - .02°C
i.5

T2c(Mf .i) :- Mf £°C- .10 °C
i.O
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T3i(Mf :i) :- Mf. °C T3o(Mf :i) :- Mf. °C

(is ,-.73Vfwf. ,--2f| faff. ,-.02VfMf. ,--f)I i.j J I i.4 J I 1.5 J I 1.0 Jttvgl(Mf:t) :- -^ ! i : J- t*vg2<Mf si) :- - : '—— • -

".,9*Mti,10
uvg3(Mf .i) :- • •—

Now listing experimentally determined offsets for temperature difference and pressure

APbotd&et:- .54

Considering the offset of
AP

APl(Mf:i) :- |7Mf - Mf. S\+APbotofeetl-psi

AP2<Mf:i) :- [7Mf. - Mf. ._") ♦ APcoldtrffeeil-psi

Nowcalculating NTU
relationships

APcoldoifeet:- -.1

Cl(Mf :i) :- p^awgKMf:0)Ql(Mf:i)-cpl(m-gl(Mf:i))

C2(Mf :i) :- p^ttvg^Mfri))-Q2(Mf .O-Cp^avE^Mf:i))

Cmm(Mfti) :- mra(Cl(Mf:i);C2(Mf:i)) Cman(Mf:i) :- nm<Cl<MfTi):C2<Mf7i))

Cf(Mf:i)>Cmm(Mf:i)
Cmn<Mf:i)
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gtSA) > Cl(Mf;i)-(Tli<Mf:0 - Tlo<Mf;i))

Cmin(Mf:i)^.Tli(Mf:i) - T2i<Mf:i) - Oj

1 f l-e(Mf;i)-Cr(Mf:i)
KTU(Mf.i) :-
MMWl 1 - Cr(Mf :i) V 1" £(Mf :*)

U2(Mf :i) :-
NTU(Mf. i) -Cmin(Mf, i)

U2(Mf .i)* —- - 1
1*1

h(Mf r0 :-
U2<Mf:i)-fi

1-

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

Gl(Mf:i)
Pl(tivgl(Mf:i))-Ql(Mf:i)

4-pj(tivgl{Mf, 0)-Ql(Mf, i)
GplCMf ri) :-

jl(Mf:i) :-

ttD,

b(Mf .O-Pir^tivf1(MT:i))"
Gl(Mfs0-Cpi<iwBl(Mfs0)

G2(Mf:i) :-
p2(ttvg2(Mf:i))Q2<Mf:i)

Ac2

4- P2<tivg2(Mf, i))-Q2(Mf, i)
Gp2(Mf:i) :-

TtD,

b(Mf,i)•Pr2(tivg2<Mf, i))

G2<Mf:i)cp2(ttvg2<Mf:i))j2(Mf:i) :-

The various friction factors calculated below represent different corrections applied. f1 is the
basic form used to calculate the friction factor, while the hose designations have the
experimental hose pressure drop subtracted fromthem. The h designation at the end is used
to distinguish between the various runs with different numbers offlow rate sets.

fl(Mf,i) :- APl(Mf:i)-
1.5{Gpl{Mf:i))'
2p1(avgl(Mf:i))

%Pl<av5l{Mf:i))

J 2-LpGl<Mf:i)'
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flisithl»Bef(Mf.i)
r ^ n l-5-{Gpl(Mf;i))'

APl{Mf .i) - /Mbcsedrop. - APbotc&et 'j-pst
Djj-pjCtfvgKMfJ))

p,(tWBl(Mf,i))J 2-LpGl(Mf:i)J

E(Mf ri) :-
Djj-p^tivg^Mf,!)),• .^ 1.5-(Gp2{Mf.i)r

AP2^Mf.ll ^— -^—
2p-»<tavg2(Mf:i))J 2Lp-G2(Mf:i)

Ew-itfahose{Mf.i) :-
r . , -, 1.5-{Gpl<Mf.i))x'
|APl{Mf.i) - j Mbcsedrop . - APcoldcdfeetVpsi]
L I M ;' J 2-|

Djj-p^tivgKMf.i))

-p^tivgKMf,!))J 2-LpGl(Mf:i)'

fliR-ithbt>sefe(Mf. t) :- APl{Mf .i) - j Mho5edrop2. . + APbotoJfeetrypsil 1.5{Gpl(Mf:i))'
Ip^tivglCMf.i))

Djj-p^avglCMf,!))

- 2-LpGl(Mf:t)'

Rel{Mf ti) :-
GlCMfJ)!^

(i^ovgKMf.i)) Re2(Mf:i) :-
G^Mf.iyi^

(i2<tivg2(Mf ri))

Nul<Mfri) :-
h(MfTi)Lp

Nowcalculating values from martin correlation

Nu^Ql): y-

Ot :- lgpm. L02gpm.. 15gpm
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Full power values

MQi.)
flwithhosef (ME2. i)
oo

D.l

on-"^xacjso
•s.

100

Ji(Qi)
jl(ME2ri)
AA oi
*i(Qi.)
fl wimbosef(ME2. i)
OO

0.01

lxlOJ
Re1(Q1|:Rel<ME2:i)

1x10"

oocca5S80
'"*»».

'^

aaa^tt*A

100 IxlO3
RejCQj I:Rel(ME2. i) fWQ] I:Rel(ME2, i)

1x10"
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1x10"

•

•"'

±^-^' ~* ^ -
^ 7*

n»i(Qi)
Nul{ME2.i)
A A
NTJl(Mh22.i2)
A A

100

10

100 IxlO3 1x10"
RC](Q]) :Rel{ME2:i) :Rel<Mh22:i2)

half power values

1

ii(Qi)
+ ♦ +

flwitM»seh(Mh22. i2)
OO
jl(Mh22.i2)
AA

0.1

0.01

^^X3ooas&
7*

i\ I^VUUto

100 IxlO3
Rl](Q]) ,R*i(Qi I:Rel(Mh22:i2) :Rel(Mfa22:i2)

1x10"
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0.1

£i(Qi)
jl(Mh22.i2)
AA

•X*

0.01

100

Isothermal pressure

1

MQi.i

flwithbosef (Mi22. i3)
OO

D.l

IxlO3
Rt1(Q1)rRcl(Mh22:i2)

1x10"

£ rv
V iA.a3c'5)

V.

1D0 IxlO3
Re1(Q1|:Rel<Mi22:i3)

1x10"
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Nowwhat follow is a calculation of the associated error for heat transfer, reynolds
number, convection coefficient and friction factors

ATcttyc&et:- 0

ATl(Mf :i) :- TIKMf ;i) - Tlo(Mf:t)

AT2(Mf :i) :- T2c{Mfrt) - T2i{Mf:i)

AT3(Mf ,0 :- T3o<Mf:i) - T3i{Mf:t)

mmdotl(Mf:i) :-Ql(Mf:t)p1(t«vgl(Mfri))

mmdot2(Mf:i) > Q2(Mf:i)p2<ttvg2(Mf:i))

mmdot3(Mf;i) :- Q3(Mf:i) p3(t«vg3<Mf:i))

Qhe*l{Mf :i) :- mmdotl(Mfri)-cpl(t«vgl{Mf:i))ATl{Mf:i)

Qbe«t2(Mf:i) :- mmdot2(Mf:i)-cp2(ttvg2<Mf:i))AT2(Mft0

Qbeit3{Mf ,0 :- mmdot3(Mf:i)cp3(tivg3(Mf:i))AT3(Mf:i)

Qhettelectric(Mf .i) :- Mf , . W
i.14

Qh3tmm(Mf:i) :- mm(Qbe«l{Mf: i): Qbeit2<Mf :i))

Obxmax(Mf:i) :-mn(Qbeatl(Mf;0:Qbett2<Mf:i))

QhettllMf.l) * Qbe«2<Mf.n
Qhravgi(Mfti) :- — : : —

^^ unv, Qhxm«<Mf.i) - Qhxmio(Mf.i) 1ftfvQdiffl»tvscold(Mf.i) :- — ——- = — 100
Qtotmin(Mf .i)

0>avg(Mf:i)

^^ ..,*„ -. Qbe«2<Mf .i) - Qtouvg(Mf .i) 1AAQdiS:old(Mf .i) :- ———: ——- — 100
Qhxavg(Mf.i)

Qtauvgvseiecm^Mf.i) >S£!*!2«!*£^2Z#™.IW
Qfaxivg(Mf.i)

«h. • ,,„ •, Obett3<Mf.i) - QtoavE(Mf.t) 1AftQhDurvEvsaty(Mf. i) :- — 2 ——2 - — 100
Qfajurvg(Mf.i)
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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.

Oddhot{ME2.i) -

QdifflxM{Mh22. i2) -
1 0132

0.7778

1.3352

1.577

1.506

0.7629

1.0701

0.9713

0.9986

1.155

QtoovgvscittfME2:i)

2.5049

3.1214

2.8518

3.3536

3.024

3.2001

3.039

2.3682

2.9665

3.1252

QdiiEold(ME::0 -

1.3734
-1.0132

1.4828
•0.6811

1.3713
-0.0138

1.2279
0.0402

1.1022
0.2137

1.0158
0.3477

1.2318
0.5503

1.5327
0.7025

1.456
0.7319

0.8408

Qbxiv,EVselectric(ME2.i) -

7.1054

6.7342

5.9698

5.9078

5.6672

5.4544

5.1221

4.9235

4.817

4.7068

Qiif::-!i:Mh22.i2) -

-1.3734

-0.8236

0.5171

-0.2705

-0.0147

0.191

0.24

0.5352

0.7404

Qdiflxttvscold(ME2.i) -

2.0471

1.4689

1.3492

1.5361

1.2895

0.4137

0.5169

0.267

0.2648

0.3116
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MathCAD format solution:

Test Heat Exchanger Fg3x8-14

Hot and cold water properties at Tf

Thot_«ter:-50SC Tcold.^ter^40^

Hotwater (subscript 1) Cold water (subscript 2)

p :. 985-^-
1 3

m

*pl :-4184- JkeK

k :. 0.639—
1 m-K

^-47110"^

Ft,:- 3.02

Thermal conductivity of the plate (Stainless Steel AISI 316)

Given information

Volume flow rates for hot and cold water

Qj :- lOgpm Q2 :- lOgpm

Mass flow rates

p2:-. 994JEL
3

rr.

<p2 - 4178 J
kg-K

k2>. 0.628—m-K

(±2 '•>
-fiw.g

.65410 —
->

m

^2 -434

k"EmdotjlQ}) j- pj-Q] mdotijQ!! - 0.6214-

kE
mdot^Qnl :- P2Q2 ntox^Qi} - 0-6271—
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Geometric parameters:

n > l Number of passes

p:- 60deg Corrugation inclination angle (chevron angle)

Nt :- 14 Total number of plates

3
Dfl: to
p 4

Port diameter

I,,:- 0.087m spacing between plates

a :-40deg Corrugation Pitch angle

X :- tjjUBta) Corrugation Pitch (=wavelengtht)

& :- O.feffc Thickness of the plates

Use the dimensions of the test heat exchanger

Wp:-3« Lp2p:-7J2ia Lp:-Lp2p-lj

Hp-^Nt Hp-1218-m

Number of wavelength per single plate

wp
x

Number of channels for hot and cold fluid

H,i :-•—2Np Ncl - 7*el

x - 0.073 -to

Lp-62-.

Nt
a 2Np NC2-6

Amplitude of corrugation and channel spacing

'"tG^H -WBtTh U-0.06341. 2-. -6-0.087-m

Corrugation ratio y
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,>4± «r-1.7363

Corrugated length

Lv >
. j 2-7t-a i [ 2-7t

Heat transfer area for hot fluid (fluidl)

ai:-2lxkxlpkc1 Aj - 0J478m'

A> >2lxnx-LpN^ a2- 02982m
Now setting the heat transfer area equal to the minimum area, which is A2

Projected area for the plates

Enlargement factor cp

UN
«!>:-

X^X

Exact hydraulic diameter

4.

Surface area

wp-2-.-u-Ncl

Minimum free-flow area

Acl:-2.-W.Kcl

\l •" 2«-Wp-N^

Mass velocity

°i<Qi):-
mdot^Qjj

p, -22049 xlOJl
1 m

♦ -2.0705

Djj- 1.555-mm

Acl - 1J309V

A,, - 1.1408V

l ,351.0.7347-P] *

R^j'Q! I- 2.3893 x 10"
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*M<y:- •
mdot-ii Qi |

\i
v,,^.0.8572^^2--

Pa

R*2j|'Q2) :- ^^J-Dh
J

»*:
r^'Qs)-2.0259* 10"

Friction factors

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

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

tiQi >
-2LJfrt^BfjfQ]) |- 3.0) if KC](Q]) >400

16

R«llQll
udwwiM

fafQ2J:" l-56-t '̂Re '̂Q2!l - 3.0! ~ if RcjJQ^j 2400
16

"•jjOri
otherwise

WiQi):-

W9i):-

9.75
if RcijQi I> 400

R*i(Qi.)
149.25

0.289

R*ilQl)
- 0.9625 otherwise

9.75 if Re^Q-,|>400
0.289

- 0.9625 otherwise

Re^Q,]
149_25

**jQ2\

1 - cos(|t)
m) >

«XP)

fajoiiV" [f^^y0.045 tm(|i) ♦ 0.09-smcro * -^—^
A cos(l*) J

f^Qj). 0.4878
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COS(H) 1 - <w<P)
hM •"

0.045-obi(i») - 0.09-«a(H) *
fafe^" 1,^ 2̂,U

%(Qj)- 0.4951

Heat transfer coefficients

3i(Qi):----^L
1 -

0-205-Ptj* 1 UfQjtScjfa,) -lidfea)

h^Qi)- 2.9684 * 10 w

m -K

1 J_
3.«f_

&J74

,0.374

WQ2) >—- 0_205-Pr2 1 -I wp^l-lMO^) ",2-pjj
Dt

h^Q2)-2.926* 10--^
m^-K

Overall heat teansfer coefficient

UjjfQi rQ2):-
& 1

Wl)Al ** M^)

3 wuJq,,^) - 8.8778* 10 —^~
m"*X

u2jfQl'°*2)-A2-2.6469* 10 —

Effectiveness-NTU Method

Cj(Q,) :-mdoi^QiJ-c^!

