Predicting Steady-State Performance of
Falling-Film Drain Water Heat Recovery

Systems from Rating Data

by

Ramin Manouchehri

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirement for the degree of
Master of Applied Science
in
Mechanical Engineering

Waterloo, Ontario, Canada, 2015

© Ramin Manouchehri 2015



Author’s Declaration
Several portions of this thesis consist of published material of which | was acknowledged as an
author or co-author: see Statement of Contributions included in the thesis. This is a true copy of the

thesis, including any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Statement of Contributions

A total of two journal papers have been published based on the results produced throughout this thesis.

The co-authors for these papers were Prof. Mike Collins, Dr. Carsen Banister and Ivan Beentjes.

| hereby declare that | performed all the experiments, generated the results and devised the

correlations in this thesis. The co-authors assisted with writing and organization of the papers.



Abstract

Drain Water Heat Recovery (DWHR) systems are counter-flow heat exchangers typically used to recover
energy from warm water going down shower drains. Such systems are becoming commonplace in many
residential buildings; however, the lack of reliable building simulation models has proven to be an
obstacle when it comes to choosing the most suitable unit for a given application. The ultimate outcome
of this thesis is a universal model that uses the existing rating data to predict the performance of DWHR

systems operating under various conditions.

A test rig was constructed and programmed to measure the performance of DWHR systems in the Solar
Thermal Research Laboratory (STRL). Highly accurate instruments were incorporated in the test rig to

measure the flow rates, temperatures and pressures at multiple locations.

Through experiments, a model was created to predict the performance of DWHR systems operating
under equal-flow conditions. A correction factor was developed to allow extrapolating the results of this

model to flow rates higher than those available in the rating data.

The effects of varying inlet temperatures on the performance of DWHR systems were also found
through experiments and a general correction factor was developed to compensate for these effects. A
thermal resistor network was created based on the construction of DWHR systems in order to directly

compare the theoretical expectations for the effects of temperature with the experimental data.

A universal correlation was also devised through experimentation which allows the use of rating data

from equal-flow conditions to predict performance of systems operating under unequal-flow conditions.

The correlations developed throughout this thesis were compiled into a universal procedure, which was
validated through experiments. In all cases, the experimental and predicted results were in good

agreement, which lends credibility to the procedure developed in this work.
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Chapter1 Introduction

1.1 Motivation

The world’s population is on the rise and global energy consumption is increasing steadily. According to
the International Energy Outlook 2013, the world’s energy consumption in the year 2040 will be 50%
higher than that of 2010, which translates to an additional 295 Quadrillion Btu’s if current consumption
rates continue [1]. The only way to alleviate such a large increase in energy consumption, is to conserve

energy, and to reduce the amount of energy that is wasted on a regular basis.

Surveys have shown that in the year 2010, 16.4% of the total energy consumed in residences in the U.S.
was for water heating purposes. That represents approximately 2025 PJ, which equates to
approximately 17.7 GJ of energy consumed annually per household [2]. It was also estimated that
Americans spent $33.8 billion on residential water heating in that year alone [3]. During the same year
in Canada, water heating was responsible for 280 PJ or 19.5% of the total energy consumed in the

residential sector. On average, this translated to 20.9 GJ of energy per household [4].

The energy consumption associated with water heating is immense, and there is significant potential to
reclaim heat from grey water. A study conducted in Great Britain in the 1970s determined that a
household grey water heat recovery system could save 10% of total household energy consumption,
recovering the capital cost in only three years [5]. More recently, studies conducted at the Manitoba
Advanced House in Winnipeg, Canada, estimated that 50% of a typical family’s annual domestic hot

water load could be recovered [6].

Drain Water Heat Recovery (DWHR) systems are becoming more common in new and energy efficient
construction. In response to this, code and incentive programs are working to develop rating procedures

for these systems. In Canada, for example, the “National Energy Code of Canada for Buildings 2011” was



updated in 2012 to incorporate DWHR systems [7]. The Government of Manitoba has also mandated

installation of DWHR systems in new residential buildings starting April 2016 [8].

To standardize test methods and results for measuring performance of DWHR systems, the Canadian
Standards Association (CSA) recently produced Standard B55.1-12 “Test method for measuring
efficiency and pressure loss of drain water heat recovery units” [9]. The standard includes the
requirements for the design and configuration of a testing apparatus which simulates the performance

of a DWHR system in a typical installation.

This thesis focuses on investigating DWHR systems, and the factors that affect their performance. An
attempt is made to create a reliable steady-state model to predict the energy savings associated with

their use. An analysis of transient effects is outside the scope of the current work.

1.2 Basics of DWHR Systems

In general, DWHR systems are single pass, double walled, counter flow, vented, falling film heat
exchangers similar to what is shown in Figure 1-1. They are comprised of a large diameter copper pipe,
typically between 5.1 and 10.2cm (2 and 4 inches), set to match the size of the drain stack they would
replace. Wrapped tightly around the large pipe, is a coil of small diameter copper tubes. The warm
drain water flows into the top of the large diameter copper pipe, ‘wetting’ the inside by filming itself to
the inner wall and exiting at the base, after transferring thermal energy to the copper. Cold mains water
flows into the small tubes at the bottom of the heat exchanger and extracts heat from the falling film of

warm water. There are different design variations for DWHR systems as shown in Figure 1-2.
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Figure 1-1 Diagram of a typical DWHR system.
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3



The falling film is imperative for proper operation of DWHR systems. The performance of such systems
relies on water falling as an annular film, and wetting the inner surface of the drain pipe. This
phenomenon results in high heat transfer rates on the drain-side of the system, maximizes the amount
of surface area for heat transfer to take place, and minimizes the thickness of water through which heat
must be conducted and convected to the walls. DWHR systems are designed to be installed vertically,

which allows water to fall as a relatively uniform thin film [10,11,12]. A photograph of the falling film

inside a vertically installed DWHR system is shown in Figure 1-3.

Figure 1-3 Falling film of water inside the drain pipe in a DWHR system.



1.3 Review of Relevant Literature

The following section attempts to summarize the most relevant journal and conference papers as well as
reports pertaining to DWHR systems. It is worth mentioning that at the time this thesis was written,
there was a lack of relevant information available in the literature about DWHR systems. Each study is

analysed in detail to highlight the findings, as well as possible flaws and limitations.

1.3.1 Study #1

Title: Characteristic Effectiveness Curves for Falling-Film Drain Water Heat Recovery Systems [13]

This study, conducted at the University of Waterloo, aimed to develop the characteristic effectiveness
vs. flow rate curves for multiple DWHR systems. The performance of the systems was also investigated
experimentally under counter-flow and parallel-flow configurations. The theoretical characteristic curve
provided by the authors is shown in Figure 1-4. This study is the only one available in the literature that

attempted to measure the performance of DWHR systems using high accuracy instruments.

Flow Rate (gpm)
4 6 10

1 - L 1
09 —+ = = = Parallel Flow

Counter Flow

0 5 10 15 20 25 30 35 40
Flow Rate (L/min)

Figure 1-4 Theoretical characteristic curve for effectiveness vs. flowrate [13].



The test results produced curves similar to the theoretical curve shown in Figure 1-4 with the exception
of an unexpected inflection point at the lower flow rates. The authors theorized that this phenomenon
was likely due to the laminar to turbulent flow transition for the flow within the coils. Further

investigations were recommended to better understand the behavior of falling films in DWHR systems.

1.3.2 Study #2
Title: Performance Evaluation of Drain Water Heat Recovery Technology at the Canadian Centre for

Housing Technology [14]

Three DWHR systems with different designs as shown in Figure 1-5 were tested in this study by the
Canadian Centre for Housing Technology. The units were installed in a basement and the plumbing
system was instrumented to measure appropriate temperatures and flow rates through the units. Each
system was tested under two different configurations; the first configuration directed all the preheated
water exiting the DWHR system into the hot water tank, while the second configuration divided the
preheated water between the hot water tank and the cold water supply at the shower fixture. The
objectives of the study were to measure the daily gas savings for each of the pipes under different
configurations, to measure their effectiveness, and to determine if non-simultaneous draws have any

impact on the energy savings.
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Figure 1-5 Three different DWHR designs that were tested as part of this study [14].

The results showed that DWHR systems reduced gas consumption for water heating by 9 to 27%. It was
also clear that the effectiveness values measured for the systems tested under the first configuration
were generally higher. Furthermore, the results did not indicate any significant savings associated with
non-simultaneous draws through each system due to the small thermal mass of the systems. The
authors recognized that their results were not completely satisfactory since the temperatures through
the systems were not controlled, and the instruments lacked high precision. Nevertheless, the results

were indicative of the performance of DWHR systems in a typical household.

1.3.3 Study #3

Title: Impact of Grey Water Heat Recovery on the Electrical Demand of Domestic Hot Water Heaters [15]

This study, conducted by Ecole Polytechnique de Montréal, aimed to determine the impact of DWHR
systems on peak electrical demand in residential dwellings with electric water heaters. The effectiveness

of a 7.6cm diameter, 127cm long DWHR system was fed into a TRNSYS model to simulate the system on



an annual basis in Montreal, Canada. The effect of mains water temperature on the annual savings was
also investigated. A daily domestic hot water consumption of 240 Liters was picked to represent an

average family. The schematic of this TRNSYS model is presented in Figure 1-6.
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Figure 1-6 Schematic of the TRNSYS model used [15].