C^Q2):-mdot2lQ2ltp2

c^Qjj-2.6001 *103-^-^
K-,3
3m -kgc^q2\ - 2.6201 * 10'
Kb"
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CfflJ'Qi^i^-^CiiQii'^'Qz)) C^Qi^i-2-6001* 10" ffl -kg

Ks

cm«l'Qi:Q2):- nWciiQi)rciQ2)) <WQ1.Q2.I-2-6201* 10 m -kg

Wl:Q2l>
Cmi '̂QpQ2,'
Cm«l'Ql=Q2)

NTU(Q1:Q2) :-
UtJQ1:Q2|A2

<WQi:Q2I

Counterflow effectiveness

^Qi^)-0"24

NTU(QltQ2)- 1-018

1- «p[-NTqQx:Q2)-i1- C^Q, :Q2)j]
C •*rQ21 •' 1_CryjQl .Q^-et^-NTUiQ!:Q2H1-<yQj =Q2.).)J
ePHEiQi'Q2»- 0-5054

Qjjj :- lgpm:2gpm.. 15gpm

GBM 108

5 10

gpm

Heat transfer rate for the PHE

15

*'TlrT2i:Ql:Q2l :- ePHEfQl:Q2!-Cmi^Ql:Q2KTli- T2il

Since cliTli-Tlo) CzltTo-lx)
PHE cmm!Tli" T2tI CmmjTli" T2i)

Ks'
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TlolTli:T2i=Ql:Q2l >Tli-eKffl«Ql^2l- —|T1;-TnCilQi.i li_ *2iJ

CiWQl=Q2l ,^T^T^Q^I >T2i^PHBQl:Q2l—-g-^7—^Tli- T2il

ii(Qi):-
hi{Qi.iPri
°i(Qii-*pi

TM>70°C T2i:- 30DC

Qjjj :- O.lgpm.O.llgpm.. 12gpm

T^Tli^T2i:Qm:Qm;i-273K
T2olTli^2i:Qm;Qml-273K

'0

60

50

40

30

2*10"4 4*10~4 6*10"4 8*10~4

Pressure Drop

The frictional channel pressure drop

*« ,„ 2-fi(Qi)-s °i^ir „

Qm

APfl(Qj)- 7-6203-psi

APdQ2J - 10-6228psi
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The connection and port pressure drop

4-mdotjQij

w-EL

4-mdM '̂Q2l
MQ2|: V"

7tD„

APpl(Ql) :- 1.5 Nf Sl(Ql)
2-pL

GpiQ2.r
AMQ2):- L5kp 2p2

AP,(Q,) :- APfl(Qi) - APpi(Qi)

AP^Ii-AP^i^AP^j

20

M?i}-

— Hot side

— cold side

APiiQil-
2-pi

Gpl(Qj i-2.1803 *10J-^-
m -s

APpiiQil - 0.525 psi

APpMQ2.J" 0'529Spsi

APi(Ql) - 8.1453 psi

AP^Q2I- 11-1526 psi

GBM 220

Qm
gpm

Flow rate (gpm)
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Experimental Data

ORIGIN :- 1
AMAAAMAA

i-1.2 10

MU~

M
Tjj - 273k

M
Tl€l|Tli»T2i'i-H"n'i-B*a,l" 273.15K

K

M
t^-273k

dm

4 K

TjJ'Tjj^ti-Epm.i gpm) - 273.15K
Mi,5-

M
AP^igpm)

i.6 psi
M
i.7

AP^igpm)

psi

Predictions

M-

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

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

9 9 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 temperature dependent
properties

Temperature dependent properties ofwater taken from table A.12 Thermal
Design

temperature range of properties, in deg
celsius

20

40

60
tx:-

100

liquid density information, in
kg/m3

'1002^

1000

dty :-
994

985

974

^.960,

dty2 :- dry
dtyl :- dty

dt&2:- isplme(tx.dty2)

dlsl :- tsplme(Oi:dtyl)

m

dty3 :- dty

dts3 :- lsplme(tx.dly3)

fcsP^Snp) :" utoQitoa,*,^;*!^]—-

JU^I '•- Jfit«I^*«is2:txrdty2:t^^ |—j

specific heat information, in
J/(kg*K)

'4217^

dtpy:-

4181

4178

4184

4196

v4216
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dcpl :- dcpy

dcpsl :- tspline(tx.dcpl)

faffat) :- iM^dcpsl^dtpLt^g!} —

&&**&) '•' i«^;*P^r«tdq>2:iIvl2j-—

dcp3 :- dcpy

dcps3 :- lsptme(tx.dcpl)

cp3{tIvg3| :- im«rp|dcps3:txrdcp3:tIvg3|.^-^-

thermal conductivity information, in
W/(m*K)

'.552^

dky:-

-597

.628

.651

-668

^.68

dcp2 :- dcpy

dcps2 :- tsptLne(tt.dcp2)

dkl :- dk>'

dksl :- tsptmefoi.dkl)

dk2 :- dky

dks2 :- tsplme(a:dk2)

w

m-K
fcl!:" i^*pidksl;«rdfcl:t1Vgi i W

MW) :_ 't^^,*-.**-.^)—?

dk3 :- dky

dks3 :- lsplme(tx.dfc3)

absolute viscosity information, in

, w

N*<
'1792^

1006

i/rrV^

dvsy :-
654

471

355

... 288,
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dvl > dvsy dv2 :- dvsy

dvsl :- tsplioe(tx.dvl) dvsl:- lspLtne(tt.dv2)

n

^t^gl) =- i^dvs2rtx:dv2:tIvg2j-10 ~

—6 Xs

OB

Prantle number
information

pjy:-

^13.6^

7.02

434

3.02

2_22

pry] :- jay

prsl :- tspltue(tx:pfyl)

&jiW.' :- in^pnl^Pyl^i)

&£W) ^ ^PiP^^P^:^!

^•wgs) :" """Pl^ .*MW*iSr^3 J

P*>* :- pf>'

prs2 :- lspfee(tt.pry2)

<fv3 :- dvsy

dvs3 :- tsplb»(Gc.dv3)

pjy3 :- piy

prs3 :- lsptiae(tx.piy3)
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Experiments. For the model and data that follows, when regarding side A and side B ofthe
heat exchangers, the hot side (A) will have a subscript 1, the cold side (B)will have a
subscript 2
Description ofmatrix columns: 1) hot loopflow rate, 2) cold loopflow rate, 3) T1i, 4) T1o,
5) T2i, 6) T2o, 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) T3o, 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

MC2 :-

'3.01 3.003 95.97 64.26 42.59 73.12 24.092 23.676 19.0"3 l-.S" 12.35 33.83 4.302 25720^

3.513 3.509 88.- 61.28 41.1 6".41 21.648 20.918 1-.831 16.15- 12.08 34.06 4.266 25697

4.011 4.02 84.19 59.85 40.86 64.17 20.468 19.38 17353 15.406 11.96 34.05 4.263 25682

4.503 4.521 80.-1 58.96 41.02 61.89 19.71- 18.216 17.663 14.995 12.2 34.5 4.242 25688

4.997 4.992 77.5 57.87 40.78 59.7 19.16 17.157 17.777 14.527 11.97 34.4 4.23 25674

5.504 5.504 74.59 56.71 40.41 57.62 18.832 16.289 18.068 14.154 11.59 33.83 4.245 25669

6.014 6.027 73.07 58.7 41.23 56.91 18.997 15.8TB 18.T82 14.132 12.98 34.58 4.3" 25649

6.514 6.507 70.79 55.62 40.7 55.25 18.998 15.252 19.512 14.099 12.26 33.67 4.421 25645

7.001 7.014 69.11 54.94 40.55 54.1 19.65" 15.249 20.319 14.069 12.24 34.01 4.383 25616

'.515 7.524 67.84 54.59 40.7 53.38 20.019 14.88" 21.203 14.05" 12.43 34.07 4.421 25613

8.O07 B.067 66.21 53.75 40.35 52.17 20.438 14.536 22.23T 14.04 12.34 33.8" 4.442 25*03

8.509 8.508 65.14 53.39 40.31 51.54 21.094 14.362 23.103 14.029 12.34 33.92 4.444 25*06

9.009 9.035 63.85 52.72 40.04 50.64 21.-15 14.099 24.205 14.021 12.25 33.64 4.492 25607

L».745 9.758 62.62 52.29 40.08 49.92 23.063 14.052 25.856 14.056 12.32 33.9 4.484 25594J

i 3-1.. 14

Mh22:-

r3.Ml 3.001 59.88 41.95 28.48 45.56 14.726 14.246 15.518 14.193 12.59 25.08 4.247 14158""''

4 4.002 52.77 39.06 27.26 40.35 15.321 14.127 16.2"6 14.036 11.5" 23.54 4.426 14155

4.498 4.5 50.91 38.66 27.62 39.25 15.729 14.102 16.816 14.02 12 23.8 4.492 14146

4.999 5.011 48.98 3T.B8 27.41 37.91 16.204 14.0" 17.405 13.98" 11.71 23.77 4.451 14131

5.527 5.531 47.81 37.71 27 g2 37.32 16.742 14.065 18.089 13.974 12.14 24.06 4.478 14130

5.997 5,992 46.99 37.6 28.11 36.91 17 222 14.006 18.67" 13.904 12.19 24.33 4.413 14120

6.505 6.504 46.23 37.52 28.44 36.57 17.845 13.99 19.451 13.889 12.56 24.63 4.441 14129

7.017 7.034 45,21 37.09 28.3" 35.91 18.524 13.973 20.32T 13.874 12.47 24.65 4.417 14124

7.503 75 44.31 36.68 28.24 35.33 19.22T 13.961 21.139 13.862 12.29 24.47 4.414 14106

7.994 8.009 43.63 36.44 28.2" 34.93 19.98B 13.944 22.089 13.848 12.17 24.41 4.414 14091

8.528 8.525 43 36.19 28.28 34.56 20.824 13.936 23.122 13.843 12.29 24.43 4.478 14097

9.021 9.038 42.61 36.15 28.48 34.41 21.702 13.93" 24.215 13.85 12.49 24." 4.474 14091

,.9.782 9.741 42.0B 36.08 2B.T 34.22 23.141 13.965 25.825 13.899 12.65 24.87 4.456 14077^;

5-1.. 13
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Mi22.=

'3.005 3.011 12.16 11.31 11.25 11.64 14.712 14.172 15.644 14.108 10.S7 11.18 4.26 °1
3.505 3.51 12.02 in 11.19 11.53 15.051 14.149 16.082 14.083 10.83 11.12 4256 0

4.006 4.005 11.98 11.18 11.18 11.5 15.455 14.138 16.583 14.069 10.81 11.11 4.228 0

4.511 4.497 11.94 11.16 11.18 11.47 15.924 14.13 17.147 14.062 10.81 11.11 4.229 0

5.008 5.003 11.98 1121 11.21 11.51 16.432 14.117 17.784 14.052 10.82 11.14 4.372 0

5.503 5J 12 11.22 11.23 11.52 16.992 14.106 18.472 14.043 10.81 11.16 4.413 0

6.009 6.012 12.02 11.26 1126 11.55 17.615 14.097 19.237 14.035 10.81 11.17 4.403 0

6.496 6.51 12.08 11.32 11.32 11.61 18.26 14.087 20.042 14.027 10.84 1122 4.411 D

7.007 7.009 12.14 11.38 1137 11.66 18.973 14.072 20.904 14.014 10.86 1127 4.42 0

7.496 7.506 12.19 11.43 11.4 11.7 19.713 14.06 21.823 14 10.85 1129 4.43 0

8.012 8.015 12.21 11.46 11.44 11.73 20.538 14.047 .....816 13.992 10.84 1131 4.435 0

8.516 8.511 12.27 11.52 11.49 11.78 21.393 14.035 23.852 13.985 10.83 11.34 4.436 0

9.014 9.017 12.3 11.55 11.51 11.81 22.294 14.037 24.971 13.994 10.79 1135 4.435 0

^9.757 9.769 12.35 11.59 11.53 11.84 23.777 14.068 26.769 14.056 10.7 11.35 4.448 oJ
i3 := 1 .14

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

Mbosedrop :=

''-0318 0.363^,

-0212 0.47

-0.101 0.618

0.029 0.755

0225 0.895

039 1.052

0.553 1207

0.746 1391

0.948 1.584

1.17 1.787

1385 2.001

1.634 2234

1.891 2.49

^2302 .t.Sooy

(1) is full
power
2 half power
3 isothermal

Mfaosedrop2 :=

'-0.3 IS 0363^

-0.101 0.618

0.029 0.755

0225 0.895

039 1.052

0.553 1207

0.746 1.391

0.948 1.584

1.17 1.787

1385 2.001

1.634 2.234

1.891 2.49

,v2302 zjsx&j
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Now creating additional matrixes to calculate perturbations in the data due to
measurement

uncertainties Udfkwmeterl .. ! rj034 Uhtfkm-roeterl := 1.0052

Udflo™eter2 := *** Uttflowmet^ := 0.9948

maximum heat transfer error matrices

MCerr , := Mf22 ,-UhHtowroeterl MCerr. ^ := MC2. vUclfkywmeter2
i.l 1,1 1,2 1,2

T1i value

MCerr - := Mf22. . + .17 MCerr. . := M£22. . + 0t.3 i,3 tr4 t.4
T2i value

MCerr , := MC2. , + .17 MCerr. , := MC2. ,
i.5 i.5 t:o i.o

Hot loop raw pressure
drop

MCerr , := MC2. n-1.00285 + .049 MCerr. Q:= MC2. Q-.99715
i.7 i.7 i.S 1,8

Cold loop raw pressure
drop
MCerr. 9:= MC2. p M£«\10 •= MC\lO

MCerr. .. := MC2. ., MCerr. .- := MC2. .-
l.ll t.ll 1.12 1,12

MCerr. ., := MC2. ., MCerr. .. := MC2. ..
i.lj 1,13 t:14 1.14

half power error matrices

Now defining property values from matrixes
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Ql(Mfsi) := Mf. . gpna Q2(Mf 5i) := Mf. vgpm Q3(Mf ,i) := Mf. irgpm

TlKMf :i) := Mf -X- .73DC T2i(Mf :i) := Mf , DC- .02CC

Tlo<Mf=i) := Mf. 4*C- 21DC T2o(Mf si) := Mf. 6DC- .10DC

T3t(Mf :i) := Mf. uDC T3o(Mf:i) := Mf. 12DC
(Mfi3-.73) +|Mf.4-21| (Mf.5-.02) +JMf.6-.l)

tavgl(Mf,0 := : •—• : tavg2(Mf: i) := : ——

Mf,9+Mfi.l0
tavg3(Mf :i) := : :—

Now listing experimentally determined offsets for temperature difference and pressure

APbotoffset := .54

APcoldoffeet := -.1

Considering the offset of
AP

APl(Mf si) := (Mf. ?+APhotoffsetjpsi

AP2(Mf,0 := (Mf. g+APcokJoffsetjpsi

APljfMf :i) := [(Mf. ?- Mf. g) +APhotoffsetl-psi

APgMf ,0 := [(Mf. 9- Mf. 10| +APcoldoffsetJ-psi
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Now calculating NTU
relationships

Cl(Mf ,i) := Pl(tavgl(Mf :0) Ql(Mf :i) cpl(tavgl(Mf :i))

C2(Mf :i) := p2(tavg2(Mf :i))Q2(Mf:i)-cp2(tavg2(Mf :i))

Cmm(Mf:i) := mm(Cl(Mf:i):C2(Mf,0) Cmax(Mfsi) := max(Cl(Mf,i),C2(Mf ,i))

Cr(Mf=i) :=

EjMf:i):=

Cmm(Mf8i)

Cmax(Mf :i)

Cl(Mf ,i)(Tli(Mf ;i) - Tlo(Mf ;j))

Cmm(Mf ,i)(TlKMf :i) - T2i(Mf :i) + 0)

1
NTUfMf .i) :=
'"w l-Cr(Mf:i)

NTU(Mf:i)-Cmm(MfJ)

i) '\ l-e(Mf:t
Cr(Mf;i)

i)

U2(Mf J) :=
A-,

U2(Mf:t> — + 1

,A1 Jh(Mf :i) :=

1-
U2(Mf:i)i

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

Gl(Mf :i) :=
Pl(tavgl(Mf:i))Ql(Mf:i)

A•cl
G2(Mf ,i) :-

p2(tavg2(Mf:i))Q2(Mf:i)

Ac2

4-Pl(tavgl(Mf J))-Ql(Mf J)
Gpl(Mf ,0 := Gp2(Mf ri) :=

4.p2(tavg2(Mf :i))Q2(Mfa)

ttD. tcD.

jl(Mf3i) :=
b(Mf:i) PrjCtav^KMf :i))

Gl(Mf:i)c jCtavgKMf:i)) j2(Mf,f) :=
b(Mf:i)-Pr2{tavg2(Mf:i))"

G2(Mf: i)-c 2(tavg2(Mf ,i))
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fl(Mf :i) y APl(Mf:i)-
L5(Gpl(Mf;t))'
2-Pl(tavgl(Mf=i))

Djj-pjCtjR^KMf,!))

flwithhos*(Mf :i) :=

J 2-Lp-Gl(Mf=i)

r v n l-5(Gpl(Mf.l))
|APl(Mf .i) -1 Mhosedrop. , + APhotoffeet pa •—L \ *M / J 2Pl(tavgl(Mfri))

120

Djj-pjCtavgKMfJ))

J 2LpGl(Mf:i)

£2(Mf :i) := AP2(Mf =l)- U(Gp2(Mf,0) I\ p2(tavg2(Mf :i))

2-p2(tavg2(Mf:i))J 2LpG2(Mfri)'

flwithhoseh(Mf :0 =•
r i \ a l-5{Gpl(Mf.i))'fAPl(Mf .i) - |Mhosedrop2. . +APbotoffset -pal :—L ' y ll 'J 2Pl(tavgl(Mf.i))

Rel(Mf ,0 :=
GHMf.ODi,
PjdavgKMf.i)) Re2(Mf A) :=

h(Mf;i)Lr
Nul(Mf ,i) :=

Now calculating values from martin correlation

h^QDLp
NujCQl) :=

K-

2x^= lgpn»= L02gpm.. 15epm

Full power values

G2<Mt\i)Dh

Mtovg2(Mfsi))

Dh-p1(twgl(Mf,il)

J 2-LpGl(\If:i)'
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o.i

ii(Qi)
jl(Mh22.i2)
A A

J* A

*"*"*l*

0.01

IOC

Isothermal pressure

o
—•

'J

•c
—

*i(Qi)
fbrithl»se<Mi22.i3)
O O

lxicr

Re^Q^hRelCMh^^)
1x10^

BJ

N *Sj
°«5°fK-^33*ffct

IxlO3
Re1(Q1|;Rel(Mi22:t3)

Reynolds Number

100 1x10
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Now what follow is a calculation of the associated error for heat transfer, reynolds
number, convection coefficient and friction factors

ATdtyoffset 3" 0

ATl(Mf :i) := TlKMf ,0 - Tlo(Mf :i)

AT2(Mf ,0 := T2o(Mf :i) - T2t(Mf :i)

AT3(Mf :i) := T3o(Mf :i) - T3i(Mf J)

mmdotl(Mf ,0 :=Ql(Mf ,i>Pi(tavgl(Mf :i))

mmdot2(Mf J) :=Q2(Mf ri)p2(tavg2<Mf J))

mmdot3(Mf, i) := Q3(Mf, i)•pj(tavg3(Mf, i))

Qheatl(Mf ,i) := mmdotl(Mf :i) cpl(tevgl(Mf :i))ATl(Mf ,i)

Qheat2(Mf :i) :=mmdot2(Mf =i)-c 2(tavg2(Mf :i))AT2(Mf =i)

Qheat3(Mf :i) :=mmdot3(Mf :i)-c 3(tavg3(Mf :i))AT3(Mf=i)

Qheatelectrtc(Mf J) := Mf. -,-W

Qhxmk^Mf :i) := mm(Qheatl(Mf :i):Qheat2(Mf ,0)

Qhxmax(Mf :i) := max(Qheatl(Mf :i):Qheat2(Mf :i))

Qbeatl(Mf.l) + Qheat2(Mf.i)
QhxaygCMf ,0 := • —

~ «-„, . «,» .r - Qhsmax(Mf. i) - Qhxmit*(Mf. i) . __
QdifflwtvscoMCMf -i) := — —— —-100

Qhxmm(Mf:i)

rtJ.m _„ _ Qheatl(Mf.i)-Qhxavg(Mf.i) tMQdiffbot(Mf a) :=— i ——- - — 100
Qhxavg(Mf .i)

o^ iAfXM* ^ Qheat2{Mf i) - Qhxavg(Mf, i)
Qdtffcold(Mf3i) := - 100

Qhxavg(Mf. i)

rxu t .-*««• -% Qbeatetectric(Mf:i)-QlKa\^(Mf:i)Qhxavgvselectric(Mf .i) := = 100
Qhxav|(Mf J)

«*. • ,»« •> Qbeat3(Mf.0-Qhxave{Mf.i) mMQhxavgvsatyCMf .i) :=— ——- E —100
Qhxav$>ff:i)
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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.

Qdiflhor(M02,i) =

0.8619

1.35

1.8209

1.6209

1.542

1.5349

1.468

1.5574

1.5602

1.5211

1.5426

1.4298

1.3907

1.3296

Qdifihot(Mti22ri2) -
Qdiffcoto(\if22J) =

1.1175

0.888

1.0152

1.0644

1.3094

1.6486

1.7168

1.7245

1.6754

1.5172

1.9889

1.8725

1.8066

-0.8619

-0.4624

0.297

0.6419

0.6964

0.8446

0.7042

0.797

0.9802

1.1566

1.1207

1.2101

1.3178

1.4238

Qhxavgvscity(Mf22.i) = Qhxavgvselectrk(Mf22.i) =

1.6139

2.77

2.4563

2.5721

2.8304

2.1702

2.4437

2.4506

3.0685

3.1364

3.1133

3.2861

3.3449

3.9278

7.1496

6.6298

5.762

5.4208

5.3055

5.1279

5.1947

5.08

4.7674

4.5684

4.5656

4.4833

4.3735

4.2084

Qdiffcold(Mh22:i2) =

1.1175

-0.0499

-0.1316

0.1103

3.7771-10-3

0.1467

0.2491

0.3658

0.4678

0.5887

0.739

0.755

0.8669

QdJffhotvscold(Mf223i) =

1.7388

1.8208

1.5194

0.9727

0.8398

0.6846

0.7585

0.7544

0.5744

0.3603

0.4172

0.2171

0.072

0.0929
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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

Hotwater (subscript 1) Cold water (subscript 2)

1 3 2 3

<p,> 4114-2- ^-4178-
kE-K »"* kg-K

k :.0.639— fe,:- 0.62S-^-
1 m-K * jb-K

^-,47M0"6^ M2>«4-10"6^
A) rr.

FT, :- 3.02 Pr2 :- 434

Thermal conductivity of the plate (Stainless Steel AISI 316)

Given information

Volume flow rates for hot and cold water

Qi :- lOgpcn Q2 :-

Mass flow rates

nnJot '̂Qj) :- pj-Qj tndot^Qjl - 0.6214—

nxJw^Qil > P2Q2 °3*tot^Q2l " 0.6271—
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Geometric parameters:

v-i

0:. 60deg

Number of passes

Corrugation inclination angle (chevron angle)

Total number of plates*t :-20

DP
3

:_ —in
4

v - 0.087m

« :-40kfeg

< :- tjj-ania)

. 0.6cdcc

Port diameter

spacing between plates

Corrugation Pitch angle

Corrugation Pitch (=wavelengtht)

Thickness of the plates

Use the dimensions of the test heat exchanger

x - 0.073 fa

wp:- 3io

V-V*t Hp-1.74-fa

Number ofwavelength per single plate

x X

Number of channels for hot and cold fluid

%>'2nl Ncl.10

N.

2K. %-9

hp :- L„i„ - lie
"WP

Amplitude of corrugation and channel spacing

2 {Nt -.s .-0.0317m 2-t-

Corrugation ratio y

,-10-ta

2-.^*-0.087-tt
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«r:-4- -r-1-7363
x

Corrugated length

•x

, I-TKt ! 2-7T I
1* co* x dxV X J \ X

0

Heat transfer area for hot fluid (fluidl)

2Aj > 2-LxKx LpNcl Aj - O.SOlSm"

-i

A2 :-2-LxNx LpN^, A2- 0.7213^^
Nowsetting the heat transfer area equal to the minimumarea, which is A2

Projected area for the plates

Enlargement factor q>

LxNx
♦ >-±-2. ♦- 2.0705

Exact hydraulic diameter

Ap2:-2WPLP'Nc2

4-aDjj:- Djj- 1.555mm-t

Minimum free-flow area

- -A^ :- 2-t-W -Ncl Ajj - 1.9013m

Aa-2*™p™c2 A^-1.7112*

Surface area density

1:"' w,2,i,nc1 p,-2J151k 10 1p p Cl * m

Mass velocity

«tot,(Qj) Gj(Q,) -
Gl\Qi.l: 7— *l»—-— - 0.5143-

1<Ql1" ^ Rtjj'Qj). 1.6723 k10
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G '̂QiJ :-
mSoi2 Qii

Ac2

R*t|'Q2) :- G2lQ2)-Dh
^2

Friction factors

v->:- —!—- - 0.5715—
p2 s

R*2|Q2|- 1J506* 10"

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.

WQi):-

wioil:-

1.56-l^Re^Q^lJ - 3.01 " if RejiQi) >400
16

*«i(QiJ
imImwIm

11.56-k«|'R*j|'Q2) | - 3.01 if R*2(Q2) >400

16

*«2lQ2
othersise

WQi):-
9.75

if Re1(Q1|>400
TOO *' l>0.2S9

Wte):-

KC](Q]j
149-25

- 0.9625 otherwise
R*ilQil

9.75
if Re-,(Q-,|>400

too -^/V

14925

Re2^Q2l

0.2S9

+ 0.9625 otherwise

f1{Q1)-0J039
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h{<h) :"
cos(|i) ( 1-cosJH) 1

0.04Saa(f») * 0.09-sm£|l)
^Q;lf5 \fH^i
<w(P) J

^(021-0.5144

Heat transfer coefficients

MQiJ:-D^L
_i 2

O205.it,31 -U(Qi)WQi)

hj(Q,) -23011 x10 J£-
m K

0J74

-««(2p)J

1 1
" "67 2 ^°J74WQVj :- —- 0.205-Pf-,J 1 -UfQ,|Re^Q2rsm(,2|*)J

1^021-2.1917x10 ~^—
m*K

Overall heat teansfer coefficient

UaiQi^p-' A, 1

hllQllAl *w H<h)

u^Ql.^)-7.4705k10-^-

U^Qj.Qj) A2-538«7x 10 —

Effectiveness-NTU Method

qiQiJ-i

Ci{Qi):-«>«i{Qi!tpi

C^O^i - 2.6201 x 10'

131
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CnJ9l^ =^cl(Ql)=c2(Q2)) caiifi(Ql.Q2) " 26001 x103^-V

cnm(Ql.92) =HCl(QlKC2(Q2)) ^^1^2* =26201 *1(r

CiQt.Qj^ Cmm(Ql'Q2)

NTUfQ^^)-
U2(Q1;Q2)A2

CtmnfQl=Q2)

Counterflow effectiveness

CffQpQj)- 0.9924

NTU(Q1;Q2) = 2.0725

m kg

KV

1- eXp[-NTUfQ1=Q2'M'l - C^Qj.QjJ]
1- C^Qj.Qj)•exp[-NTU(Q1=Q;H1 - C^Qj.Q^)]

EpHE(Q1:Q2) = 0.6763

£phe(Qi=Q2) =

Qjjj := lgptn=2gpm.. 15gpm

GBM 108

C,S

1

0.7

\
ePHE^QorQm

5 10 15

Heat transfer rate for the PHE

<Tli=T2i=Ql=Q2) =£PHElQl =Q2> CWQl=Q2) (Tli- T2i

Since
Cl(TH-Tlo) MT2o-T2i)

:PHE
Cmm1 Tli_ T2i) Cmffl lT«" T2i)
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, Cmin(Ql=Q2) ,TioiTii=T2i=Qi=Q2» *tii-£phe{Qi .92.1—E^p iTii-T2i)

, cmin(Ql-92) ,T2o{Tli=T2i=Ql=Q2) := T2i+£PHEiQl=Q2^—^-p iT^-T^I

ii(Qi) =-

TXi := 70 DC

hl(Ql)Pfl3
Gi(Qi)cpi

T->;:=30DC

Qjjj := O.lgpm.O.llgpm.. 12gpm

TMTli^2i^:Qm,.l-273K

T2olTli^2i:Qm:Qm)-273K

D

.'•-

41'

2*1Q~4 4xlO"4 6xl0-4
Qm

-4
40

Pressure Drop

The frictional channel pressure drop

» ir, \ 2fl(Ql)LP Gl(Ql) „^Pfl Qi =—=—~— NJ
°h Pi

2^0,)-L G^Q.)
^d^i =—^—

°h P2 F

APfl(Q|) = 6_2215 psi

AP0|Q2) = 7.9119-psi
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The connection and port pressure drop

GPiiQi):= — MQi)= um x10~"T
XD,

4mdoHQ^!
Gp2(Q?l =

ttD,

, v GPi(Qi>
2-P!

APpl(Ql) =0.525 psi

AP_2(02) := L*HP 2.p2
APp2{Q2) - 0.5298psi

APi(Q|] := APfl(Qi) +^Ppl(Ql) ^lfQl) " 6im P»

AP2(Q2) := APC(Q2) +AP 2(02) AP2(Q2) - 8.4417-psi

p

—^

H

15

^l(Qm)10
P«

psi 5

Hot side

cold side

GBM 220

Qm
Epm

Flow rate (gpm)

MQi) » APi(Qi)-
2-Pl

>>
DfaPl

J 2-LpG1(Q1) -Np

134
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Experimental Data

ORIGIN := 1

i:= 1.2.. 10

M. , := i
t.l

TH-273K
M. ,>

*>2 K

TjJTjj.T^i gpm:t gptn) - 273.15K
M. - :=
i.3

T-,i-273K
M. A:= -=
iA K

M,5 :=
T20|Tli:T2j:i gpmJ gpm) - 273.15K

K

APj(i-gwn)

psi

AP^Cigpra)

psi"u*

Predictions

M =

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

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 9 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
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Adding temperature dependent
properties

Temperature dependent properties ofwater taken from tableA.12Thermal
Design

temperature range of properties, in deg
celsius , .fQ >

20

40

60
tx:=

.100,

liquid density
kg/m3

information, in

'1002^

1000

dly :=
994

985

974

,960,

dry! := dry
dry2 := dry

dlsl := lspfoe(tx:dryl)
dls2 := lspime(tx=dry2)

kz

dly3 := dly

dis3 := lsplme(tx:dry3)

m

3 m

specific heat information, in
J/(kg*K)

'"4217^

dcpy :=

4181

4178

4184

4196

^4216J

136



www.manaraa.com

dcpl := dcpy

dcpsl := tspline(txrdcpl)

VlW) := ^A^l.te.dcpl,^)-—

hdhtfl := mt«pi^s2=te:(kp2:tavi2).—
dcp3 := dcpy

dcps3 := lsptoe(rjt:dcpl)

pS^avgs) := mterp|dcp33:ts:dcp3:tav^)-—

thermal conductivity information, in
W/(m*K)

'.552^

dky :=

.597

.628

.651

.668

.68 j

dcp2 := dcpy

dcps2 := lspline(tx.dcp2)

dkl := dky dk2 := dky

dksl := lspfoe(te:dkl) dks2 := lsphne(txrdk2)

JtiiW) := to^**-*-**-**^
W \VM1^ := «t«p|'dks2ftx,dk2ItWI2)—

m-K

M^i

dk3 := dky

absolute viscosity information, in
dks3 := lspfoe(tx:dk3) |\|*s/mA2

fl792^
, W:= interpj dks3, tx; dk3, t^^ |
m-K

dvsy :=

1006

654

471

355
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dvl := dvsy dv2 := dvsy

dvsl := lspline(tx.dvl) dvs2 := lspline(txrdv2)

ttobwgl) := ^erp|;<tv"si =tx=dv'1 =iavSl)-
-6 N s

10

m

^t&iV^ := «nt«p(dvi2Ilx1dv2staVj2).iO" -^y

N'V^J := JnterpldvsS.rjt.dvO.t^l-i -6 N s

m

Prantle number
information

pry:=

7.02

434

3.02

2.22

.1-74^

pryl := pry

prsl := IsplmeCrjupryl) prs2 := lspfoe(tx:pry2) prs3 := lspfoe(tx:pry3)

pry2 := pry

M^l := interp(prs2=tx=pry2:ta,7g2'|

^(^l :=s int«Pl!Pr53=te=Pr>r3:tavi3i

138
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Experiments. Forthe model and data that follows, when regarding sideAand side B ofthe
heat exchangers, the hot side (A) will have a subscript 1, the cold side (B) will have a
subscript 2

Description ofmatrix columns: 1) hot loopflow rate, 2) cold loopflow rate, 3)T1i, 4) T1o,
5)T2i, 6)T2o, 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)T3o, 13)citywaterflow 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