The results showed that this particular DWHR system could potentially reduce the annual energy
consumption for domestic water heating purposes by 798 kilowatt hours, and reduce the peak electrical
load by up to 21.5%. As for the mains inlet water temperature, it was found that the energy savings
associated with an inlet temperature of 1.8°C are 2.4 times higher than the savings associated with an

inlet water temperature of 20.6°C.

The authors did not explain how the performance of the DWHR system was simulated under flow rates
different than the 9.5 LPM at which it was rated. This is a significant limitation for the study since the
performance of DWHR systems is a function of flow rate of water. The effectiveness of the system
cannot be assumed to stay constant and the results produced in this study may not be a good

representation of a realistic installation. The effectiveness of a DWHR system is also dependent on the



inlet water temperatures, and again, it cannot be assumed to stay constant for different inlet
temperatures as was implied in this study. The combination of the above two factors could have a

substantial impact on the simulated results.

1.3.4 Study #4
Title: Financial Analysis of the Implementation of a Drain Water Heat Recovery Unit in Residential

Housing [16]

This study, conducted by Sty$s et al., aimed to numerically analyse the benefits of DWHR systems
installed in three different plumbing configurations shown in Figure 1-7. The effectiveness of a 7.6cm
diameter, 153cm long DWHR system was modelled for the different configurations. It was assumed that
the mains temperature and the shower temperatures were constant and no heat losses occurred in the
plumbing system. The numerical results of this study showed that the first configuration was the most

beneficial option for installation of DWHR systems.

The main issue with this study was the assumption of constant temperatures in the simulations. The
inlet temperatures have a clear impact on the effectiveness of DWHR systems, and since this model was
based on a constant effectiveness assumption, the produced results may not be accurate. More
importantly, two of the three configurations simulated in this study required effectiveness data
measured under unequal flow rates, which were provided by the manufacturer in this case. It is worth
noting that no reliable experimental models existed for determining performance of DWHR systems
under unequal flow rates at the time of publication, and the data used in this study were not available
anywhere in the literature. Hence, the results of this study should be considered unreliable until more

experimental results become available to validate the authors’ claims.
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1.3.5 Study #5

Title: Heat Recovery from Wastewater using a Gravity-Film Heat Exchanger [17]

This study, conducted by the Oak Ridge National Laboratory, aimed to experimentally determine the
feasibility of using a DWHR system by installing it in a single family home in Knoxville, Tennessee. The
plumbing system was instrumented to measure the temperatures (T’s) and flow rates (M’s) at locations
shown in Figure 1-8. This particular setup allowed the authors to investigate the impact of equal vs.
unequal flow rates through the DWHR system on the energy savings. The results showed that the DWHR
system was able to reduce the energy consumed for water heating by 50% under equal flow condition

and between 30 to 45% under unequal flow conditions.

DWHR Water

e Heater
T4I T1,M1

Figure 1-8 Schematic of locations where flow rates and temperatures were measured [17].
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The study provided no information about the length and diameter of the particular DWHR system used.
Other missing information include the duration of shower events, flowrates, instruments’ uncertainties
and plumbing system’s thermal losses. It is also important to note that the data used in this study was

produced in only one single household.

1.3.6 Study #6

Title: Energy Performance of a Drainwater Heat Recovery System [18]

This study, conducted by Schuitema et al., aimed to experimentally measure the potential savings
associated with a DWHR system by installing it in a high performance residential dwelling in
Netherlands. The DWHR system used in the study was 2 meters long with unspecified diameter and
model. The plumbing system was instrumented to measure the temperatures (T’s) at locations shown in

Figure 1-9. The shower events had a flow rate of 5.5 liters per minute for 20 minutes, twice per day.

The results showed that on a weekly basis, the DWHR system reduced the energy required for domestic
water heating by 29.6% under equal flow condition, and by 26.1% under unequal flow condition. It was
also found that the DWHR system took up to 3 minutes to ‘heat up’ every time the shower was used.
The water heater used in the dwelling was a gas-fired boiler which was noticed to behave unstably due
to the fact that the inlet water was being preheated by the DWHR system. The instabilities caused the

boiler's outlet temperature and flow rate to be unsteady, resulting in lower boiler efficiency.

No information was provided in the paper regarding the thermal losses in the plumbing system, the flow
rates under unequal flow condition and the mains inlet water temperatures. One major source of error
in the results produced in this study could be attributed to the fact that the temperatures were
measured using thermocouples attached to the outside of the pipes. The mean flow temperature inside
the pipes could be very different than what the thermocouples show on the outside of the pipes,
creating a potential bias in all temperature measurements.
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Figure 1-9 Plumbing schematics with the thermocouple locations marked for the equal flow (left) and unequal flow (right)
configurations [18].

1.3.7 Author’s Verdict

Most of the articles discussed previously focused on proving the feasibility of using DWHR systems to
reduce energy consumption by monitoring performance in actual installations. None of these studies
attempted to create correlations or models that would apply to systems other than what was used in
their respective paper. This stems from the lack of theoretical and experimental models for DWHR
systems. Only the study by Collins et al. [13] attempted to provide some fundamental understanding of
how DWHR systems actually worked. This thesis aims to fill this gap in the literature by providing

information about the performance of DWHR systems under various conditions.

It is imperative to clarify that this thesis is mainly focused on developing correlations based on
experimental results and observations. Although theoretical correlations are useful to designers,
experimental correlations are more practical for building simulation purposes. Theoretical modelling is
briefly covered to introduce relevant concepts and notations. Detailed theoretical modelling is outside

the scope of this thesis, and is among the topics for future theses on DWHR systems.
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1.4 Topics Covered in This Thesis

The topics covered in this thesis are as follows:

e The apparatus built for testing DWHR systems.

e The performance of DWHR systems under equal flow conditions.

e The performance of DWHR systems under varying inlet water temperatures.

e The performance of DWHR systems under unequal flow conditions.

e The procedure to combine the developed correlations for predicting the heat transfer rates at

any condition.

All analysis was conducted for steady-state conditions. Consideration of the transient behavior of DWHR
systems was outside the scope of the current work. The models developed as a part of this thesis rely on
existing performance data available to the manufacturers from CSA ratings. These models use the

existing data to predict the heat transfer rate depending on flow rates and temperatures.
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Chapter 2 Test Apparatus

2.1 Theory
DWHR systems are rated using the £-NTU method [19]. By this method, the effectiveness, ¢, is defined
as the ratio of heat transfer, g, to the maximum heat transfer, g4, , Which can occur in the heat

exchanger. This effectiveness is expressed as:

o= q _ Cc(Tc,o _Tc,i) _ (me)c(Tc,o _Tc,i) _ Ch(Th,i_Th,o) (mcp)h(Th,o _Th,i) (2.1)

Omax  Corin (Th,i _Tc,i) (mcp)min (Th,i _Tc,i)_ Crin (Th,i _Tc,i) (me)min (Th,i _Tc,i)

In the above equation, C represents the heat capacity rate, m represents the mass flow rate, C,

represents the specific heat and T represents the temperature. The subscripts C and hrefer to the
cold mains-side and hot drain-side respectively. The subscripts i and Orefer to the inlet and outlet.

Lastly, the subscript min refers to the lesser of C_ and C, .

This equation is used to quantify the effectiveness of a DWHR system under equal flow conditions, when
the hot water flows through the drain-side at the same time as cold water is drawn though the mains-

side. By assuming that C, does not change significantly across the DWHR system, it can be said that:

(mc,) =(mc,) =(mc,) =mcC (2.2)

p

Hence, a DWHR system’s effectiveness can be determined using:

T 23
_Tci) ( . )

Equation 2.3 reduces the complexity of determining a given system’s effectiveness to a simple ratio of

the inlet and outlet water temperatures.
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Since the purpose of DWHR systems is to preheat the cold water, the effectiveness is always calculated

based on the mains-side temperatures as shown in equation 2.4.

(Tc o Tc i ) ( )
E=7— - 2.4
(Th,i - Tc,i j
Equation 2.4 is mandated for rating DWHR systems according to CSA standard B55.1-12 [9]. Except for
tests done under unequal flow rates, Equation 2.4 is used for all effectiveness calculations throughout

this thesis for consistency with the standards.

2.2 Test Apparatus

In order conduct research on DWHR systems based on the theory described above, a test apparatus had
to be designed and constructed. The backbone of the system was construted by co-op student Ivan
Beentjes who deserves credit for building and programming the entire test rig with the exception of its

modes of operation under unequal flow rates.

2.2.1 Design Criteria

The test platform had to have the following features:

1) Delivery of water at a prescribed temperature, representative of those found in real world

applications. The cold water between the range of 5-20°C, the hot between 20-50°C.

2) Stable delivery of volumetric flow rate on both sides of the DWHR system from 2-25 L/min.
3) Automated data acquisition.
4) Engineering uncertainty to less than 1% of effectiveness, full scale, at conditions meeting

CSA requirements.
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5) Meets CSA requirements in all ways [9]. This includes location of instrumentation, ambient

temperature, installation characteristics, test stability etc.

It was decided to build a closed, pump driven system. This ensured that the system had stable flow and
the appropriate temperatures for the inlet water were not climate dependent. Figure 2-1 through Figure
2-4 depict the schematic design of the system under different modes of operation, where the greyed
out portions are the sections of the system that are not involved in a given operation. A photograph of
the system is presented in Figure 2-5. Specific aspects of the design will be described in the sections

which follow.
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Figure 2-1 Main diagram of the plumbing configuration for DWHR apparatus operating under 'conditioning mode'. The

greyed out portions are the sections of the system that are not included in a given operation.
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Figure 2-2 Main diagram of the plumbing configuration for DWHR apparatus operating under 'equal flow mode'. The

greyed out portions are the sections of the system that are not included in a given operation.

19



SATVA
NOILO3HIa diAnd MNVL JANTVA
aly @ MO < | vin9rINGD _@ Q3LYINSNI D e DX aonaos | B
dWNd INVA YIONVHOX3 SATVA
RN (o) | HQVUWS | | inaw3ovidsia @ 1v3H _H_H_H_ ononvve | R | aawaTive | pg
3AILISOd SSYd F19ONIS 1IN0 e
7100 ONILVaH Y3ONVHOX3 SFONVHOX3
¥3LINMOT4 |[xWwa]| 3oNvisISZY @ waHuavm | A) 1V3H H_ﬁ BO| oo | g [INVAAVMINO | P
T¥OIY10313 OL H3LYM YV OL ¥3LVM JHNSSInd Hlv
< | )
\/
hal A
4“
Z MNVL 1] Z MNVL
aloo » H31v3H
=
= A>oH
=
.\
>~
Z Xa
\
\
=
7 ——H>H
\
\
\
\
\
_\
>~
.\
= \ 4
L MNVL @ @ L MNVL
alioo d31v3aH
e
UHMa _

Figure 2-3 Main diagram of the plumbing configuration for DWHR apparatus operating under 'variable cold flow rate

mode'. The greyed out portions are the sections of the system that are not included in a given operation.
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Figure 2-4 Main diagram of the plumbing configuration for DWHR apparatus operating under 'variable hot flow rate mode'.

The greyed out portions are the sections of the system that are not included in a given operation.
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Figure 2-5 The DWHR apparatus with the main pivoting arm and DWHR pipe in the horizontal mounting position.
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2.2.2 Description of the Apparatus

This description of components uses the schematic from Figure 2-1 to sequentially move through the

components.

To perform a test, the water entering either side of the DWHR system must be chilled and heated to
predetermined temperatures. Cold water for the test is chilled by a 10.5 kW (36000 Btu/h) water-to-
water heat exchanger, and then the extracted heat is expelled by a 10 kW (34000 Btu/h) water-to-air
heat exchanger. The chilled water circulates through Cold Water Tank 1, a 284-liter insulated tank,
gradually dropping the temperature to the pre-set cold-side temperature. The chilling system can drop
the water to its freezing point. Freshly chilled water is pumped into the very top of Cold Water Tank 1,
through a modified 90° angled pipe, and then extracted from the bottom of the tank (see Figure 2-6).
This configuration utilizes the tendency of the cold water to sink to maximize the overall stirring effect.
Much attention was given to achieving a stable temperature throughout the tank, due to the effect of
temperature measurements on €. Once the desired temperature is reached, the chilling system shuts
off, and a volume of water sufficient in amount to run a test is released into the second 184-liter cold-

water tank, giving the cold water a further mixing (see Cold Water Tank 2 in Figure 2-1).

_~INLET FROM DRAIN SIDE

{
£ __—MODIFIED PIPE
ol ol
~ - = INLET FROM CHILLER
AN
\ ~ OUTLET TO WATER TO
' WATER HEAT EXCHANGER
cowb

TANK 1 = QUTLET TO COLD TANK 2

Figure 2-6 Diagram of the water flow in Cold Tank 1, and the modified pipe used to direct the cold water from the chiller to
the very top of the tank.
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On the hot side, the water is heated in two hot-water tanks by 4.5 kW electrical resistance elements at
the bottom of each tank. To equalize the temperature between the two tanks, a circulator pump draws
hot water from the top of one heater tank and inputs it into the bottom of the second tank. An ‘open’
line equalizes the pressure difference between the two tanks using the same principle. This mixing
action is amplified by the warmer water rising to the top of the tank in conjunction with the currents of

hot water rising from the heating elements (see Figure 2-7).

»— 1 > Do

INLET OUTLET INLET OUTLET
HEATER HEATER
TANK 1 TANK 2
Ot —

_D3<]_
\ 4

\ 4

gl—WDf(F

Figure 2-7 Diagram of the water flow in Heater Tanks 1 and 2.
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To achieve equal flow, a single vane pump drives the water through the entire system. This positive
displacement pump stabilizes the water flow despite the range of lengths of DWHR systems. The
conditioned cold water, after being drawn by the vane pump, from Cold Tank 2, passes through the
mains-side of the DWHR system. After exiting the top of the DWHR system, the water enters the
bottom of Heater Tank 1, and leaves from the top. The same configuration applies to Heater Tank 2.
Upon exiting Heater Tank 2, it drops down through the DWHR system’s drain-side. This configuration

prevents significant mixing of the conditioned hot water, and the water entering the hot water tanks
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from the DWHR system, and allows for a constant temperature supply of hot water to the drain-side of
the DWHR system. The water is finally collected below the DWHR system and sent to Cold Tank 1 for

conditioning, completing the circuit of the system.

The CSA standard requires testing at multiple flow rates; however, since the positive displacement pump
cannot be regulated to change its output, a bypass was built into the system. The given bypass simply
feeds some of the pump’s output flow back into its input. Minor adjustment of a circuit balancing valve
is needed during each test to achieve desired flow rates. Metering of the hot and cold water flows is

done by two turbine flow meters with an accuracy of +1% of reading [20].

For tests conducted under unequal flow conditions, the same positive displacement pump is used to
achieve different flow rates on both sides without the assistance of any additional pumps. This is done
using different bypasses to allow different volumes of water to flow through the drain-side and the
mains-side, as was shown in the schematics in Figure 2-3 and Figure 2-4. These flow rates are adjusted

using circuit balancing valves.

The system’s cold mains side temperature and pressure sensors are mounted right at the inlet
connection to a given DWHR system (see Figure 2-8). Water temperatures are measured throughout the
system by an ISO 19025 calibrated/certified RTD whose accuracy is £0.03 to 0.08°C [21]. A conservative
worst case accuracy of + 0.1°C is used when measuring temperature. Water pressure is measured at
the cold mains water input and output on a DWHR system. They are measured by I1SO 19025

calibrated/certified pressure transducers which have an accuracy of 0.25% full scale [22].
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Table 2-1 The DWHR apparatus’ parameters and sensors

Parameter Operating Range Accuracy
RTD Probes 0-100 °C +£0.1°C
Temperature of Cold-side 0-20°C +0.1°C
Temperature of Hot-side 20-50 °C +0.1°C
Cold Water Flow Meter 2.8-28 L/min + 1% Reading
Hot Water Flow Meter 2.8-28 L/min + 1% Reading
Pressure Transducer 0-100 psig +0.25% FS

<— Insulated RTD Temperature Sensor

Cold Water Inlet
e TR O O itlet

<— Connection to DWHR System’s
Mains-side

Figure 2-8 One of the two identical sensor bearing units mounted on a DWHR system’s mains-side input and output.
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The ABS pipe that connects to the DWHR system’s hot water drain-side input is called the header. An
open to atmosphere water line (simulating a drain) channels the hot water from the heater tanks into an
insulated trap where the temperature is measured. The water exits the trap into a Tee connected to the
DWHR system. This header was built to the specifications given by the CSA standard which stipulates
“The vertical straight distance from the bottom of the ...DWV Tee... to the DWHR shall be 750+50mm.”
[9]. Three headers were built with diameters of 5.1, 7.6, and 10.2cm to allow testing of all DWHR
systems available. All headers were insulated similar to what is shown in Figure 2-9 to minimize thermal

losses.

Figure 2-9 The 10.2cm diameter ABS header covered in insulation to minimize thermal losses.

Hot water exiting the DWHR pipe is collected and its temperature measured in another insulated trap.

Finally, the water enters a catch basin from which it is returned to the main cold-water tank.

Realizing water spills would occur during operation of the DWHR apparatus, a series of chemical
catchment platforms were connected together to form a single base capable of holding 551 liters. The
DWHR apparatus rests on top of this foundation as shown in Figure 2-10.
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A series of interconnected drums
with a total capacity of 50 gallons.

Figure 2-10 Containment platforms installed beneath the test apparatus to prevent water spillage onto the floors.