Mf22:=

Mh22 :=

'3.016 3.015 92.15 57.06 44.05 77.8 22.19S 21.902 20.277 19.301 11.6 35.17 4.381 28283A

3.511 3.506 85.06 54.6 42.5 71.67 20.249 19.699 18.996 17.696 11.68 34.84 4.45 28284

4.022 4.011 80.39 53.66 4222 67.95 19.397 18.534 1S.486 16.812 11.69 35.2 4.437 2827S

4.504 4.536 76.39 52.44 41.73 64.56 18.633 17.414 18.198 16.089 11.41 34.66 4.49 2S265

5.003 5.011 732 51.54 41.28 62.02 18.187 16.583 18.052 15.53 11.18 34.34 4.513 28261

5.497 5.507 70.69 50.99 41.11 60.11 18.195 16.143 17.828 14.861 11.26 34.44 4.529 28249

6.016 6.03 68.67 50.66 41.22 58.56 18.492 15.945 17.876 14.352 112 34.39 4.535 28229

7.021 7.019 65.48 49.97 41.19 56.14 19.143 15.535 18.721 14.064 11.22 34.43 4.536 28206

7.999 8.005 63.09 49.42 41.21 54.33 20.049 15.248 19.979 14.014 1136 34.41 4.552 2S189

8.999 9.018 61.56 49.35 41.63 53.3 11 y%K 15.041 21.45 13.986 11.16 35.08 4.382 28164

9.996 10.066 60.16 49.12 41.82 523 22.573 14.862 23.162 13.977 11.17 3527 4.39 28132

J 1.005 11.016 58.97 48.9 41.9 51.51 24.182 14.74 24.883 14.022 in 35.4 4.377 28115J

i:= 1.12

f 3.021 3.02 51.8 33.81 26.44 43.41 14.385 14.04 15.0S5 13.979 11.01 23.29 4268 14216^

3.516 3.523 50.87 34.91 27.94 43.03 16.726 16.149 15.591 14.229 11.91 24.7 4218 14495

4.036 4.037 46.88 33.12 26.69 39.68 14.944 13.987 15.705 13.886 11.01 23.5 4271 14208

4.508 4.511 46.83 34.19 28.01 39.94 17.032 15.764 16.286 14.164 11.89 24.41 4J75 14490

4.991 5.033 43.66 32.46 26.69 3721 15.678 13.954 16.527 13.84 10.94 23.02 4.441 14199

5.498 5.528 442 33.77 28.18 37.98 17.686 15.524 17202 14.118 11.98 24.5 4.373 14484

6 6.018 41.33 31.88 26.61 35.45 16.589 13.925 17.52 13.806 10.89 22.91 4.47 14187

6.996 7.038 39.65 31.48 26.62 3422 17.672 13.897 18.71 13.777 10.89 "»1 CP
_ _. _ 4.478 14173

8.038 8.041 38.44 31.23 26.67 33.36 18.931 13.872 20.056 13.749 10.88 22.91 4.493 14157

9.012 9.027 37.42 30.93 26.63 32.61 20.287 13.851 21.537 13.73 10.86 22.91 4.512 14144

10.013 10.016 36.67 30.76 26.68 32.09 21.833 13.848 23204 13.731 10.89 23 4.526 14128

J 1.016 11.019 36.04 30.61 26.72 31.65 23.621 13.895 25.065 13.811 10.88 23 4.533 14130,,
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Mi22:=

f 3.028
i2:=

3.025
= 1.12
17.85 16.88 16.66 1729 14.582 14216 15328 14.17 15.5 16.01 4.429 trt

3.488 3.497 13.51 12.57 12.53 13.05 14623 14.039 15.44 14.022 11.88 12.38 428 0

4.016 4.015 16.29 15.44 1532 15.79 15.191 14.164 15.995 14.108 14.61 15.09 4.435 0

4.522 4.518 13.05 12.27 1233 12.67 15.386 14.02 16261 13.988 11.87 1224 4.269 0

5.019 5.01 15.5 14.66 14.56 15.01 16.018 14.143 16.885 14.089 13.74 1431 4.413 0

5.506 5.516 13.08 12.32 12.38 12.7 16.325 14.011 17242 13.961 11.9 1229 4.266 0

6.022 6.039 14.39 13.55 13.46 13.91 17.008 14.12 17.994 14.066 12.58 13.22 4.405 0

7.021 7.017 1423 13.53 13.55 13.83 18.144 14.099 19216 14.048 13.05 13.42 4.44 0

8.008 8.01 13.91 13.17 13.15 13.49 19.435 14.086 20.622 14.04 1236 12.95 4.437 0

9.004 9.017 13.61 12.89 12.9 1321 20.893 14.071 - 14.031 12.17 12.73 4.416 0

10.028 10.013 13.66 12.96 12.98 1327 22.563 14.068 23.949 14.044 1226 12.81 4.446 c

J 1.007 11.029 13.84 13.14 13.15 13.43 24.389 14.123 25.934 14.15 1234 12.96 4.457 Oy

i3:= 1.. 12

Now listing experimentally determined hose pressure drops. Thevalues correspond to the
closest nominalflow rates in the experimental heat exchanger data. First column is for raw
hot side pressure drop and second column is for the rawcold side pressure drop

Mhosedrop :=

'-0.318 0363 ^

-0.212 0.47

-0.101 0.618

0.029 0.755

0225 0.895

0.39 1.052

0.553 1207

0.948 1.584

1.385 2.001

1.891 2.49

2.433 3.023

k 3.03 3.576y

(1) is full
power
2 half power
3 isothermal

all three experimental runs share the same sets of
flow rates
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Now creating additional matrixes to calculate perturbations in the data due to
measurement

uncertainties „._ . ___, »*.«. , , „„,,
Uclfkwmeterl := 1.0034 Uhffiowmeterl := 1.0052

Udftowmeter2 := .9966 TTUMI - a nojo
Uhlflo\vrneter2 := 0.9948

maximum heat transfer error matrices

MCerr , := M£22 .Ubrfkrwrneterl MCerr. - := Mf22. , Udflowmeterl
i.l i:l t;2 1,2

T1i value T1o value

MCerr . := MC2. - + .16 MCerr 4 := MC2, , + -.16
i.3 i.3 i.4 t.4

T2i value T2o value

MCerr - :« MC2. , + -.16 MCerr. , := MC2. , + -.16
i.5 i.5 i,0 i.o

Hot loop raw pressure
drop

MCerr. , := MC2. r 1.00285 + .049 MCerr. - :« MC2. Q.99715i,7 i,7 i,8 i,8

Cold loop raw pressure
drop
MCerr. n := MC2. Q MCerr. ,n := MC2. 1A

i.9 i.9 1,10 t.10

MCerr. „ :- MC2. ., MCerr. ^ := MC2. „
t.ll 1.11 i,12 i,12

MCerr. .„ := MC2. .„ MCerr. , t :=MC2. . Ai.lj i.Ijj 1,14 t:14

half power error matrices

Now defining property values from matrixes
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Ql(Mf:i) := Mf. j-gpm Q2(Mf :i) ?- Mf. ygpra Q3(Mf ,i) := Mf. irgpm

Tli(Mf5i) := Mf. 3°C - .73 DC T2i(Mf, i) := Mf. 5°C - .02 DC

Tlo(Mf,i) := Mf. 4DC - 21DC T2o(Mf ,i) := Mf. 6DC - .10 DC

T3i(Mf :i) := Mf. n DC T3o(Mf ,i) := Mf. 12°C
fMf 3- .73) +(Mf. - 21) (Mf. 5- .02) +(iff 6- .1 \

tsv^KMf:i) = • •—• : tavg2(Mf :i) := : — :

Mf,9+MfU0
tavg3(Mf :i) :« ! —

Now listing experimentally determined offsets for temperature difference and pressure

APhotoffset := .54

Considering the offset of
AP

APcoldoffset := -.1

APl(Mf ,i) := ["(Mf. ?- Mf. g) +APhotoffset]-psi

AP2(Mf ,i) := pMf. p-Mf. 10) +APcoldoffset"] psi
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Now calculating NTU
relationships

Cl(Mf:i) := pjCtaygKMf:i))Ql(Mf =i)-cpl(tavgl(Mf=i))

C2(Mf =i) := p2(tav£2<Mf ,i))-Q2(Mf J)-cp2(tavg2(Mf=i))

Cmin(Mf, i) := mm(Cl(Mf, i),C2(Mf,i)) Cmn(Mf,i) := mn(Cl(Mf,i).C2(Mf,i))

Cr(Mf J) :=
Cmin(Mf:i)

Cmax(Mf .i)

jgJMf ,i) := Cl(Mf J)-(Tlt(Mf ;i) - Tlo(Mf ;i))

Cmtn(Mf, i)•(TIKMf, i) - T2KMf, i) + 0)

1 fl-e(Mf.i)NTU(Mf J) := led
""*"* l-Cr(Mf.i) { 1-eQ

U2(Mf J) :=
NTU(Mf J) CmirKMf=i)

U2(Mf,i)-
f A >

i.
(- 1

lAJ Jh(Mf J) :-

1-
U2(Mf:i) -4

Cr(Mf,i)

(MfJ)

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

p^tavgKMf^-QKMf,*) p.Ctav-^CMf.^.Q^Mf,!)
G2(Mf:i) := —

Gl(Mf ,i) :=
A•c! Ac2

4p1(ta^l(Mf.i))Ql(Mf.i) 4p^(tavg2(Mf .i)) Q2(Mf.i)
Gpl(Mf, i) := Gp2(Mf, i) :=

jl(Mf ,0 -

tvD.

h<Mf ^^.Fr^tavgKMf :i))

Gl(Mf:i)c jCtavgl(Mf:i)) p(MfJ) :=

7f D,

h(Mf5i)-Pr2{tavg2(Mf :i»

G2(Mf. i) -c_i( tavg2{Mf. i))
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The variousfriction factors calculated belowrepresent different corrections applied, fl is the
basic form used to calculate the friction factor, while the hose designations have the
experimental hose pressure drop subtractedfrom them. The h designation at the end is used
to distinguish between the various runs with different numbers offlow rate sets

fl(Mf ri) := APl(Mf=i)-
L5(Gpl(Mf,i))'
2Pl(tav-gl(MfJ))

E^.pjCtavsKMfJ))

J 2-LpGl<MfJ)

1.5-(Gpl(Mf ,!"))' DjjpiCtavglCMfJ))
flwtthhosef(Mf :i) .= [APKMf ,0 - (Mhosedrop. . +APhotoffset|-psi] -

2-pj(twflOW,d)J 2LpGl(Mf\i)'

f2(Mf ,0 := AP2(Mf=l)-
L5(Gp2(Mf=i))'
2p2(tavg2(Mf:i))

Dhp2(tav|2{Mfri))

J 2LpG2(Mf=i)*

L5-(Gpl(Mfri))' D^PjCtavgHMf J))
f2withhose(Mf .i) := |"APl(Mf,0 - (Mhosedrop. ., +APcoldoffset j-psf| 2-Pl(tavgl(Mf,i))J 2LpGl(Mf=i)

Rel{Mf ,i) :=
GKMf.d-D^

(i}(tavsl<Mf,9)

Nul(Mf ,i) :=
b(Mi\i)Lr

K

Re2{Mf :i) :=

Now calculating values from martin correlation

h^QDLp
Nu^Ql) :=

K

,&U:= lgpm5l-02gpm.. 15gpm

G2(Mf,i)-Dh
pMtayg2(Mf=i))
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Full power values

•—

c
—>

a
7Z
—1

C
0 fi(Qi)
•ja ^^~

C flisitfebosef (Mf22. i)
Pn OO oi
— ii(Qi)§ + + +

E
jl(ME2.i)
A A

—i
j^

o
U

^5J=.„_... ^^

^-•>'\AAAJU

'^^M^
0.01

100 MO3
R«](QlJ :Rel(MC2:i) ,WQj) ;R*1<MG2:D

Reynolds Number

D.j

Jl(Ql)
jl(MC2.i)
A A

0.01

M$

100 IxlO3
Rc1(Q1).Rcl<lbffi2;0

1x10"

1x10"
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0.1

JiiQil

jl(Mh22.i2)
A A

0.01

A
A.
^ iJ*^-miL^

lxIO3
RejjQj jrRel(Mh22.i2)

100

Isothermal pressure

1

i*io

fi(Qi)
flwitfebosef (Mi22. i3)
o o

0.1

o
~ Qo d ®c>o ^00

100 lxIO3 1*]C<
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Nowwhat follow is a calculation of the associated error for heat transfer, reynolds
number, convection coefficient and friction factors

ATcityoffset := 0

ATl(Mf ,i) := TIKMf :i) - Tlo(Mf :i)

AT2(Mf:i) := T2o(Mfri)-T2KMf:i)

AT3(Mf :i) := T3o(Mf:i) - T3t(Mf :i)

mmdotl(Mf J) :=Ql(MfJ)p1(taygl(Mf:i))

mmdot2(Mf ,i) :=Q2(Mf J)p2(tavg2(Mf:i))

mmdot3(Mf ,0 :=Q3(Mf5i).p3(tivg3(Mf=i))

Qbeatl(MfJ) := mradotl(Mf :i)cpl(tavgl(Mf :i))-ATl<Mf J)

Qheat2{Mf :i) := rmndoOCMf :i)-c 2(tav^2(Mf :i))AT2(Mf :i)

Qheat3{Mf :i) :=mmdot3(Mf :i)-c3(tavg3(Mf :i))AT3(Mf,0

Qheatefectric(M£ J) :=Mf. ,,-W

Qhnmn(Mf,i) := mm(Qheatl(Mf ri):Qheat2(Mf :i))

Qhxmax(Mf, i) := max(Qheatl(Mf, i), Qheat2(Mf, i))

Qlw*l(Mf,l) + Qheal2(Mf,i)
Qhxavg(Mf .i) :=

««-«, ..« .r x Qhxmas{Mf. i) - Qhxmra<Mf „i) tM
Qdif£hotvscold(Mf, 0 := — —— — •100

Qramm{Mf.i)

Qbxayg(Mf.i)

QdHMdoco =q»aog.o-o»^Mf.i).lw>
Qhxavg(Mf:i)

Qtav^^tecmcCMf ,i) := Q^tetoric&g.i) - Qta^Mf,i) 1W
QhxavgCMf :i)

™„ „ rt« i Qheat3(Mf i) - Qbxa^(Mf i)Qhxavgvsctty(Mf .t) := = 100
Qhxavg(Mf :i)
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Qdiffhotvscold represents comparison between the min and maximumexperimental data.
Qdiff hot and cold represent the heat transfer differences using the method used by muley
and manglik 1999 asme paper.

Qdtf2K>t(M£22:i) =

1.0628

1.7822

1.7046

1.7275

1.8436

1.2413

1.1269

1.0627

1.0436

1.0164

0.9214

0.7418

Qdiffhot(Mh22:i2) =
Qdiffcotd(Mf22J) =

1.5828

2.6414

1.833

2.8027

1.2119

2.2872

1.6009

1.3089

1.5908

1.5529

1.7603

1.938

-1.0628

-0.7518

•0.2757

•0.0855

0.1054

0.4461

0.4051

0.5702

0.5934

0.6631

0.7509

0.8988

Qhxav^vscity(Mf22.i) = Qhxavg\-selectric(Mi22.i) =

2.1422

1.6964

2.4776

2.3841

2.3315

2.454

2.6876

2.6148

2.6574

2.0051

2.8299

2.7578

6.0516

5.729

5.2071

4.9592

4.7442

4.3427

4.3117

4.054

3.967

3.802

3.5924

3.3755

Qdiffcold(Mh225i2) =

-1.5828

0.2109

-0.4798

0.7751

-0.0528

1.0472

0.126

0.3325

0.5513

0.6593

0.7812

0.8376

QdiffrK>tvscoid(M£22:i) =

2.1483

2.5532

1.9858

1.8145

1.7363

0.7917

0.7189

0.4897

0.4475

0.351

0.1692

0.1559

149



www.manaraa.com

150

Appendix D

MATHCAD for GB240H-20
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GEAGB24UH-2©

MathCAD format solution:

Test Heat Exchanger GB240H-20

Hot and cold water properties at Tf

Thot_water =" 50 ^ Tcold_water * *°CC

Hotwater (subscript 1) Cold water (subscript 2)

Pl--«5^ kgp ^994-=
m~ m"

J
c_i := 4184pl kg-K

c , ^4178——
pi kg-K

W
k, y= 0.639
1 m-K

W
k-,:= 0.628

m-K

-6N-sUj:= 471-10 °— -6N-s
Lin := 654-10
• X. T

m* m*

Prj := 3.02 Pr2 := 434

hermal conductivity of the plate (Stainless Steel AISI 316)

W

m-K

Given information

Volume flow rates for hot and cold water

Qj := lOgpm Q_2 := lOgpm

Mass flow rates

kgmdotj|Q|) := pj-Q| mdotj(Qj) = 0.6214
s

r kg
mdot^^l -= P2"Q2 mdotjiQjl - 0.6271 —
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Geometric parameters:

N„*l Number of passes

li y GOdeg Corrugation inclination angle (cl

Nt ^20 Total number of plates

D_ := lm
P

Port diameter

tjj 3- 0.087m spacing between plates

a:— 40deg Corrugation Pitch angle

X:= tjj-tatifa) Corrugation Pitch (=wavelengtht)

6 := 0.6mm Thickness of the plates

X = 0.073-in

Use the dimensions of the test heat exchanger

Wp-3in Lpap^l"** Lp-Lp2p-L5in *p- "*•

V~VNt ^=1.74-*,

Number ofwavelength per single plate

W

x X

Number of channels for hot and cold fluid

Nd: 2Np Ncl =10
Nt

Nc2 " rT ~l N^ =9
Amplitude of corrugation and channel spacing

f-a ^
1

a := -

2
— - 61 a = 0.0317-m 2-a - 0.0634-in 2-a^H

Corrugation ratio y
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. a
"¥ := 4—

X

Corrugated length

f 2-TT-a
1 + 3 -COS:

1 = 1.7363

U := ~x\ 6x
X J v x y

Heat transfer area for hot fluid (fluidl)

Al := 2LX NX VNd

-V=2LXNXLpNc2

Aj := An

Projected area for the plates

Apl^^VV^l

Enlargement factor (p

LXNX
4» :=

w.

Exact hydraulic diameter

4a

Minimum free-flow area

Acl := 2 a W„ Np^cl

A^l-a-W^

Mass velocity

Gi(Qi) *"
mdotjfQj)

Acl

°l(Ql)-Ph
H

Re^Ql) >-

Aj = 1.1862m"

A2« 1.0676m^
Now setting the heat transfer area equal to the minimum area, which is A2

Ap2:=2WpLPNc2

4> = 2.0705

Djj = 1.555-mm

Lcl

A_i = 1.7112-m
Cx

©l(<h)
v<:= = 0.5143-

Pl s

RejIQj) = 1.6725 x 10"
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G2{Q2)^
mdot2(Qz)

Ac2

G2Q2) mv2 ?= = 0.5715 -
P2 s

R^QJ - G2(Q2}Dh
^2

Re2(Q2) = 1J506 x 10_

Friction factors

Martins correlation (1996) for the Darcyfriction factor is modified by the Fanningfriction
factor.

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

WQi) - 1.56-tejRe^Q!)) - 3.0) if RejfQjJ >400
16

Rel(Ql)
otherwise

fo2(Qz) * L56-ln(Re2fQ2)) - 3.0) if Re2(Q2) >400
16

Re2(Q2)
otherwise

*ml(Ql) *

W^)^

9.75

R»l(Ql)
14925

— if Re1(Qi)>400
C.2SP

+ 0.9625 otherwise

^i(Qi)

9.75

Re2(Q2,
14925

— if Re2(Q2) >400
,0.289

+ 0.9625 otherwiseRe2(Q2)

cos(3) 1 - cos(3)

0.045-tan(|3) + 0.09 sin(3) + cos<)3)j

fj(Qj) =0J039

•>
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f2(Q2J *
cos{{3)

WQzlY0_045-tao(j3) + 0.09-sin(|3) +
cos<|3) J

f2(Q2) = 0.5144

Heat transfer coefficients

1 1

hi(Ql) =23011 x104 ^~
m^-K

l 1

1- cos(|3) ~\

0.374H^ := 7T- 0^5-Pr23 l6-(f2(Q2)-Re2|Q2r-sm(2-|3))
°h

bjfld -2.1917 xl04~-

Overall heat teansfer coefficient

Ujfo.Qj) :=
*2 fi 1

+ — +

hrfQO-A, k^. h2jQ2)

3 WU^Qj.Qj)- 7.4705 x 10
m*K

W
U2(Q1,Q2) A2 " 7-9753 x 10

Effectiveness-NTU Method

ci(Qi):=lndoti(Qi)cpi C^Q^ 2.6001 x 10 —-f
Ks3

C2(Q2) := mdotjlQj-^
2

3 m^-kgC2|Q2) = 2.6201 x 10 =f
Ks'
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<W<*1 -<>2' =" "HCl*Ql).C2(Q2)) CvjQl,Q2) =2.6001 x103 ^

3m*_k|

K-s3
WQI'Qz) * mai<Cl(Ql)'C2(Q2)) CmaxlQl^2) " 2<S201 * 10

Cr(Ql=Q2) >
WQi=Q2)

C^Q^ 0-9924

NTUfQj.Qj := u2(Ql-Q2>A2
C^jQl.92)

NTU(Q1jQ2) = 3.0673

Counterflow effectiveness

- exp^NTUiQpCy-fl - Cr(Q1=Q2)y]
£phe1Qi=Q2) 3" 1- C^Q^Qj^-NIUfQj.Qj-fl - C^Qj.QjJ]
£phe(Qi=Q2) =07563

Q := lgpm^gpm.. 15gpm

0.95

C.P

0.35

0.8

0.75

0.1

=FHe{Q».QJ

GBM 108

5 10

gpm

15

Heat transfer rate for the PHE

^TH^T2i=Ql^ ^ £PHE(Ql'Q2) WQl'^)(Tli- T2i)

Since
= Cl(Tli-Tlo) = C2-(T2o-T2j)

Cmin ITli " T2i) Cmtn ITli " T2i)
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TlotTliT2iQl^2» " Tli" £PHElQl^2) —TTTTTr- (Tli - T2i)ci(Qi)

cm«n{Ql'Q2J
C2NT2o(Tli-T2i»Ql-92) " T2i+ £PHElQl=Q2l (Tli-T2i)

ii(Qi)> Gi(Qi)cPi

Tli*70°C T2j?-30X

O^j :=O.lgpm.O.llgpm.. 12gpm

70

60

Tlo(Tli=T2i=Qm=Qm»-273K
50

T2olTli=T2i=Qm=Qn,)-273K"

40

30

0 2xl0"4 4xl0"4 6xl0"4 8x!0~4

Pressure Drop

The frictional channel pressure drop

«/«i 2fi(Qi)S Qi(Qi)2M
^fifQi)=- -

°h h

t , 2-f2(Q2)-L_ CfQjV
^cN := —-

°h P2

Qm

APfjIQj) = 9J2077 psi

APf2(Q2) = 11.7096-psi
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The connection and port pressure drop
4mdot1(Q1) 3 k

fyW =• — GpiN =12264 x10 2
7tD.

V^^
l-mdot2(Q2)

7TD.

, t Gpl<Ql)'
^pitQi) »• t*V 2- Pl

A*vti92) - L5 NP •P 2 P2

^pllQl) " 0.1«1-P«

AP-^Qj =° I676 Psi

AP^Qj) - APfl|Qj) +APpl(QiJ APjIQ!) =9J739psi

AP2(Q2) 3- APflfQi) +^W^) ^2(92) " UJTO-Pa

MQi)-

Hot side

cold side

GBM 220

2^
15Gpl(Ql) °hPlAPjIQj)-

"Pl J2VGifQiM
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Experimental Data

ORIGIN := 1

i- 1,2.. 10

H.!^

t,2

TH- 273K

Tlo(Tli=T2i=i'SPm:iSPmJ " 27315K
M K

Mi,4~
T2j - 273K

K

Mt,5 -
T2o(Tli=T2i= i-gpm:i-gpm) - 273 15K

K

M ,:=i,6

APjCi-gpm)
M .7:=

AP2(i-gpm)

psi i psi

Predictions

M =

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

5 5 70.15 37.4279 30.15 62.3235 2.5117 3.1959

6 6 70.15 37.9669 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 7.772

9 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
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Adding temperature dependent
properties

Temperature dependent properties ofwater taken from table A.12 Thermal
Design

temperature range of properties, in deg
celsius , s

f 0 ^
20

40

60

SO

vioo;

liquid density information, in
kg/m3

'1002^

1000

994

985

974

v 960 J

ta:=

dry :=

dh/1 := dry

dlsl := Ispinefjb^dryl)

Alfargl):= "*«l>{«tel.te.«srl.tavgij~

dh/3 := dry

dls3 := lspline<tx3dh|,'3)

P3\Vg3J := «rt«lH..<fis3stx,dry3,tavg3)-—
m

dh/2 := dry

dls2 := lspitne(tx:dry2)

J« KaiVvgz) := «t«pH dls23tx3dr>'23tavg2)-
m

specific heat information, in
J/(kg*K)

^4217>

41S1

dcpy :=
4178

4184

4196

^4216;

161
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dcpl ?• dcpy

dcpsl := lsplme(tx;dcpl)

^pli^vgl) * «rt«p|>psl:te3dcpl!tavgl) —

^VgJ " ^"pjdcps2:tx:dcp25tavg2j-—
dcp3 := dcpy

dcps3 := lspline(tx3dcpl)

V'VgSJ := ^tMpidcpsS^.dcpSJ^^)-^-^-

thermal conductivity information, in
W/(m*K)

'.552^

.597

.628
dky 3-

.651

.668

L-68.

dcp2 ?• dcpy

dcps2 := lsplme(tx.dcp2)

dkl .-= dky dk2 := dky

dksl := lspline(tx3dkl) dks2 := lsplme(tx3dk2)

W wJ&Kvgl) := «t«p{*»l,te,*l,^gi) — &(*wrg2) := mterpj dks23tt3dk2:tavg2)—

dk3 := dky

dks3 := lspHne(tx3dk3)

WMVvgj) =" «teip|;<Iks33tx3dk33tavg3)-—
absolute viscosity information, in
N*s/mA2

dvsy :=

'1792^

1006

654

471

355

288 j
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dvl ?• dvsy dv2 3" d\Tsy
dv3 := dvsy

dvsl := lsplineftx.dvr; dvs2 3- Isplme(tx.dv2)

^avgl) ^i«l«p(<l«l,toiArl,twgl)-10"6~

<. •• —6 N-s^avgz):s= «*eip{dvs2,tasdv2atavg2)-10 ~
m*

, • •• • -6 N-s^S^avgS.) := «terp^<h-s3!tx3d\-33tavg3|-10 -—

pry :=

7.02

4J4

3.02

2.22

t^l.74

Prantle number
information

. pry2 := pry
pryl := pry

prel := IspHneCtx.pryl) prs2 := lspine(te3pry2)

Prj|tavgl) := mterpjprsl 3fa3piyl 3tavgl)

^(WgSJ := «*«p(l»s3 3fa3pty3 ,tavg3)

d\rs3 ?• lspHne(fa, dv3)

pty3 :=pty

prs3 := lspline(ts3pi>r3)
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Experiments. For the model anddata that follows, when regarding sideAand side B ofthe
heat exchangers, the hot side (A) will have a subscript 1, the coldside (B) will have a
Description ofmatrix columns: 1) hot loop flow rate, 2) cold loop flow rate, 3)T1i, 4)T1o.
5)T2i, 6)T2o, 7)normalized hot loop inlet pressure, 8)normalized hot loop pressure outlet, 9)
normalized cold loop inlet pressure, 10) normalizedcold loop outlet pressure,
11) T3i, 12)T3o, 13) citywater flow rate, 14) power applied to bulk heaters (accounts for
voltage drop across shunts in powercalc)

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

f 2.997 3.016 9031 56.97 48.34 80.82 22.297 21.756 21.106 19.88 15.9 37.53 4.548

3.514 3.515 84.65 55.64 47.7 75.71 20.42 19.541 19.648 17.985 15.94 38.51 4.363

3.999 3.992 79.49 53.83 4634 71.08 18.94 17.67 18.539 16391 15.98 37.91 4.544

4.517 4.515 75.71 52.93 45.88 67.8 18365 16.616 18.176 15.471 15.88 37.74 4.571

5.006 5.013 72.99 5235 45.63 65.46 18.072 15.83 18.088 14.803 15.93 37.84 4.563

5.511 5.523 71.84 53.08 46.69 64.7 1S212 15411 18304 14378 16.06 38.83 4357

6.002 6.024 69.73 52.46 4628 62.9 18.586 15.175 1833 13.741 16.14 38.61 4.439

6.523 6J16 67.47 51.51 45.54 60.92 18.851 14.767 19.027 13.702 15.67 37.91 421

7.013 7.01 65.51 50.57 44.81 59.17 19223 14.447 19.801 13.679 1529 37.4 4.519

7.509 7.523 65.68 51.72 46.16 59.54 20.013 14.502 20.658 13.687 1526 39.02 4.18

8.013 8.016 63.09 49.93 44.51 57.12 20.41 14.084 21.517 13.645 15.13 37.17 4.555

8.519 8.513 63.72 5134 46.09 57.95 21.379 14.198 22.474 13.661 153 39.16 4.194

9.012 9.024 61.4 49.66 44.54 55.77 21.952 13.859 23.501 13.622 15.3 3733 4.566

9.522 9.524 62.15 51.02 46.04 56.69 22.966 13.912 24.571 13.649 1536 392 4217

^10.013 10.006 60.08 49.42 44.54 54.72 23.896 13.826 25.681 13.678 1526 37.5 4.575

i:= 1.. 15

(3.018 3.011 51.97 34.43 29.55 46.16 14.452 13.872 15.04 13.657 14.4 25.93 4.4

3.509 3.508 49.53 3432 29.75 44.17 14.798 13.858 15.415 13.61 14.48 25.98 4.422

4.017 4.01 4728 33.91 29.62 42.31 15224 13.845 15.889 13.588 1437 25.64 4.527

4.507 4501 45.71 33.72 29.66 41.02 15.674 13.835 16.411 13.572 14.59 25.75 4.598

4.999 5.009 44.78 33.93 30.11 4029 16.192 13.835 17.035 13.567 14.74 26.54 4339

5.51 5.514 43.16 3323 29.57 38.9 16.772 13.82 17.683 13545 14.73 25.7 4.715

6.009 6.005 42.99 33.86 3036 38.92 17377 13.81 18368 13.533 14.85 26.62 4374

6501 6518 41.71 3321 29.88 37.79 18.039 13.798 19.138 13.521 15.01 26.01 4.718

7.001 7.015 41.64 33.74 30.52 37.87 18.751 13.79 19.939 13.516 15.06 26.96 4.348

7.499 7514 40.69 3325 30.13 37.04 19.509 13.776 20.79 13.497 15.12 2631 4.656

8.007 8.006 40.8 33.81 30.78 3726 20335 13.772 21.695 13.501 15.18 272 431

8.5 8.502 4021 33.58 30.64 36.77 21.187 13.766 22.655 13.494 1523 26.83 4.51

9.004 9 39.91 33.62 30.75 36.56 22.11 13.76 23.685 13.494 1526 26.96 4.477

9.505 9J06 39.58 33.59 30.8 3632 23.106 13.779 24.801 13527 1531 26.99 4.479

27089^

27055

27044

27030

27029

27023

27008

27007

26996

26985

26974

26987

26964

26957

26915)