Operation by a single technician, even with systems of 366cm in length weighing up to 40 kg was
achieved by constructing a pivoting arm on which a DWHR system could be placed while lying in the
horizontal mounting position (see Figure 2-5). Once a DWHR system was secured in place, the arm
could then be winched into the vertical testing position. Other amenities such an adjustable board on
which the sensors and DWHR system header are attached were affixed to the arm. To reduce the risk of
accidents, counter weights, safety locks and a safety factor of ten, for cables and bolts, were

incorporated into the arm’s manufacture.
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Customized software controls the entire system and records the data. A variety of safeguards including
automatic pressure, temperature, time and pump cut-offs were incorporated to protect the test
apparatus. The user selects a test from a drop down menu and then watches the test running to
determine when sufficient data on the system’s performance, after reaching steady state, has been
collected. Over this period of time, the flow rates and temperatures for the cold and hot water are
recorded. The inlet and outlet pressures for the cold water are also measured to determine the total

pressure drop across the DWHR system.
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Figure 2-11 The LabView interface used by the operator to run a test at a chosen flow rate. This screen shot is the plot of a
9.5 L/min test on a 10.2cm diameter DWHR system.
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In Figure 2-11, the ‘effectiveness hot’ represents the effectiveness, &, calculated using the hot water side
of the DWHR system. The ‘effectiveness cold’ represents the effectiveness based on the cold water side.
The ‘Energy balance’ is the expression for the difference between the two effectiveness values, with
zero being the ideal. The displayed effectiveness’ show an initial period of adjustment while a given test
comes to steady state. The last third of the graph displays what is considered steady state. Once this
steady state has been reached, the operator can start recording the data by pressing the button called
“Record Data” on the user interface. By doing so, the temperatures, pressures and flow rates for the

duration of the test will be recorded in an Excel file for data processing.
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Chapter 3 Performance of DWHR Systems under

Equal Flow Conditions

3.1 Introduction
DWHR systems are typically installed in basements, with the drain water flowing downward inside the
drain stack, and the mains water moving upward from the basement to the fixtures upstairs. Therefore,
it is logical to install these systems under counter-flow arrangement. It is also widely known that a heat
exchanger operating under counter-flow arrangement would outperform the same heat exchanger
/c

operating under parallel-flow arrangement for all values of C [19]. A typical installation for

min max

DWHR systems is displayed in Figure 3-1 [23].
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Figure 3-1 A DWHR system connected to a tankless water heater in a basement [23].

A study by Collins et al. [13] investigated the performance of DWHR systems under parallel-flow and
counter-flow arrangements. The results of the study showed that DWHR systems tested under counter-
flow arrangement outperform the same systems tested under parallel-flow arrangement. The general

characteristic effectiveness curves as a function of flow rate for different flow arrangements were

previously provided in Figure 1-4 [13].
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Manufacturers require DWHR systems to be installed under a counter-flow arrangement [10,11,12]. As a

result of the factors stated thus far, this thesis only focuses on this arrangement.

As was mentioned previously, DWHR systems are rated according to the CSA standard B55.1-12 [9]. This
standard requires the effectiveness of DWHR systems to be measured at equal flow rates of 5.5, 7.0, 9.0,
10.0, 12.0 and 14.0 liters per minute (LPM). This range covers the typical flow rates associated with

showerheads in a residential building.

Designers have shown interest in using DWHR systems for applications other than houses; however, the
lack of information about the performance of such systems at flow rates other than the ones listed by
the CSA has made it difficult to justify utilization of DWHR systems. The characteristic effectiveness
curve for a DWHR system can be divided into three regions based on flow rates; the low flow range, the

CSA range and the high flow range (Figure 3-2).
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Figure 3-2 Characteristic effectiveness curve divided into different regions based on flow rate.

This Chapter investigates the performance of systems in the specified ranges and attempts to come up
with a method to extrapolate the CSA data to predict the performance of DWHR systems at various flow
rates. First, the phenomena that occur at different flow regions are studied in Section 3.2 and general
conclusions are made about the low flow rate region. Next, the flow rates within the CSA range and

higher are studied in Section 3.3. Each section has its own set of experiments.
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3.2 Flow Behaviors and Hysteresis!
A DWHR system can be classified as a concentric tube heat exchanger. Given this, and the fact that
DWHR systems are rated under equal flow rate conditions, it can be shown that the effectiveness of a

DWHR system could be expressed as a function of NTU [19]:

g = MU (3.1)

" 14NTU

where NTU represents the number of transfer units and is defined as:

NTU = 24 (3.2)

mcy

Here, U represents the overall heat transfer coefficient and A is the heat transfer area [19]. Combining,

Equation 3.1 becomes:

UA
o _Mp___UA __ U4 (3.3)
T 1+ A T mc,+UA T pCpV+UA )
mCp

where V is the volumetric flow rate.

In fundamental texts, the NTUs for a given heat exchanger is assumed to be constant. This, however, is
usually not the case. In reality, the UA product for DWHR systems has been seen to vary significantly
with flow rate [13], and in the case of DWHRs, with the wetted area of the drain-side film. At high drain-
side flow rates, the entire interior surface of the drain-pipe will be covered by a falling film, while at low
flow rates, the falling film may never form. When the area covered by the falling film of water is less
than the overall inner surface area of the pipe, will be referred to as partial wetting. Full wetting occurs

when the entire inner surface area of the pipe is covered by a film of falling hot water. It is further

1 The contents of this section have been published and are available under the following reference: Ivan Beentjes,
Ramin Manouchehri, and Michael R. Collins, "An investigation of drain-side wetting on the performance of falling
film drain water heat recovery systems," Energy and Buildings, vol. 82, no. October, pp. 660-667, October 2014.
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noted that even when fully wetted, the falling film may not be uniformly distributed. The UA product
will vary significantly with wetting, and this should be apparent in the characteristic performance curve

for the DWHR system.

The theoretical characteristic behavior is shown in Figure 3-3. At high flow rates, the quantity of water
is sufficient to cover the entire inner surface of the drain pipe, keeping the wetted area constant. This
range of high flow rates will be referred to as the stable full wetting region. Conversely, very low flow
rates only allow a small trickle of water to stream down the pipe. Since the flow rate is so low, the area
covered by the steam of water remains constant. This range of low flow rates is referred to as the stable
partial wetting region. Between these two regions of stable full wetting and stable partial wetting,
there will be a transition region. In this region, the flow rate of water is not high enough to cover the
entire surface area of the pipe, nor is the flow rate low enough to be limited to a single stream of water
traversing down the pipe. The wetted area would differ from test to test, even at the same flow rate,
depending on the path the water takes. Then, within the transition region, tests would generate a range

of different effectiveness values, depending on the area covered in water.
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Volumetric flow rate

Figure 3-3 The anticipated effect of the three regions: stable partial wetting, stable full wetting, and the transition region
on the effectiveness of a DWHR system. These regions would change depending on the diameter of the DWHR
system.

A transition region between stable partial wetting and stable full wetting implies hysteresis. Conditions
occurring shortly before a test reaches a steady wetted area might have a direct bearing on the test. For
example, an area covered by water at the current flow rate could depend on the area that was covered
with water shortly before. Presumably, due to the hydrophobic nature of copper, the wetted area would
be greater if the test was begun at a high flow rate and then reduced to a desired flow rate. Conversely,
if the test was started at a very low flow rate and then increased to the same desired flow rate the

wetted area would be smaller.
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3.2.1 Method

To generate experimental data, three 122cm long DWHR systems of the same design were selected.
Their diameters were the standard 5.1, 7.6 and 10.2cm (2, 3, and 4 in). The tests were performed at

flow rates ranging from 2 to 25 LPM. Three test procedures were used:

1) HLR (High-to-Low) was to start the experiment at a relatively high flow rate of 20 LPM, and then
reduce it to the lower flow rate of the test. The intent was to establish a fully wetted drain-side
film, and then observe when irregularities occurred.

2) LHR (Low-to-High) was to start at a flow rate of about 2 LPM, and then increase it to the
required higher flow rate. The intent here was to encourage partial wetting of the drain-side
film, and then observe when full wetting occurred.

3) FW (Maximum) involved the use of an insert at the drain-side that encouraged full wetting of

the drain-side film. Here, maximum drain-side performance was being established.

An attempt will be made to take photographs of the falling-film flow inside the drain pipe for the

wetting conditions depicted in Figure 3-3.

3.2.2 Results

A camera was installed at the outlet of the 7.6 cm diameter DWHR system to observe the flow within
the drain pipe. Full wetting region, partial wetting region and the transition region were each

photographed.

A photograph of the full wetting region is presented in Figure 3-4. The inside diameter of the drain pipe
was fully covered by the falling film, which implies that the heat transfer area was likely at maximum, as

was intended by the designers.
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Figure 3-4 Full wetting of the drain pipe observed inside a 7.6cm diameter DWHR system at a flow rate of 9 LPM.