1373A
13728

13722

13721

13721

13717

13711

13702

13696

13693

13689

13681

13676

13668

13662y10.006 10.012 39.45 33.73 31.02 3626 24.181 13.82 25.982 13.596 15.28 2739 4358
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Mi22^

ilz* 1.. 15

f3.001 3.011 1733 16.69 16.65 16.92 14.616 13.976 15524 14.006 16.44 16.6 4297 o-

3.505 3501 17.17 1652 16.48 16.76 15.005 13.958 15.957 13.987 16.22 16.42 4313 0

4.008 4.007 17.01 1637 1635 16.61 15.453 13.946 16.468 13.975 16.11 1631 4312 0

4508 4509 17.01 1639 1637 16.61 15.954 13.935 17.04 13.962 16.16 1633 4.656 0

5.006 5.019 16.92 1628 1626 16.52 16.509 13.923 17.665 13.951 16.01 1623 4.648 0

551 5.502 16.86 1624 1623 16.47 17.12 13.914 18326 13.94 15.95 162 4343
8

6.007 5.998 16.68 16.04 16.04 1628 17.766 13.903 19.057 13.928 15.69 16 4314 0

6508 6513 16.73 16.1 16.1 1633 18.479 13.S93 19.869 13.918 15.76 16.04 4.603
-

0

7.007 7.016 16.76 16.14 16.13 1636 19234 13.885 20.726 13.91 15.8 16.09 4.612 0

7.498 7503 16.68 16.04 16.03 1628 20.028 13.879 21.599 13.904 15.58 15.95 4.626 0

8.012 8.006 16.83 162 162 16.43 20.909 13.874 22.568 13.901 15.75 16.12 4.595 0

8.519 851 17.13 16.49 16.48 16.72 21.812 13.872 23.585 13.904 15.94 1638 4256 0

9.012 8.996 16.79 16.14 16.12 1639 22.774 13.876 24.649 13.918 1551 16.01 4306 0

9.512 9532 16.81 16.17 16.14 16.4 23.S41 13.91 25.865 13.969 1553 16.02 4595 0

V9.9S 9.991 16.96 16.31 1629 16.54 24.888 13.942 26.962 14.029 15.62 16.15 459 *J

£ := 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

Mhosedrop :=

f-0318 0363^

-0212 0.47

-O.101 0.618

0.029 0.755

0225 0.895

039 1.052

0553 1207

0.746 1391

0.948 1584

1.17 1.787

1385 2.001

1.634 2234

1.891 2.49

2.162 2.768

^2.433 3.0237

(1) is full
power
2 half power
3 isothermal

all three experimental runs share the same sets of
flow rates
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Now creating additional matrixes to calculate perturbations in the data due to
measurement

uncertainties Ucffi(wmeteri ^ L0034 UhffioTOiieterl := 1.0052
Uclflo^eter2 ^ .9966 vmovmtttTl := 939U

maximum heat transfer error matrices

MGerr. , ?• M£22. ,-UhlfkwmeteG MGerr ., ?=Mf22- -,-UcMlowmeterl
i.l i3l 1,2 i32

T1i value T1o value

MGerr- - j- MG2. , + -.16 M!2«r. , := Mf22. , + .161.3 1,3 1.4 1.4
T2i value T2o value

MGerr. , y M£22- , + -.16 Mi2err. , := Mf22- , + -.161.5 1,5 i36 1.6

Hot loop raw pressure
drop

M£2mt. , := Mf22. ,-1.00285 + .049 MGerr. 0 := MG2- „-.997151.7 i.7 i38 i38

Cold loop raw pressure
drop
M£2err. 0 :=Mf22. n Mf2err. ,n := Mf22. 1A

i.9 1.9 1.10 1.10

MGerr. .. := MG2- ,, MGerr- ,^ := Mf22- .-,i3ll t3ll i312 i312

M£2err. . - := MC2- .„ MGerr- ,, := MG2. ..i313 t.lj 1.14 i314

half power error matrices

Nowdefining property values from matrixes

Ql(Mf 3i) ?= Mf. rgpm Q2(Mf 3i) := Mf. vgpm Q3(Mf 3i) := Mf. ..-gpm
1.1 l.x. 1.13
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Tli(Mf 5i) :- Mfj 3DC - .73 6C T2i(Mf 3i) := Mf. 5DC - .02 DC

Tlo<Mf,i) := MT 4DC- 21DC T2o(Mf5i) := MT 6*C- .10*C

T3t(Mf ,i) := Mfj n DC T3o(Mf 3i) := MT nDC
(Mf - .73) +(Mf 4- 3l) (MT. 5- .02) +(Mf, 6- .l)

tavgl(Mf, i) ?= : • ! tavg2(Mf,i) 3- • ——

Mf- Q+ Mf- in
i.9 1.10

tavg3{Mf=i) j-

Now listing experimentally determined offsets for temperature difference and pressure

APhotoffset := .54

Considering the offset of
AP

APcoldoffset := -.1

APl(Mf ,i) 3- nfMT. ?- Mfj g) +APhotoffset] psi

AP2(Mf 3i) := R'MT 0- Mfj 1Q| +APcoldoffset!-psi
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Now calculating NTU
relationships

Cl(Mf 3i) 3- Pl(tavgl(Mf 3i)) Ql(Mf3i)-cpl(tavgl(Mf3i))

C2(Mf 3i) ?= p2(tavg2(Mf 3i))-Q2(Mf 3i)-cp2(tavg2(Mf 3i))

Crr_{Mf,i) 3- rmr*(Cl(Mf,i),C2(Mf,i)) Cmax(Mf,i) :=max(Cl(Mf,i),C2(Mf,i))

Cn_{Mf3i)
Cr(Mf =i) :=

W* >

Cmax(Mf5i)

Cl(Mf ,i>(Tli(Mf 3i) - Tlo<Mf 3i))
Cnm^Mf 3i)-(Tlt(Mf ,i) - T2i(Mf 3i) + 0)

srojMfA> ! ,/i-*(Mr.«>a<MMA
'^ l-Cr(Mf,i) \ l-£(Mf:i) y

L2(Mf 3i) ?=
A-

f

U2(Mf5i)

h(Mf ,i) := —

-♦i

U2(Mf3i)-o

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

pl(tavgl(Mf3i))-Ql(Mf3i) P2(tavg2<Mf3t))-Q2<Mf5f)
fcl(Mt 3i) .- a G2(Mf 3i) := —

Lcl "—" A,
CJ

4-p.(tavgl(Mf,i))-Ql(Mf,i) 4-p-,(tavg2(Mf,i))-Q2(Mf ,0
Gpl(Mf,i) :- Gp2(Mf ,i) - —

Gl(Mf .0 V(^l(Mf.,)) j2(Mf ,i) . ______
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The various friction factors calculated below represent different corrections applied, fl 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 withdifferent numbers offlow rate sets.

fl(Mf ,i) > _Plf>ff,i)-
1.5-(Gpl(Mf,i))' Dj, Pl(_vgl(Mf ,i))

2-Pl(tavgl(Mf:0)
2L Gl(Mf,i)

flwtthhosef(Mf 5i) :=
lJ5(Gpl(Mf,i))'|~_Pl(Mf ,i) - jMhosedrop. . +APhotoffset} psfl - -
Pj(tavgl(Mf,i))

£2{Mf ,i) j- AP2(_\1)-
1.5.(Gp2(Mf.O)'
2-p2(tavg2(Mf\t))

Dh-p2(_vg2(Mf.O)

2-L •G2(MfIi)'

£2withhose(Mf ,i) := |"_Pl(Mf ,i) - jMhosedrop -+APcoldoffsetj-psfj 1.5-(Gpl(Mf3i))'
2-p1(tavgl(Mf,i))

Rel(Mf ,i) :=
GlCMf^-Dj,

fijCtavglCMf.i)) Re2(Mf=i) >
G2(Mf5i)-Dh

[i2(tavg2<Mf5i))
h(\ff3t)-Lr

Nul(Mf ,i) :=
K,

Nowcalculating values from martin correlation

hl(Qi)L_NujCQl) 3- — 5

^^ Igpm, L02gpm.. 15gpm

Full power values

Dh.pl(_vgl(Mf,i))

2-L-Gl(Mf,iV

Dhpl(_vgl(Mf,i))

. 2L -Gl(Mt\i)2
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Nul(Mf22.i)
AAA

Nul(Mh22.i2)
AAA

1x10"

f*

a¥- --
7 f A

100

100 lxIO3
RejJQj),Rel(Mf22, i),Rel(M_23 i2)

c

J
—

half power values

fi(Qi)
flwithbo&ef(Mh22.i2)
O O

v Ji(Qi)
5

£

s

U

jl(Mh22.i2)
A A

1x10

0.1

0.01

-z^ztSJ&sran
m~~m—

*'****'***fc

100 lxicr

Rej) Qj) 3Rel(Mh223i2) 3Rej(Qj),Rel(Mh22,12)

Reynolds Number

1x10
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C.i

__i)
jl(Mh22.i2)
A A

'%,
' ^3fc

0.01

100

Isothermal pressure

2 fiN
.2 flwithbosef(Mi22.i3)
goo

lxIO3
Re1(Q1)3Rel(Mh223i2)

1x10

°oJ<Vjr^QT^CQJ)

0.1

100 lxIO3
Re1(Q1)3Rel(Mi223i3)

Reynolds Number

1x10
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Nowwhat follow is a calculation of the associated error for heat transfer, reynolds
number, convection coefficient and friction factors

ATciryoffset := 0

ATl(MT3i) := Tli(Mf 3i) - Tlo(Mf 3i)

AT2(Mf 3i) 3- T2o(Mf 3i) - T2i(Mf 3i)

AT3(Mf 3i) ?- T3o<Mf3i) - T3i(Mf 3i)

mmdotl(Mf ,i) :=Ql(Mf3i)-p1(tavgl(Mf3i))

imndot2(Mf 3i) :=Q2(Mf 3i)-p2(tavg2<Mf 3i))

mmdot3(Mf 3i) :=Q3(Mf3i)-p3(tavg3(Mf 3i))

Qheatl(Mf ,i) := mmdotl(Mf ,i)-cpl(tavgl(Mf 3i)) ATl(Mf 3i)

Qheat2(Mf 3i) :=nimdot2(Mf 3i) c 2(tavg2(Mf3i))-AT2(Mf 3i)

Qheat3(Mf 3i) :=nandot3(Mf 3i)-c 3(tavg3(Mf3i))-AT3(Mf 3i)

Qheatelectric(Mf 3i) := MT 14 W

Qhsmin(Mf 3i) := nm^Qheatl(Mf 3i)3Qheat2(Mf 3i))

Qhxmax(Mf 3i) := max(Qheatl(Mf 3i)3Qheat2(Mf 3i))

__ ^x„ . Qheatl(MT3l) + Qheat2(Mf3i)
Qhxavg(Mf ,i) :=

,.„„ ^ Qhxmax(Mf.i) - Qhxmin/Mf3i) <fVAQdiffhotvscold(Mf3i) ~ — ——- 2 L.\oo
Qhxmtn(Mf 3i)

0^0^A- g_ag_q_g_.100
Qr_vg(Mf3i)

n^ wxr, ^ Qheat2(Mf3i)-Qtoavg(Mf3i)QdifFcold(Mf 3i) d- 100
Qfnavg(Mf,i)

. „„ . Qheatelectric<Mf .i) - Qhxav?(Mf ,i) tM
Qhxavgvselectric(Mf 3i) := — - ——- — —100

Qhxavg(Mf 3i)

~„ ^ Qheat3(Mf 3i) - QhxavgfMf3t) „M
Qtaavgvsdty(Mf3i) ?= — ——- — —100

Qhxavg(Mf3i)
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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.

Q_3iot(M_.3i) =

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

Q<_hot(Mh223i2) =
Q<_cold(M023i) =

1.4938

1.3477

1.2572

1.2237

1.3036

1.3258

1.1878

1.3684

0.9916

1.1281

1.0342

1.0992

1.007

0.9474

1.0738

-0.1497

0.1411

0.3384

0.46

0.6882

0.6956

1.0246

1.0809

1.3097

1.2692

1.5012

1.3991

1.6022

1.6039

1.832

Qhxavgvscity(Mf223i) = Qhxavgvselectric(Mf22:i) =

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

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

Q<fcffcold(Mh223i2) =

-1.4938

-0.9472

-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

Q<tiffhotvscold(Mf223i) =

0.2999

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

174
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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.

DataforFp3x8-10

Maximum power

176

HL

flow

(gpm)

HL

flow

(gpm)

Tli

(C)

Tlo

(C)

T2i

(C)

T2o

(C)

DP

hot

(psi)

DP

cold

(psi)

T3i

(C)

T3o

(C)

City

water

flow

(gpm)

electric

power

(W)

3.015 3.015 93.59 66.48 36.98 63.22 1.439 2.219 12.91 30.82 4.526 22346

3.484 3.504 87.58 64.14 36.63 59.34 1.911 2.991 12.72 30.65 4.562 22342

3.994 4.002 83.11 62.44 36.45 56.59 2.453 3.789 12.7 30.7 4.562 22330

4.505 4.506 79.47 61.11 36.57 54.47 3.102 4.808 12.78 30.86 4.567 22329

4.993 4.995 76.71 60.14 36.79 52.99 3.757 5.889 12.56 31.29 4.403 22317

5.512 5.511 74.25 59.34 37.05 51.77 4.646 7.136 12.59 31.5 4.375 22302

6.004 6.01 72.26 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 4.293 22254

Half power
hi

flow

(gpm)

cl

flow

(gpm)

tli

(Q

tlo

(C)

t2i

(C)

t2o

(C)

dp hot

(psi)

dp

cold

(psi)

t3i

(C)

t3o

(C)

city

flow

(gpm)

electric

power

(W)

3.008 3.007 54.74 41.11 24.43 37.62 1.488 2.288 12.16 21.67 4.318 11118

3.5 3.504 51.42 39.64 24.1 35.54 1.966 3.04 12.17 21.01 4.695 11106

4.005 4.009 49.45 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 24.96 33.95 3.196 4.883 12.24 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

5.512 5.519 45.07 37.56 25.22 32.63 4.743 7.24 12.28 22.03 4.309 11080

6.013 6.019 43.75 36.85 25.02 31.82 5.642 8.611 12.32 21.73 4.479 11074
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6.51 6.504 42.97 36.56 25.16 31.49 6.571 10.015 12.43 21.88 4.5 11074

7.008 6.993 41.57 35.61 24.56 30.47 7.615 11.522 12.3 21.29 4.766 11065

Isothermal data

hi

flow

(gpm)

cl

flow

(gpm)

tli

(Q

tlo

(Q

t2i

(C)

t2o

(Q

dp hot

(psi)

dp

cold

(psi)

t3i

(C)

t3o

(C)

city

flow

(gpm)

electric

power

(W)

3.016 3.017 20.73 20.55 20.46 20.66 1.474 2.308 20.24 20.44 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 14.77 14.66 14.97 2.556 3.904 14.16 14.57 4.494 0

4.509 4.501 14.42 14.14 14.08 14.36 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 13.3 13.08 13.12 13.35 5.748 8.681 12.58 13 4.493 0

6.507 6.505 13.37 13.15 13.18 13.4 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

DataforFg3x8-14

Maximum power

hi

flow

(gpm)

cl

flow

(gpm)

tli

(C)

tlo

(C)

t2i

(C)

t2o

(C)

dp hot

(psi)

dp

cold

(psi)

t3i

(C)

t3o

(C)

city

flow

(gpm)

electri

c

power

(W)

3.01 3.003 95.24 64.05 42.57 73.02 0.734 0.833 12.35 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