A photograph of the system at a low flow rate of 2.0 LPM is presented in Figure 3-5. Only one small
stream of water was visible in drain pipe which significantly reduced the heat transfer area. This is the
reason why DWHR systems perform poorly at very low flow rates. The stream of water did not grow in

size for the duration of the test, which resulted in a relatively constant effectiveness reading.
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Figure 3-5 Stable partial wetting of the drain pipe observed inside a 7.6cm diameter DWHR system at a flow rate of 2 LPM.

A photograph of the transition region is shown in Figure 3-6. In this region, the flow rate of water was
neither sufficient to cover the entire drain pipe, nor low enough to form one stable stream. Instead,
multiple unstable streams of water were observed. These streams would join or detach at random,
constantly changing the heat transfer area inside the drain pipe. This wetted area differed from test to
test, even at the same flow rate, depending on the path the water took. As a result, the effectiveness

readings from the system were unsteady.
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Figure 3-6 Wetting of the drain pipe at the transition region of the drain pipe observed inside a 7.6cm diameter DWHR
system at a flow rate of 4 LPM.

It was observed that the transition region was a function of the pipe diameter. This was logical since
larger diameter pipes would have a larger surface area, requiring a higher volumetric flow rate in order
to develop a stable falling film. The results of the tests are shown in Figure 3-7, Figure 3-8 and Figure
3-9. Error bars for the volumetric flow rate are the RMS of the maximum possible error of +0.25 L/min.
The error bars for the effectiveness are based on the data uncertainty of +0.6% which was determined
using the constant odds method by Moffat described in Appendix B [24]. However, these effectiveness

error bars are not readily noticeable on the graphs due to their close proximity to the data points.
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For the 5.1cm diameter system, the differences between the three test procedures were not very
distinct for flow rates above 5 LPM (Figure 3-7). This is likely due to the smaller interior surface area of
DWHR system, mitigating the anticipated effects. Also, the smaller size of the ABS header caused the
water to spread more evenly. However, it can still be noticed that the transition from LHR generated
slightly reduced effectiveness results. The LHR and HLR methods produced lower effectiveness results
for flow rates below 5 LPM, but the transition region hysteresis was not clearly observed for the reasons

mentioned previously.
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Figure 3-7 Effectiveness vs. Volumetric flow rate for a 122cm long, 5.1cm diameter DWHR system.
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For the 7.6cm diameter system, the data was consistent for the FW procedure (Figure 3-8). At flow rates
greater than 6 LPM, the data were consistent and repeatable. The effectiveness at FW was higher than
the LHR or HLR procedures, but neither the LHR nor HLR method appeared to consistently outperform
the other. At flow rates lower than 6 LPM, the effectiveness of the DWHR system fell within a range of
values. The results generated by the LHR and HLR methods at these low flow rates closely followed the

hypothesized transition region hysteresis, see Figure 3-3.
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Figure 3-8 Effectiveness vs. Volumetric flow rate for a 122cm long, 7.6cm diameter DWHR system.

43



At low flow rates, the 10.2cm diameter DWHR system also generated effectiveness data within a range
of values, though in a tighter range (Figure 3-9). The transition from random to repeatable data occurred
between 6 and 8 LPM. At flow rates greater than 8 LPM the effectiveness at FW was clearly higher than
the LHR or HLR procedures, but neither the LHR nor HLR method appeared to consistently outperform
the other. At flow rates below 8 LPM, the HLR method consistently produced higher effectiveness values
than the LHR method, but transition region hysteresis was not observed. This was most likely due to the
larger interior surface area of DWHR pipe promoting uneven wetting; thereby mitigating the anticipated

hysteresis.
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Figure 3-9 Effectiveness vs. Volumetric flow rate for a 122cm long, 10.2cm diameter DWHR system.
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Splashing inside the DWHR system occurred at flow rates greater than 6 LPM. This allowed some
droplets of water to traverse the length of the pipe and not contact the sides. Additionally, at high flow
rates, with full wetting occurring, the water film did not appear to spread uniformly around the pipe’s
interior wall. This resulted in visibly ‘thicker’ areas of falling water. At low flow rates the flow insert
directed the water into a swirling pattern wetting otherwise dry areas. At high flow rates, with full
wetting, the flow insert reduced splashing and induced ‘even’ wetting. Use of the flow insert increased
a DWHR system’s effectiveness. However, at high flow rates it was not determined if the change in
effectiveness was due, in greater part, to excessive splashing or the uneven thickness of the falling

water.

All the data indicated that as the flow rate is increased, the effectiveness of the system is decreased.
This was due to the reduced period of time cold water spent in the heat exchanger. This same factor and
the increased interior surface area were the reasons the larger diameter systems display higher
effectiveness values. Each individual test showed consistent effectiveness values; however, at low flow
rates the tests returned data within a range of effectiveness values depending on the wetting pattern of

the falling film for a given test.

The range of effectiveness values are regarded as validation of the transition region, see Figure 3-3.
Therefore, rated values from the CSA tests with flow rates ranging from 5.5 to 14 LPM cannot be
extrapolated to flow rates below 5.5 LPM for any DWHR systems. However, it is worth noting that at
such low flow rates, the magnitude of heat recovery is bound to be small; hence, the magnitude of

extrapolation errors would likely be too small to be a concern. This is left to the designers’ discretions’.

The materials presented after this statement were not a part of the journal paper and are solely written

by the author.
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3.3 CSA and High Flow Range

The most convenient approach to developing a generalized model is to fit a curve to the experimental
data and determine how well suited it is for extrapolating the effectiveness curve beyond the CSA range.
While extrapolation is rarely the best approach, it is acknowledged that the CSA data is likely all that will
be available, and that DWHRs often operate outside the tested range. Equation 3.3 showed the
theoretical expression for the effectiveness of a DWHR system as a function of volumetric flow rate,
operating at equal flow rates under counter-flow arrangement. Using the form of Equation 3.3, Equation

3.4 was devised to express the curve of best fit for the experimental data.

1
E ==
GV+H

(3.4)

where G and H are constants found through regression.

The first step was to look at the data gathered in section 3.2 using the full wetting method (maximum),
which involved insertion of an external object inside the pipe to make the falling film more uniform. A
curve of best fit in the form of Equation 3.4 was fitted to the effectiveness values measured at flow rates
of 5, 6, 8, 10, 12 and 15 LPM. Table 3-1 contains the measured results and the values predicted by the

curve fit.
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Table 3-1 The measured effectiveness of three DWHR systems alongside their effectiveness calculated using a curve fit of
data from the full wetting method. The highlighted cells contain the extrapolated points.

Flowrate @ 5.1cm DWHR system @ 7.6cm DWHR system @ 10.2cm DWHR system
Measured Calculated Measured Calculated Measured Calculated
(LPM)
Effectiveness Effectiveness Effectiveness Effectiveness Effectiveness Effectiveness
5 50.5% 50.2% 56.2% 55.3% 58.6% 58.7%
6 47.8% 47.7% 53.2% 53.0% 56.8% 56.8%
8 43.1% 43.4% 48.8% 49.0% 53.4% 53.2%
10 39.6% 39.9% 44.5% 45.5% 49.8% 50.1%
12 37.2% 36.8% 42.1% 42.5% 47.6% 47.4%
15 33.0% 33.1% 39.3% 38.7% 43.7% 43.8%
20 28.6% 28.2% 35.0% 33.6% 39.6% 38.8%
25 25.5% 24.6% 31.8% 29.7% 35.0% 34.9%

Extrapolating the curve fit for the 5.1cm diameter DHWR system resulted in fairly accurate numbers.
The error between the measured and extrapolated numbers became larger with increasing flow rate

and pipe diameter.

The extrapolation error associated with increasing flow rate was due to the inaccuracies in the curve fit
and did not reveal any new information about the systems. However, the fact that the errors became
larger with increasing diameter was a possible indication of a non-uniform falling film. As the diameter
became larger, the contact area between the falling film and the drain pipe became larger, which
resulted in a higher probability of having a non-uniform film thickness. The full wetting method only
insured that the inside diameter was fully wet; the uniformity of the falling film could not be fully

controlled during the tests.

The high to low (HLR) method is the method used by the CSA standards and is a much better
representation of what would happen in a household’s drain stack. It was of interest to see if the
patterns noticed in the full wetting curve fit would match the results from the HLR method as well. A
curve of best fit in the form of Equation 3.4 was fitted to the values measured at flow rates of 5, 6, 8, 10,

12 and 15 LPM. Table 3-2 contains the measured results and the values predicted by the curve fit.
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Table 3-2 The measured effectiveness of three DWHR systems alongside their effectiveness calculated using a curve fit of
data from the HLR method. The highlighted cells contain the extrapolated points.

Flowrate @ 5.1cm DWHR system @ 7.6cm DWHR system @ 10.2cm DWHR system
(LPM) Measured Calculated Measured Calculated Measured Calculated
Effectiveness Effectiveness Effectiveness Effectiveness Effectiveness Effectiveness
5 50.5% 49.8% 56.0% 54.2% 55.4% 56.5%
6 47.0% 47.4% 52.0% 51.7% 54.2% 54.5%
8 42.8% 43.2% 45.8% 47.4% 52.0% 50.8%
10 39.6% 39.7% 43.0% 43.7% 48.3% 47.6%
12 37.1% 36.8% 40.6% 40.5% 44.3% 44.7%
15 33.0% 33.1% 37.0% 36.5% 40.8% 41.1%
20 28.6% 28.3% 33.7% 31.4% 37.0% 36.1%
25 25.5% 24.7% 31.0% 27.5% 33.4% 32.2%

Similar to what was discussed for the full wetting case, extrapolating the curve fit for the 5.1cm
diameter DHWR system resulted in fairly accurate numbers. The error between the measured and
extrapolated numbers became larger with increasing flow rate and pipe diameter. This supported the

hypothesis about the non-uniform falling film thickness at large pipe diameters.

Accurate measurements for the falling film thickness require Particle Image Velocimetry (PIV) which can
be used measure the velocity profile at different planes. However, using PIV on DWHR systems is

outside the scope of the current work.

Instead, it was decided to perform HLR testing in the CSA range for six systems with different lengths
and diameters. The reason why different length pipes were chosen was to determine if the correlation
errors would be affected by length. If the hypothesis about non-uniform thickness is correct, it would
mean that longer pipes would have lower correlation errors since the pipe friction would even-out the

falling film. This was to be revealed through experimentation.
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3.3.1 Method

To generate experimental data, DWHR systems with different lengths and diameters were selected as
listed in Table 3-3. The systems were tested at flow rates of 5.5, 7.0, 9.0, 10.0, 12.0, 14.0, 16.0, 19.0,
22.0 and 25.0 LPM. The inlet temperatures for the drain-side and mains-side for all tests were kept at

38+1°C and 10+1°C, respectively. All systems tested in this section had the same design.

Table 3-3 Diameters and lengths of DWHR systems studied.

Diameter Length

Pipe # (cm) (cm)
1 51 122
2 7.6 92
3 7.6 122
4 7.6 153
5 10.2 122
6 10.2 153

3.3.2 Results

The experimental results are summarized in Table 3-4, where the highlighted cells represent the values
measured outside the CSA range. The data corresponding to the CSA range was plotted for each system
and presented in Figure 3-10 through Figure 3-15. The curve of best fit for each plot was also displayed
with its corresponding regression coefficients. Note that for the 10.2cm diameter systems, the

effectiveness value at 5.5 LPM was not repeatable and hence, it was excluded from the analysis.
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Table 3-4 Measured effectiveness values for six different DWHR systems at different flow rates, where the highlighted cells
contain data points for flow rates above the CSA range.

Measured effectiveness values for each system

Flowrate @ 5.1cm, @ 7.6cm, @ 7.6cm, @ 7.6cm, 2 10.2cm, 2 10.2cm,
(LPM) 122cmlong  92cm long 122cm long 153cm long 122cm long 153cm long
DWHR DWHR DWHR DWHR DWHR DWHR
system system system system system system
5.5 48.9% 48.4% 55.9% 61.8% N/A N/A
7 44.6% 43.5% 51.0% 57.1% 54.9% 60.5%
9 40.5% 38.8% 46.4% 52.6% 51.6% 57.4%
10 39.1% 37.2% 44.5% 50.8% 49.3% 55.1%
12 36.3% 34.5% 41.4% 47.9% 46.0% 51.5%
14 34.0% 32.4% 38.9% 45.6% 43.7% 49.4%
16 31.9% 30.6% 37.1% 43.6% 41.7% 47.3%
19 29.3% 28.5% 35.1% 41.1% 39.1% 44.6%
22 27.5% 26.9% 33.2% 39.3% 37.0% 42.3%
25 25.6% 25.3% 31.4% 37.6% 34.8% 40.1%
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Figure 3-10 The characteristic curve for effectiveness vs volumetric flow rate within the CSA range for the 5.1cm diameter,
122cm long DWHR system.
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Figure 3-11 The characteristic curve for effectiveness vs volumetric flow rate within the CSA range for the 7.6cm diameter,
92cm long DWHR system.
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Figure 3-12 The characteristic curve for effectiveness vs volumetric flow rate within the CSA range for the 7.6cm diameter,
122cm long DWHR system.
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Figure 3-13 The characteristic curve for effectiveness vs volumetric flow rate within the CSA range for the 7.6cm diameter,
153cm long DWHR system.
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Figure 3-14 The characteristic curve for effectiveness vs volumetric flow rate within the CSA range for the 10.2cm diameter,
122cm long DWHR system.
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Figure 3-15 The characteristic curve for effectiveness vs volumetric flow rate within the CSA range for the 10.2cm diameter,
153cm long DWHR system.

The correlations shown in Figure 3-10 through Figure 3-15 were used to extrapolate the effectiveness of
each system beyond the CSA range and were compared to the measured values from Table 3-4. The
results are shown in Table 3-5 through Table 3-10. The highlighted cells in each table show values

corresponding to flow rates outside the CSA range.
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Table 3-5 The measured effectiveness of the 5.1cm diameter, 122cm long DWHR system alongside its effectiveness
calculated using a curve fit and the percent error between the two values.

Flowrate Measured Calculated Percent
(LPM) Effectiveness Effectiveness Error
5.5 48.90% 48.17% 1.51%
7 44.60% 44.79% 0.43%
40.50% 40.96% 1.13%

10 39.10% 39.28% 0.46%
12 36.30% 36.30% 0.01%
14 34.00% 33.75% 0.75%
16 31.90% 31.52% 1.19%
19 29.30% 28.69% 2.12%
22 27.50% 26.33% 4.46%
25 25.60% 24.32% 5.26%

Table 3-6 The measured effectiveness of the 7.6cm diameter, 92cm long DWHR system alongside its effectiveness
calculated using a curve fit and the percent error between the two values.

Flowrate Measured Calculated Percent
(LPM) Effectiveness Effectiveness Error
5.5 48.40% 47.29% 2.34%
43.50% 43.59% 0.21%
9 38.80% 39.47% 1.70%
10 37.20% 37.69% 1.30%
12 34.50% 34.57% 0.21%
14 32.40% 31.93% 1.47%
16 30.60% 29.66% 3.16%
19 28.50% 26.81% 6.32%
22 26.90% 24.45% 10.01%
25 25.30% 22.48% 12.55%
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Table 3-7 The measured effectiveness of the 7.6cm diameter, 122cm long DWHR system alongside its effectiveness
calculated using a curve fit and the percent error between the two values.

Flowrate Measured Calculated Percent
(LPM) Effectiveness Effectiveness Error
5.5 55.90% 55.07% 1.50%
7 51.00% 51.19% 0.37%
46.40% 46.79% 0.84%

10 44.50% 44.87% 0.81%
12 41.40% 41.45% 0.12%
14 38.90% 38.52% 0.99%
16 37.10% 35.98% 3.13%
19 35.10% 32.73% 7.23%
22 33.20% 30.03% 10.57%
25 31.40% 27.73% 13.23%

Table 3-8 The measured effectiveness of the 7.6cm diameter, 153cm long DWHR system alongside its effectiveness
calculated using a curve fit and the percent error between the two values.

Flowrate Measured Calculated Percent
(LPM) Effectiveness Effectiveness Error
5.5 61.80% 60.73% 1.76%
57.10% 57.23% 0.23%

9 52.60% 53.15% 1.04%
10 50.80% 51.32% 1.02%
12 47.90% 48.01% 0.24%
14 45.60% 45.11% 1.09%
16 43.60% 42.53% 2.51%
19 41.10% 39.18% 4.90%
22 39.30% 36.31% 8.22%
25 37.60% 33.84% 11.11%
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Table 3-9 The measured effectiveness of the 10.2cm diameter, 122cm long DWHR system alongside its effectiveness
calculated using a curve fit and the percent error between the two values.

Flowrate Measured Calculated Percent
(LPM) Effectiveness Effectiveness Error
7 54.90% 55.01% 0.21%
9 51.60% 51.15% 0.88%
10 49.30% 49.41% 0.23%
12 46.00% 46.27% 0.58%
14 43.70% 43.50% 0.45%
16 41.70% 41.05% 1.58%
19 39.10% 37.85% 3.31%
22 37.00% 35.11% 5.38%
25 34.80% 32.74% 6.29%

Table 3-10 The measured effectiveness of the 10.2cm diameter, 153cm long DWHR system alongside its effectiveness
calculated using a curve fit and the percent error between the two values.

Flowrate Measured Calculated Percent
(LPM) Effectiveness Effectiveness Error
7 60.50% 60.71% 0.34%
9 57.40% 56.89% 0.90%
10 55.10% 55.15% 0.10%
12 51.50% 51.98% 0.93%
14 49.40% 49.16% 0.49%
16 47.30% 46.62% 1.45%
19 44.60% 43.28% 3.06%
22 42.30% 40.38% 4.76%
25 40.10% 37.84% 5.97%

The percent errors between the measured and calculated values within the CSA range were less than 2%
for systems at all flow rates and diameters. This supported the fact that a curve of best fit in the form of
Equation 3.4 was appropriate for representing the characteristic effectiveness vs. flow rate curve for any

DWHR system in the CSA range.