4.503 4.521 79.98 58.75 41 61.79 1.472 1.913 12.2 34.5 4.242 25688

4.997 4.992 76.77 57.66 40.76 59.6 1.778 2.355 11.97 34.4 4.23 25674

5.504 5.504 73.86 56.5 40.39 57.52 2.153 2.862 11.59 33.83 4.245 25669

6.014 6.027 72.34 56.49 41.21 56.81 2.566 3.443 12.98 34.58 4.377 25649

6.514 6.507 70.06 55.41 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 3.46 4.666 12.24 34.01 4.383 25616

7.515 7.524 67.11 54.38 40.68 53.28 3.962 5.359 12.43 34.07 4.421 25613

8.007 8.067 65.48 53.54 40.33 52.07 4.517 6.196 12.34 33.87 4.442 25603

8.509 8.508 64.41 53.18 40.29 51.44 5.098 6.84 12.34 33.92 4.444 25606

9.009 9.035 63.12 52.51 40.02 50.54 5.725 7.694 12.25 33.64 4.492 25607

9.745 9.758 61.89 52.08 40.06 49.82 6.709 8.912 12.32 33.9 4.484 25594
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Half power
hi

flow

(gpm)

cl
flow

(gpm)

tli

(C)
tlo

(Q
t2i

(C)
t2o

(C)
dp hot
(psi)

dp
cold
(psi)

t3i

(C)
t3o

(Q
city
flow

(gpm)

electri
c

power
(W)

3.011 3.001 59.15 41.74 28.46 45.46 0.798 0.962 12.59 25.08 4.247 14158

4 4.002 52.04 38.85 27.24 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

4.999 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 27.8 37.22 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 24.33 4.413 14120

6.505 6.504 45.5 37.31 28.42 36.47 3.109 4.171 12.56 24.63 4.441 14129

7.017 7.034 44.48 36.88 28.35 35.81 3.603 4.869 12.47 24.65 4.417 14124

7.503 7.5 43.58 36.47 28.22 35.23 4.096 5.49 12.29 24.47 4.414 14106

7.994 8.009 42.9 36.23 28.25 34.83 4.659 6.24 12.17 24.41 4.414 14091

8.528 8.525 42.27 35.98 28.26 34.46 5.254 7.045 12.29 24.43 4.478 14097

9.021 9.038 41.88 35.94 28.46 34.31 5.874 7.875 12.49 24.7 4.474 14091

9.782 9.741 41.35 35.87 28.68 34.12 6.874 9.038 12.65 24.87 4.456 14077

Isothermal data
hi

flow

(gpm)

cl
flow

(gpm)

tli

(C)
tlo

(C)
t2i

(C)
t2o

(C)
dp hot
(psi)

dp
cold
(psi)

t3i

(Q
t3o

(C)
city
flow

(gpm)

electri
c

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 11.29 10.99 11.17 11.43 1.114 1.529 10.83 11.12 4.256 0

4.006 4.005 11.25 10.97 11.16 11.4 1.418 1.896 10.81 11.11 4.228 0

4.511 4.497 11.21 10.95 11.16 11.37 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 4.372 0

5.503 5.5 11.27 11.01 11.21 11.42 2.496 3.377 10.81 11.16 4.413 0

6.009 6.012 11.29 11.05 11.24 11.45 2.965 3.995 10.81 11.17 4.403 0

6.496 6.51 11.35 11.11 11.3 11.51 3.427 4.624 10.84 11.22 4.411 0

7.007 7.009 11.41 11.17 11.35 11.56 3.953 5.306 10.86 11.27 4.42 0

7.496 7.506 11.46 11.22 11.38 11.6 4.483 6.036 10.85 1 1.29 4.43 0

8.012 8.015 11.48 11.25 11.42 11.63 5.106 6.823 10.84 11.31 4.435 0

8.516 8.511 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 11.49 11.71 6.366 8.487 10.79 11.35 4.435 0

9.757 9.769 11.62 11.38 11.51 11.74 7.407 9.825 10.7 11.35 4.448 0
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Data for GB220H-20
Maximum power

179

hi flow

(gpm)

cl

flow

(gpm)

tli

(C)

tlo

(C)

t2i

(C)

t2o

(Q

dp hot

(psi)

dp

cold

(psi)

t3i

(C)

t3o

(C)

city

flow

(gpm)

electric

power

(W)

3.016 3.015 91.42 56.85 44.03 77.7 0.614 0.613 11.6 35.17 4.381 28283

3.511 3.506 84.33 54.39 42.48 71.57 0.762 0.83 11.68 34.84 4.45 28284

4.022 4.011 79.66 53.45 42.2 67.85 0.964 1.056 11.69 35.2 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 72.47 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 34.44 4.529 28249

6.016 6.03 67.94 50.45 41.2 58.46 1.994 2.317 11.2 34.39 4.535 28229

7.021 7.019 64.75 49.76 41.17 56.04 2.66 3.073 11.22 34.43 4.536 28206

7.999 8.005 62.36 49.21 41.19 54.23 3.416 3.964 11.26 34.41 4.552 28189

8.999 9.018 60.83 49.14 41.61 53.2 4.293 4.974 11.16 35.08 4.382 28164

9.996 10.066 59.43 48.91 41.8 52.2 5.278 6.162 11.17 35.27 4.39 28132

11.005 11.016 58.24 48.69 41.88 51.41 6.412 7.285 11.2 35.4 4.377 28115

Half power
hi flow

(gpm)
cl flow

(gpm)
tli

(C)
tlo

(C)
t2i

(C)
t2o

(C)
dp hot
(psi)

dp
cold
(psi)

t3i

(C)
t3o

(C)
city
flow

(gpm)

electri
c

power

(W)

3.021 3.02 51.07 33.6 26.42 43.31 0.663 0.743 11.01 23.29 4.268 14216

3.516 3.523 50.14 34.7 27.92 42.93 0.789 0.892 11.91 24.7 4.218 14495

4.036 4.037 46.15 32.91 26.67 39.58 1.058 1.201 11.01 23.5 4.271 14208

4.508 4.511 46.1 33.98 27.99 39.84 1.239 1.367 11.89 24.41 4.375 14490

4.991 5.033 42.93 32.25 26.67 37.11 1.499 1.792 10.94 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 35.35 2.111 2.507 10.89 22.91 4.47 14187

6.996 7.038 38.92 31.27 26.6 34.12 2.827 3.349 10.89 22.92 4.478 14173

8.038 8.041 37.71 31.02 26.65 33.26 3.674 4.306 10.88 22.91 4.493 14157

9.012 9.027 36.69 30.72 26.61 32.51 4.545 5.317 10.86 22.91 4.512 14144

10.013 10.016 35.94 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



www.manaraa.com

180

Isothermal data
hi flow

(gpm)

cl

flow

(gpm)

tli

(C)

tlo

(Q

t2i

(C)

t2o

(C)

dp hot

(psi)

dp

cold

(psi)

t3i

(Q

t3o

(C)

city

flow

(gpm)

electric

power

(W)

3.028 3.025 17.12 16.67 16.64 17.19 0.684 0.795 15.5 16.01 4.429 0

3.488 3.497 12.78 12.36 12.51 12.95 0.796 0.948 11.88 12.38 4.28 0

4.016 4.015 15.56 15.23 15.3 15.69 1.128 1.269 14.61 15.09 4.435 0

4.522 4.518 12.32 12.06 12.31 12.57 1.337 1.518 11.87 12.24 4.269 0

5.019 5.01 14.77 14.45 14.54 14.91 1.65 1.901 13.74 14.31 4.413 0

5.506 5.516 12.35 12.11 12.36 12.6 1.924 2.229 11.9 12.29 4.266 0

6.022 6.039 13.66 13.34 13.44 13.81 2.335 2.721 12.58 13.22 4.405 0

7.021 7.017 13.5 13.32 13.53 13.73 3.097 3.584 13.05 13.42 4.44 0

8.008 8.01 13.18 12.96 13.13 13.39 3.964 4.581 12.36 12.95 4.437 0

9.004 9.017 12.88 12.68 12.88 13.11 4.931 5.694 12.17 12.73 4.416 0

10.028 10.013 12.93 12.75 12.96 13.17 6.062 6.882 12.26 12.81 4.446 0

11.007 11.029 13.11 12.93 13.13 13.33 7.236 8.208 12.34 12.96 4.457 0
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Data for GB240H-20
Maximum power

181

hi

flow

(gpm)

cl flow

(gpm)

tli

(C)

tlo

(C)

t2i

(C)

t2o

(Q

dp hot

(psi)

dp

cold

(psi)

t3i

(C)

t3o

(C)

city

flow

(gpm)

electri

c

power

(W)

2.997 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 83.92 55.43 47.68 75.61 1.091 1.193 15.94 38.51 4.363 27055

3.999 3.992 78.76 53.62 46.32 70.98 1.371 1.53 15.98 37.91 4.544 27044

4.517 4.515 74.98 52.72 45.86 67.7 1.72 1.95 15.88 37.74 4.571 27030

5.006 5.013 72.26 52.14 45.61 65.36 2.017 2.39 15.93 37.84 4.563 27029

5.511 5.523 71.11 52.87 46.67 64.6 2.411 2.874 16.06 38.83 4.357 27023

6.002 6.024 69 52.25 46.26 62.8 2.858 3.382 16.14 38.61 4.439 27008

6.523 6.516 66.74 51.3 45.52 60.82 3.338 3.934 15.67 37.91 4.21 27007

7.013 7.01 64.78 50.36 44.79 59.07 3.828 4.538 15.29 37.4 4.519 26996

7.509 7.523 64.95 51.51 46.14 59.44 4.341 5.184 15.26 39.02 4.18 26985

8.013 8.016 62.36 49.72 44.49 57.02 4.941 5.871 15.13 37.17 4.555 26974

8.519 8.513 62.99 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 4.217 26957

10.013 10.006 59.35 49.21 44.52 54.62 7.637 8.98 15.26 37.5 4.575 26975
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Halipower
hi

flow

(gpm)

cl
flow

(gpm)

tli

(C)
tlo

(C)
t2i

(Q
t2o

(C)
dp hot
(psi)

dp
cold
(psi)

t3i

(Q
t3o

(C)
city
flow

(gpm)

electric
power

(W)

3.018 3.011 51.24 34.22 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 25.98 4.422 13728

4.017 4.01 46.55 33.7 29.6 42.21 1.48 1.683 14.37 25.64 4.527 13722

4.507 4.501 44.98 33.51 29.64 40.92 1.81 2.084 14.59 25.75 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 42.43 33.02 29.55 38.8 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 4.226 15.01 26.01 4.718 13702

7.001 7.015 40.91 33.53 30.5 37.77 4.013 4.839 15.06 26.96 4.348 13696

7.499 7.514 39.96 33.04 30.11 36.94 4.563 5.506 15.12 26.31 4.656 13693

8.007 8.006 40.07 33.6 30.76 37.16 5.178 6.193 15.18 27.2 4.31 13689

8.5 8.502 39.48 33.37 30.62 36.67 5.787 6.927 15.23 26.83 4.51 13681

9.004 9 39.18 33.41 30.73 36.46 6.459 7.701 15.26 26.96 4.477 13676

9.505 9.506 38.85 33.38 30.78 36.22 7.165 8.506 15.31 26.99 4.479 13668

10.00
6

10.01
2 38.72 33.52 31 36.16 7.928 9.363 15.28 27.39 4.358 13662

Isothermal data
hi

flow

(gpm)

cl

flow

(gpm)

tli

(C)
tlo

(C)
t2i

(C)
t2o

(C)
dp hot
(psi)

dp
cold
(psi)

t3i

(C)
t3o

(C)
city
flow

(gpm)

electri
c

power

(W)

3.001 3.011 16.6 16.48 16.63 16.82 0.958 1.155 16.44 16.6 4.297 0

3.505 3.501 16.44 16.31 16.46 16.66 1.259 1.5 16.22 16.42 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

4.508 4.509 16.28 16.18 16.35 16.51 1.99 2.323 16.16 16.33 4.656 0

5.006 5.019 16.19 16.07 16.24 16.42 2.361 2.819 16.01 16.23 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 4.314 0

6.508 6.513 16 15.89 16.08 16.23 3.84 4.56 15.76 16.04 4.603 0

7.007 7.016 16.03 15.93 16.11 16.26 4.401 5.232 15.8 16.09 4.612 0

7.498 7.503 15.95 15.83 16.01 16.18 4.979 5.908 15.58 15.95 4.626 0

8.012 8.006 16.1 15.99 16.18 16.33 5.65 6.666 15.75 16.12 4.595 0

8.519 8.51 16.4 16.28 16.46 16.62 6.306 7.447 15.94 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 15.62 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 2.911

Table F. 1 Continued

Hot loop flow
rate

(gpm)

Hot loop hose
pressure drop

(psi)

Cold loop flow
rate

(gpm)

Cold loop hose
pressure drop

(psi)
10.007 2.973 9.994 2.911

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 4.221 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/inA2. They were connected to the EHMP 300-200 power supply through a set

ofhigh 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.
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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

of resistance

(Ohms)

+-10E-6 +-10E-6 +-2*10E-6

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

0 MEGADYNE

PRESSURE TRANSDUCER

FINAL CALIBRATION

0 - 100.00 PS1A
Excitation 10.000 Vac

Job:
Model: PX32B1-100AV
Date: 12/23/2002

Calibrated: 0.00 - 100 CO PS IA

Serial

Tested By
Temperature Range

Spec!" Lie

130258

SICK

-40 to 33

Px32..spf

Pressure

PS IA

Unit Data

roVdc

0.00

50.00

100.00

50.00

0.00

0.000

14.964

29.940

14.970

( ,002

Balance

Sensirivity
In Resist
Out: Resist

Shunt:

0.120

29.940

350.30
3 50.80

25.-776

mVdc

mVdc

Ohms

Ohms

mVdc

ELECTRICAL LEAKAGE: PASS

RE ' V.'E'TION/FITTING: 1/8-27 NPT FEMALE
aiMjJiKICAij KIR IN3/CONNCCTOR; Pii'j A ♦INPUT

Pin B fOUTPUl

Pin C OUTPUT

Pin D -INPUT

Pins E&F SHUN'

This Calibration was performed using Instruments and Standards that are
traceable to the United States National Institute of Standard:? Technology.
S/N Description Range Reference Cal Cert

14-3 30/150 PSl' DRUCK STD 0 - 150 "lbs C-2502 C 2502
3145A20557 HP 34401A , Unit Undei Test C-2405 '" 241 S

Representative ^ZHfitiL 1JIM)'M/&UJT.S >ar. •: J^~J{3~0S}.,
fnis transducer is testea to sTVjfets published specifications. After fi
ralibration our products are stored in a controlled stock room & considered in
sonded storage. Depending on environment k severity of use factory calibration
a recommended every one to three years after initial service installation date

Omegadyne, Inc.. 149 Stelzer Court, Sunbury, OH 43974
http://www.omegadyne.com email: infoSoraegadyne.com

(740) 965-9340
USA-DYNE

Figure H.l Cold loop test section outlet pressure transducer

192



www.manaraa.com

OMEQADYNE I ti C

Job
Model
Date

Calibrated

PX32S1-100AV
12/23/2002

0.00 *

treasure
PSIA

0.00

50.00
100.00

SO.00
0.00

Unit Data
mVdc

0.000
15.011
29.905
15.036
0.011

PRESSURE TRANSDUCER
FINAL CALIBRATION

0 - 100.00 PSIA
Excitation 10.000 Vdc

100.00 PSIA

Serial:
Tested By:

Temperature Range,-
Specfile:

Balance
Sensitivity
In Resist
Out Resist
Shunt; ;

0.105
29.905
350.80
350.80
25.675

mVdc
raVdc
Ohms
Ohms
mVdc

ELECTRICAL LEAKAGE:
PRESSURE CONNECTION/FITTING-

PKMhZfSflSBr-WXfKUG/COKNECTORt

PASS
1/8-27 NPT FEMALE
Pin A ~~-
Pin B
Pin C
Pin D
Pins E&F

•OUTPUT
OUTPUT
INPUT
SHUNT

1302S9
RICK
-40 to 335
Px32..spf

tra^fbiftfJ2 ,,a8,P5r|0rmed U8in9 Instruments and Standards that .retraceable to the United States National Institute of Standards Technology
1598/94-3 JO/lS'Sj'SSS* STD 0- !%»!*. SIST" ?L8«

O.A. Representative ,

bonded sfcSJ? ESS?* are 8t°r#d in a controlled stock room & con
ffrel^nd^ f «« *«*<*V calxbrat.cn««*« every one to .hree years after initial service installation dat<

httl*/^; omesadine oof2*" S^i fUn*Ury' 0H 43074 <7^ »***tU0n«p./,www.omegadyne.com email: infc*omegadyne.com {8001 USA-DYNE

—•— / JtMfcriTStfc^™

». After final

Figure H.1 Hot loop test section outlet pressure transducer
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Job
Model
Date

Calibrated

PX32B1-10GAV
12/23/2002

0.00 -

OMEGADYNE I N C.