The percent error between the measured and calculated results was used to find trends for flow rates

above 14 LPM. The 5.1cm diameter system had the smallest percent error at all flow rates. For systems
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with the same diameter, it was observed that the percent error decreased linearly as the pipe length
increased. The percent error also increased with increasing flow rate through the system. These factors
suggested that the non-uniformity in the falling film in the CSA range was exactly the reason why the

curve fit could not be extrapolated without any correction factors.

Based on the observed trends described thus far, it was attempted to make a general correction factor
to improve the extrapolated results based on a given DWHR system’s length, diameter and flow rate. It
was decided to develop separate correction factors for different diameter systems since it could not be
assumed that the falling film would behave exactly the same in different geometries. Therefore, the

correction had to have a form similar to Equation 3.5.

(3.5)

, 14
Flow Correction Factor = Cgyoy~ n

where V is the volumetric flow rate in LPM and L is the length of the DWHR system in meters. A
gualitative approach was not enough, and It was of interest to use the experimental results to assign

numbers to the correction factor. Hence, Equation 3.6 was devised for Cpjp,:

AV+B
Criow =7 +1 (3.6)

where A and B are constants corresponding to different diameters as shown in Table 3-11:

Table 3-11 Correlation constants determined for each diameter based on the experimental results.

Correlation Constants @ 5.1cm systems @ 7.6cm systems @ 10.2cm systems
A (m/LPM) 5.80E-03 1.27E-02 7.10E-03
B (m) -7.96E-02 -1.67E-01 -9.14E-02

The corrected effectiveness is expressed in Equation 3.7.

AV+B
Ecorrected = Epredicted X Criow = Epredicted X ( L + 1) (3.7)
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where &preqictea 1S the extrapolated effectiveness values calculated in Table 3-5 through Table 3-10
using the curves of best fit. Table 3-12 through Table 3-17 contain the effectiveness values before and

after they were corrected using Equation 3.7, to provide a means for the readers to compare the values.

Table 3-12 The measured effectiveness of the 5.1cm diameter, 122cm long DWHR system alongside its effectiveness
calculated using a curve of best fit and the effectiveness after the correction is applied.

Flowrate Measured Calculated Effectiveness Calculated Effectiveness
(LPM) Effectiveness Without Correction With Correction
16 31.90% 31.52% 31.87%
19 29.30% 28.69% 29.41%
22 27.50% 26.33% 27.36%
25 25.60% 24.32% 25.63%

Table 3-13 The measured effectiveness of the 7.6cm diameter, 92cm long DWHR system alongside its effectiveness
calculated using a curve of best fit and the effectiveness after the correction is applied.

Flowrate Measured Calculated Effectiveness Calculated Effectiveness
(LPM) Effectiveness Without Correction With Correction
16 30.60% 29.66% 30.83%
19 28.50% 26.81% 28.98%
22 26.90% 24.45% 27.45%
25 25.30% 22.48% 26.16%

Table 3-14 The measured effectiveness of the 7.6cm diameter, 122cm long DWHR system alongside its effectiveness
calculated using a curve of best fit and the effectiveness after the correction is applied.

Flowrate Measured Calculated Effectiveness Calculated Effectiveness
(LPM) Effectiveness Without Correction With Correction
16 37.10% 35.98% 37.04%
19 35.10% 32.73% 34.73%
22 33.20% 30.03% 32.80%
25 31.40% 27.73% 31.16%
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Table 3-15 The measured effectiveness of the 7.6cm diameter, 153cm long DWHR system alongside its effectiveness
calculated using a curve of best fit and the effectiveness after the correction is applied.

Flowrate Measured Calculated Effectiveness Calculated Effectiveness
(LPM) Effectiveness Without Correction With Correction
16 43.60% 42.53% 43.54%
19 41.10% 39.18% 41.09%
22 39.30% 36.31% 38.99%
25 37.60% 33.84% 37.18%

Table 3-16 The measured effectiveness of the 10.2cm diameter, 122cm long DWHR system alongside its effectiveness
calculated using a curve of best fit and the effectiveness after the correction is applied.

Flowrate Measured Calculated Effectiveness Calculated Effectiveness
(LPM) Effectiveness Without Correction With Correction
16 41.70% 41.05% 41.80%
19 39.10% 37.85% 39.20%
22 37.00% 35.11% 36.97%
25 34.80% 32.74% 35.05%

Table 3-17 The measured effectiveness of the 10.2cm diameter, 153cm long DWHR system alongside its effectiveness
calculated using a curve of best fit and the effectiveness after the correction is applied.

Flowrate Measured Calculated Effectiveness Calculated Effectiveness
(LPM) Effectiveness Without Correction With Correction
16 47.30% 46.62% 47.30%
19 44.60% 43.28% 44.50%
22 42.30% 40.38% 42.08%
25 40.10% 37.84% 39.97%

The maximum difference between the corrected values and the measured values in the tables above

was 0.86% full scale (FS).

To provide an alternative method to illustrate the effect of the correction, the CSA curve for the 7.6cm
diameter, 122cm long system was plotted with and without the correction, alongside the measured
values in Figure 3-16. This was to show that without any correction, extrapolating the CSA curve would

underestimate the effectiveness of DWHR systems at flow rates above 14 LPM and the error would get
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larger with flow rate. Lastly, this underestimation would occur for all DWHR systems, regardless of

diameter, which could be confirmed by looking at the signs for constants A and B in Table 3-11.
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Figure 3-16 Visual representation of the correlation developed to correct the CSA curves for flow rates above 14 LPM.

Generally, the difference between the designs of falling-film DWHR systems is due to the design of coils
wrapped around the drain pipe; however, the drain pipe itself is the common factor among all designs.
Since the drain pipe is the location where the falling film forms and the variations in the results were
determined to be due to the non-uniformity in the falling film, it can be concluded that the correlation

developed in this chapter can be used for any DWHR system.

Note that the test apparatus could not produce results for flow rates above 25 LPM. As a result, this
correction factor may or may not produce acceptable values for flow rates above 25 LPM. However, this

flow rate is enough for operating 4 low-flow showerheads (5.5 LPM each) simultaneously, which is not
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very likely to occur in a residential dwelling. Cg;p, was deemed adequate for building simulation

purposes.

3.3.3 Estimating the Pressure Drop through the Coils

This section will attempt to establish a general rule of thumb for predicting the dynamic pressure drop
through DWHR systems. Pressure measurements were taken during the tests performed in the previous
section and the results are shown in Figure 3-17. Regression analysis showed that all pressure curves are
best fitted with 2" degree polynomials, with regression coefficients very close to 1. Accurate predictions
for pressure measurements are of very little practical use, and as such, a generalized approach is

provided here.

If it is desired to estimate the dynamic pressure drop within the CSA range, a 2" degree polynomial
should be fitted to the existing CSA data, which can predict the pressure drop very well. If it is desired to
estimate the dynamic pressure drop beyond the CSA range, one could use the same polynomial as the
one above, and apply a safety factor of 1.1. This approach typically overestimates the actual pressure
drop, but as already mentioned, accurate predictions are of little practical use. This should allow
homeowners and designers to determine if the water pressure at a particular house is sufficient for a

particular DWHR system to operate intended.
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Figure 3-17 The pressure drop as a function of the volumetric flow rate for all DWHR systems tested.
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3.4 Equal Flow Model
It is helpful to summarize the results discussed so far in this chapter to create a simple procedure for

predicting the performance of DWHR systems based on the data available from CSA tests.

For flow rates lower than the CSA range (i.e. below 5.5 LPM), the CSA data cannot be extrapolated to
accurately predict the effectiveness of a DWHR system. This is due to non-uniform film thickness, break-
down of the falling film and the hysteresis that occur at low flow rates. It is important to point out that
such low flow rates result in small magnitudes for the heat transfer rate. Therefore, even if the curve
from the CSA range is extrapolated to the low flow rate region, the magnitudes of errors may be too

small to be a concern. This is left to the designers’ discretions’.

For flow rates within the CSA range, the existing CSA data can be used to create the characteristic
effectiveness curve for the DWHR system of interest. This study suggests that a curve of best fit in the
form of Equation 3.4 is the most suitable for representing this data set. For DWHR systems with
diameters of 10.2cm, the effectiveness at 5.5 LPM must be excluded when developing the characteristic

curves. This curve can readily be used to predict the effectiveness at flow rates between 5.5 and 14 LPM.

For flow rates higher than the CSA range, the first step is to develop the characteristic curve described in
the previous paragraph. The next step is to use it to predict a first estimate for the effectiveness using
this characteristic curve at the desired flow rate. The last step is to correct it using Equation 3.7, which is
a function of the system’s diameter, length and flow rate. Note that this method was only tested for

flow rates up to 25 LPM and the author does not guarantee its accuracy for flow rates beyond 25 LPM.