PRESSURE TRANSDUCER
FINAL CALIBRATION

0 - 100.00 PSIA
Excitation 10.000 Vdc

100.00 PSIA

Serial: 130260
Tested By: RICK

Temperature Range; -40 to 13!
Specfile: Px32..apf

Pressure
PSIA

Unit Data
mVdc

50

100

50

0

.00

.00

.00

.00

.00

Balance
Sensitivity
In Resist
Out Resist
Shunt:

0.000

14.999
30.012
15.015

0.014

0.065

30,012
350.10

350.70
25-521

mVdc
mVdc
Ohms
Ohms
mVdc

ELECTRICAL LEAKAGE:
PRESSURE CONNECTION/PITTING-

PASS
1/8-27 NPT*
•Pin A ., .,.
Pin B
Pin C
Pin D
Pine EiF

♦OUTPUT

-OUTPUT
-INPUT
SHUNT

traceable to tSe Snlr^T* T™* X?st™ments and Standards that aret aceable to ^United States National Institute of Standards Tech-.
1598/94-3 30/lS PS^DrScx STD 0 iS**?* *•*•«»"©• Cal Text
3146A20557 HP 34401A Li** HZ 1£" C"25°2 C 2Si'2n J"UiA ^ * yp\t U^der Test C-2405 -240S

Q.A. Representative ;^^nLl
This transducer is teetedto*1 mtfe • AJhTMhaJl

/ .»c i,u .niee years atter initial service Installation dat*

Otnegadyne, Inc., 149 Stelzer Court, Sunbury, OH 43074http://www.omegadyne.com email: info«omigadyne c«

:icatlona. After Tina

•?40) »«S-»3*0
(800) USA-DYNE

Figure H.3 Hot loop inlet pressure transducer
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OMEGADYNE INC.

PRESSURE TRANSDUCER

FINAL CALIBRATION

Job

Model

Date

Calibrated

PX32B1-100AV

9/2/2010
0.00 -

0.00 - 100.00 PSIA

Excitation 10.000 Vdc

Serial: 257877

Tested By: CHRIS
Temperature Range: -40 to 335 F

100.00 PSIA Specfile: PX32

Pressure

PSIA

0.00

50.00

100.00

50.00

0.00

Balance

Sensitivity
In Resist

Out Resist

8 0% Shunt

Unit Data

mVdc

0.045

14.998

30.028

15.010

0.051

0.04 5 mVdc

29.983 mVdc

414.40 Ohms
350.50 Ohms

23.918 mVdc

ELECTRICAL LEAKAGE: PASS

PRESSURE CONNECTION/FITTING:
ELECTRICAL WTPTWQ/CONNFCTOR.:

1/8-27 NPT FEMALE
.♦INPUT (BXCJU

« +OUTPUT

» -OUTPUT

- -INPUT (EXC)

PIN A

PIN B

PIN C

PIN D

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
http://www.omegadyne.com email: info®omegadyne.com

(740) 965-9340
(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.

I
Calibration Report

•vmmm^'

Omega
On* Omega Drive Bon4047
Stamfort CT 06907-0047

Phone 203-359-1660 Fa* 203-96S-71C0

unit under Test (UUT) Information:

Description: METER.1/2'MTU?
FTB-141;
102810303
Magnetic Pickup
Frequency
0 76 GPM 2 6 LPM
7 5 GPM 28 4 LPM
October 28. 2010
12 Month*

Water
73.64 f
5471 %RH

5

Model Number;

Serial Number:
Senior Type:
Output type:
Minimum Flow:

Maximum Flow:
Calibration Dale:
Calibration Interval:
Cat Liquid:
Ambient Temperature:
Ambient Humidity;
Linear Points:

-a 75-7 50 GPM

Master Meter:

Std uncertainty;
Traceability No:
Model No:

Serial No:

*0 25*
TFM.t»56( TFM-1958
Optiftui 4000 Mag Flowmeter
AC928510 .40906248

UUTCalibration Data Table In GPM:
UUT
Hi

Ou'F tow
aian-ja.'J 3PM

7 49

421
2 37
133
0 74

1262 300
716800
403 000
222 200
118 300

Temp *F
69 40

69 40
69 40

69 40
69 30

ViSC

eSi
0 984

0 984
0984

0 984
09*3

UUTF ',
--,: ("•'

1?83 333
726 744
409.715
225 902
120 102

UUT <•
CYC/GAl
•

10215 66
io>o;6:j
10024 06
96S1 89

(Hz*60)(
GPM

7 45

2 38
1 31
0 70

Nominal K(NK)

UUTCalibration Data Table In LPM:
Flow Actual UUT

Standard LPM HZ

I 28 35 1292.300
1 15 94 716 800

i 8 97 403000

1 «03 222 200
2 80 118 300

UUT
Temp *F
69 40
69 40
69 40
66 40
6930

Vise

cSt

0S84
0 984
0 984

0 8*4

UUT F, V
Hfc/cS!
1203 333
728.744
409 MS

120 102

Nominal K (NK)

UUT K

2671.28
2f98 70
2695 22
2649 08

LPM
28 2?

18.02
901
4 0''

2 64

2634.984

Lined' Raw Err
COEFF %R»t«
10051 0 51
0 9949 -0 5!
0 9962 -0 38
10139
1 osofl

• i -

1 0061

'

Status: PASS

MeterAccuracy (of Rate): t 0 51 %

Av« iu« Cahb, Temperature : 69 4 f
iAverage Cj|lnVjT«ciflcGra^tjfj__

Averaa^^f^mj/i»cowty_2_ ,, •

Flow Direction : Forward

Calibrated By

Certified By:
Kris. Kulig

70%range o! 3-9 1/2' »nd 3 4 meters.• Meter Accuracy andNominal Kresults arecalculated i»orr theupper

Omeaa ceMrrtoM are prelornud u.,n„ .tandard* traceable to in. Nat.o»*l ta^****"* .ml Technology
The lautomen, and calibration procedure compile, wrth ISO 9001 2008 ami MIL-STD^«2A

Figure H.5 Cooling loop flow meter
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Omega
One Omega Dnve. Bo*4047
Stamfort, CT 06907-0047

Phone 203-356-1660 Fa* 203-966-7100

Calibration Report

Unit Under Test (UUT) Information:
METER, 1100. 7,8'3.0-300 GPM
FTB-1424

101410324
Magnetic PicKup
Frequency
3 GPM 114 LPM
30 GPM 113 6 LPM
October 14, 2010
12 Months

Water

73 64 *F

54 71 %RH

5

Description:
Model Number:

Serial Number:

Sensor Type:
Output type:
Minimum Flow:

Manimum Flow:
Calibration Date:
Calibration Interval:
Cat, Liquid.
Ambient Temperature
Ambient Humidity:
Linear Points;

UUT Calibration Data Table In GPM:
i-»w

Standard

A-ruai

GPM
S0.01
1688
g m

1273 100
717 700
379.600

Temp "f
75.40

75 30
75 20

cSt

0906
0 907

0510

Master Meter:

Std uncertainty:
Tr.it (.'ability No:
Model No:

Serial No:

10 25'*
TfM-1056. IFM-1958
Optiflux 4000 Mag Flowmeter
A0928610< AO906248

UUT F;V
H»eSl

UUTK
CYC/GAL

(Hjr'eC '
GPM

ImMi
COEFF

Raw En
% Rate

033

0 10
-0 3;

1405 022

791 017

417 822

248 756

V. 041 ,2

254S 35
2551 07
2561 98

2t-r • -r

29.91 1 0033
16-36 10010
8 92 0 9968

Nominal K (NK) 2553.665

UUT Calibration Data Table In LPM:
Flow
i'j-idaf i LPM

i ia.ee
63 90
33 65

20 10

11 36

UUT
Hi

1273 1Q0
717.700
379.600
226 Q00
127 400

75 40
76 30

:-5 20

Vise

0 906
0 907
0909

I ••

U'jT F

1405022
791 017

4'7 822
248 766
140.041

UUT K

UtiC,

6?2 41

673 92
676 60
674 61
673 11

(H2*60)/NK Linear
LPM COEFF
113 23 1 0033
63 83

33 76 0 9968
20 10 1 0000
11 33 1 0022

Nominal K (NK)

Status: FA:>:>

Meier Accuracy lot Rate): J ..

Average Calib. Temperature ; 7S 2 i

AverageCalib.Specdi£Gra«ljrj__ 1

Average Calib. Viscosity : 'j- '

How Direction : Forward

Calibrated By:

Certified By:

Edward Peiea

Omega calibration, are preformed using slandaids traceable luHie National institute of Standards and Technology
Theequipment andcalibration procedure complies Witt ISO 9001 2008 andMIL STD-45S62A

Figure H.6 Cold loop flow meter calibration report
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Omega
One Omega Drive Bo* 4047
Stamfon C T 06907-0047

Phone 203-359 1560 Fax 203-&68-7100

Calibration Report

Unit Under Test (UUT)Information:

MET£R, 1100. 7,'8" 3.0-30 0 GPM
FTB-1424
101410325
Magnetic Pickup
Frequency
3 GPM 11 4 LPM

30 GPM 113 6 LPM
October 14, 2010
12 Months
Water

73 64 «F

54 71 %RH / /

Description:
Model Number:
Serial Number:
Sensor Type:
Output type:
Minimum Flow:
Maximum Flow:

Calibration Oale:
Calibration Interval:
Cat Liquid:
Ambient Temperature
Ambient Humidity:
Linear P,>inis

UUT Calibration Data Table In GPM:
Actual
GPM

30 02

1666

' *t

5 33
2.99

UUT
MX

1278 800

719 600
404000
227.400
•"28 300

UUT

Temp *F
75.40
75 30

70 00

?5 20

CSI

0 906

0.907
0 909

UUT F/V
HZ/cSt

1411 312

733 111
444 $73
250 2&7

139 0*7

Naniin.ll K(NK)

UUT Calibration Data Table In LPM:
ftow

Standard
Actual

LPM

113 6-4
63 82

35 89
20 18
11 32

UUT
Hz

1278 800
719 600
404 000

227 400
126 300

UUT

Temp *F
75.40
75 30
75 20
;0 2o

?5 20

cSt

0906
0 907
0S09

0*09

0 909

UUT FA/
HaVeSt
1411.312
7S3 111

444 678
250 297
139 01''

Nominal K (NK)

Master Meter:

iC.25%
TFM.1S56/TFM-1&56
OptiHux 4000 Mag Flowmeter

. A0&06243

/^r~>

mi to$25

UUTK
CYCVGAt
2555 90

2560 80
2556 90

.. 2634 a5

2547.653

(H**60)/NK Linear
GPM COEFF % Rale
30 12

•coo

961

0 9968 -0 32
-0 52

4 -0 37

-0 43
0 5.

UUTK (HreOyNK Linear Raw Err
CycLiter LPM COEFF % Rale
675 20
676 51
675 48

676 24
669 53

673.019

11401
64 15
35 00

20.27

1? 26

0 9943
0 9964

0 9962
1 0062

-0 32

-052
-0 37
-0.48

052

Status: PASS
MeterAccuracy (ofRate) C "

Average Calib.Temperature : 75 3 F
Average Calib Specific Gravity•: 1

.-. i j, Caiiti Viscosityj
f low Direction : , ., ,, .

Caliliraled By:

Cubbed By

i Perei

Kris, Kl.iit)

Omega calibration, are preformed using standard, traceable to the National Institute ofStandards and Technology
Theequipment andcalibration procedurecompile,withISO 9001 2008 andMiL-StO-45662A

Figure H.7 Hot loop flow meter calibration report
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System equipment

The figures that follow represent some of the performance characteristics of

various critical components of the sytem.

METERS FEET
140

JO

30

Q
<C
U4
X

I 20
i
>•

10

0«-

10 20

CAPACITY

MOTOR 9SS AMD IMff II! I DIAMl If 15
l ?HPODP S'DH

•2* 1V> HP OOPOR? HPHFC 4 row.
a i hp oopor iv. hp rnc 3w DIA.
0y«HPODPORIHPUiC 3i*DJA.
'SfyHPOOPOIViHPfEfC 3irWA.
©OPIIOWAt IMMMtDBUVtlUR 2'A*DUL

140 U.S. GPM

30 mJ/h

Figure H.8 Performance diagram ofGoulds 3642 pump in hot loop
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Type
HP Required
RPM
Inlet (In.)
Outlet (In.)
Use with Frame Number
Wetted Materials
Impeller Material
Housing Material
Screw Material
Seal Type
Seal Material
Seal Application
Max. Liquid Temp. (F)
GPM of Water @ 5 Ft. of Head
GPM of Water @ 10 Ft. of Head
GPM of Water @ 15 Ft of Head
GPM of Water @ 20 Ft. of Head
GPM of Water @ 25 Ft. of Head
GPM of Water @ 30 Ft of Head
GPM of Water @ 40 Ft. of Head
Max. Head (Ft)
Max. GPM m Head (Ft.)
Best Efficiency GPM <§Head (Ft.)
Min. GPM @ Head (Ft.)
Best Efficiency Range GPM @ Head (Ft)
Max. Specific Gravity
Max. Case Pressure (PSI)
Max. Fluid Viscosity
Inlet Pressure (PSI)
Impeller Type
Duty
Max. Oia. Solids (In.)
Port Rotation
Drain Plug
Manufacturers Warranty Length
Application
For Use With
Height (In.)
Length (In.)
Width (In.)
Includes

Centrifugal Pump Head
Chemical Transfer, Straight
1/2
3450
3/4
3/4
56J
Carbon, Ceramic, 304 SS, VKon
304 SS
304 SS
304 Stainless Steel
Mechanical
Carbon, Ceramic. Viton
Nonflammable Liquids Compatible with Pump Components
200
38
34.0
32
29
26
20
5
50
38@5
28@22
5@40
33@ 12 to 24 @ 28
1.0
150
31SSU
128
Closed
Continuous
1/8
90t Increments
No
1 Year
Liquids Transfer, Circulation, Chemical Processing, Cooling, Pressure Boosting and Circulating
Clear. Non-Abrasive, Non-Flammable Liquids Compatible with Pump Components
7-13/16
3
8-3/8
MountingAdapter, Hardware. Seal, O-ring

H.9 Specifications for Dayton 4JMY2 pump head in cold loop
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4,3, Connection Diagram

Mcaor
Ssotalot Fu«»

Figure H.10 Connection diagram for Invertek ODE-2-11005-1H012 drive

RSTL

CONNECTION DIAGRAM (RSTL TO POWER SUPPLY)

V PROG LOCAL

V PROG OUT

V PROG (-)
V READ (-)

I PROG LOCAL

PROG OUT

I PROG (-)

{__) POS OUTPUT

Figure 1 Connection Diagram(RSTLto Power Supply)

Figure H.l 1 Connection diagram for EMHP 300-200 60kW power supply
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