For estimating pressure drop at any flow rate, first step is to use the CSA data to construct a curve of
pressure drop as a function of flow rate. The next step is to fit a 2" degree polynomial to this curve and
use this polynomial to predict a first estimate for the pressure drop at any given flow rate. If the flow

rate of interest is above 14 LPM, a safety factor of 1.1 should be applied to the predicted value.
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Chapter 4 Performance under Varying Temperatures

4.1 Introduction

DHWR systems are rated under very specific conditions, with the intent of allowing direct comparison of
different products. In Europe, standard NEN 5128:2004+A1:2009 is used to rate DWHR systems at inlet
temperatures of 40°C and 10°C on the drain-side and the mains side, respectively [25]. In North America,
CSA standard B55.1-12 governs the rating procedure for measuring performance of DWHR systems. This
standard requires the mains-side inlet to be maintained between 7-17°C and a temperature difference
of 28 + 1°C between the water entering the mains-side inlet and the drain-side inlet [9]. All standards
require the units to be tested under equal flow conditions. The outcome of the tests is a standardized
rating enabling comparison of devices on a common basis. Due to the standardized nature of the tests,
the rated values cannot be expected to accurately represent a product’s performance under real

operating conditions.

For end-use installations, DWHR systems operate under conditions very different than those specified
by any test standard. The mains inlet temperature may be affected by trends in ground temperature,
which varies seasonally and is based on climate. The drain-side inlet conditions vary based on household
equipment and the occupants’ behavior. Throughout the tests done to produce the results for the
previous chapters, it was observed that increased water temperature resulted in increased
effectiveness, even when the flow rate (V) and the difference between drain-side and mains-side inlet
water temperatures (AT) were kept constant. No studies were found to explain the theory behind this

phenomenon for DWHR systems.

This chapter investigates the impact of inlet water temperatures on the performance of DWHR systems.
The conditions prescribed by the CSA standard are used as a basis for the experiments. A method is

presented to correct the rated effectiveness values for non-standard operation temperatures.
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4.2 Theory

Analytical models are needed to predict the performance of DWHR systems. Approaches in design and
construction of DWHR systems vary based on the manufacturer, which makes the creation of a
theoretical model very difficult. Figure 1-2 included three examples of commercially available designs.

Due to the variations in design, DWHR system are rated experimentally using the e-NTU method.

The effectiveness of a heat exchanger, g, is the ratio of heat transfer, ¢, to the maximum possible heat

transfer, g, » as was defined in Equation 2.1 [26].

In general, the effectiveness is dependent on the parameters shown in Equation 4.1:

C
&= ({NTU, C’“‘“ , flow arrangementJ (4.1)

max

where NTU is the Number of Transfer Units and the flow arrangement is dependent on the type of heat
exchanger (e.g. counter-flow, parallel flow, and cross-flow) [19]. NTU represents the magnitude of heat

transfer rate relative to the rate of enthalpy change of the fluid with the smaller heat capacity rate.

Each of the dependencies in Equation 4.1 is discussed below to determine how the absolute

temperature of the working fluid impacts the effectiveness of the heat exchanger.

Falling film DWHR systems operate as Counter-Flow heat exchangers. The flow arrangement for these
devices is kept constant for the investigation; therefore it has no bearing on the impact of the absolute

temperature of the working fluid on the effectiveness of the heat exchanger.

In literature, the ratio of the heat capacity rates C, and C, was assumed to be unity due to equal flow

condition [13,14,18], in accordance with the CSA test standard. The validity of this assumption is

investigated for typical temperatures within DWHR systems. Water temperatures from 5°C to 45°C are
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what can be expected for DWHR systems in residential applications. In this range, the density of water

varies from 1000.0 to 989.8 kg/m® and the specific heat of water varies from 4.20 to 4.18 kJ/kg-°C

[26]. For clarity, CC and C, will be replaced with C_. and Cmaxin the following discussion, where

n

C...x refersto the higher of the two heat capacity rates.

Under equal volumetric flow rates, the ratio of heat capacity rates can be simplified to a ratio of

densities and specific heats, as shown in Equation 4.2.

mcC VC

To estimate the maximum expected deviation from unity, water properties at the two inlet
temperatures are used in Equation 4.2. This is a more conservative approach than using the mean
temperatures on the hot and cold sides. The density and specific heat for the inlet temperatures of 5°C

and 45°C are used in Equation 4.3 as follows:

kJ
41372~
(pCp)min _ (pCp)m _ m;"C =98.4% (4.3)
W) (PCo)e 42028 m3i c

This calculation predicts a maximum difference of 1.6% between C_.. and C,__ . When DWHR systems

n
are rated, this ratio is assumed to be unity due to the equal flow conditions, which means this small bias
exists in the rated values for all systems. However, the small magnitude of this bias, even at the worst
case scenario, supports the validity of this assumption. As a result, it is safe to assume that for DWHR

systems operating under equal volumetric flow:
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(4.4)

O

CSA standards use the unity assumption to define Equation 2.3, which is used to rate DWHR systems for

equal flow conditions [9].

Although the unity assumption introduces minor innacuracies for effectiveness calculations, the

assumption does not fully explain the effectiveness changes with inlet temperatures.

The final term from Equation 4.2 to consider is the Number of Transfer Units, NTU, which is defined in

Equation 4.5:

UA
NTU=—"— (4.5)

min

where U is the overall heat transfer coefficient and A is the heat transfer area [19].

The value of C_, is mainly influenced by the flow rate since the changes in density and specific heat of

water are on the order of 1% over the range of operating temperatures. This suggests that the UA

product must have a substantial dependence on absolute temperatures.

In order to analytically study the UA product for DWHR systems, it was necessary to closely look at their
construction. Typically, the coils are wrapped under tension around the drain pipe and no thermal
adhesive is used. To confirm this, a 10.2 cm diameter pipe was cut open to expose the interface
between the coils and the drain pipe. The leftmost image in Figure 4-1 shows a top view of the system
without a cut through the coil wrap, illustrating the very tight wrap of the coil around the drain pipe. The
center image shows a cut section of the coil and the right image shows a closeup of the contact interface

between the coil and the drain pipe.
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Figure 4-1 Typical construction of a 10.2 cm DWHR system, where the leftmost picture shows the coils wrapped around the
drain pipe, the picture in the middle shows a coil that was cut and the rightmost picture shows the contact
interface between the coil and the drain pipe.

A schematic of a typical DWHR system’s construction is shown in Figure 4-2. The top view shown in the
figure corresponds to the perspective from Figure 4-1 and the side view shows the coils’ cross section.
Surface temperature notations are identified on the schematic, along with corresponding distances to
the center of the drain pipe. The effects of heat exchanger fouling, evaporation and heat losses to the

environment were neglected in the development of this schematic.

68



.:OO._-
v mO(uKDmn_-

€ wU(mz:mn_.
14 mO(uMw_wn_-
3 mO(umjw.—.

M3IN dOL

PR NS DR MOy S M S S S e y—

SIOVUNS ONIANOJSTHYUO0D OL 3did NIved -
3HL 40 ¥3LNID IHL WOH4 FONVLSIA VIavY NOITSHRITMOTH. | -
100 3HL JAISNI QINT4 FHL 40 IUNLVEIdNEL | 1921 TIVM HOIMALX3 10D 4
100 3HL 3AISNI QINT4 3HL ANV 1100 FHL |+ 30vauns
N33IMLIE 0VANS THL LV TANLVHIINAL 1| NGV AHLEIAISNEAINTA 3
7100 IHL ANV OVAYILNI LOVINOO FHL | 5 3ovauns
NIIMLIE 3OVAUNS FHL LV FUNLVHIINIL 1| TIMHOHAINITIOO d
30VAYILNI LOVINOD THL ONV Jdid NIVYA FHL | 2 3ovauns
N33IMLIE 3OVAUNS THL LV THNLVHTINAL L SOVHHALNELOVINGD 9
3dld NIVHA 3HL ONY W4 ONMTIVA IHL | 5 soveuns
N33IMLIE 3OVAUNS FHL LV FUNLVHIINIL 1 3did Nivdd 8
NI ONITIVH 3HL 40 FUNLYEIdNEL Ll MOT4 WId ONITIVA v
NOILdI¥OS3a JOWAS NOILdI¥0S3a JO8WAS
v .:OU-—:
] v w0<uKDWI—I
2 € mU(uKDW._n
a z mU(uNDMF
3 3 mU(uZDmP
4 ,h Eq—muhr
N \ - \ N
AN N N\ N\ \
N AN N
< & N // T
ERRRY] R > RN
ONATND X //
N\ AN
N N\ // RS N
\ AN N AN N //
N N N N \
N
N N R N RN N
N\ N N\
NN N \ \ N
S0\ R N\ \ N
N N N
> N AN N
SR NEN N DN
N N
X \ X
N\ N // N R //
\ // N N 2
> N NENN NN
M3IA 3dIS

Figure 4-2 Schematic of heat transfer surfaces and temperatures within a DWHR system.
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The heat transfer schematic can be represented by a network of thermal resistors, R#, as shown in

Figure 4-3.

TFILM TSURFACE 1 TSURFACE 2 TSURFACE 3 TSURFACE 4 TCOIL

R1 R2 R3 R4 R5

Figure 4-3 Thermal resistor network used to analytically estimate the UA product for DWHR systems.

The overall heat transfer coefficient for a DWHR system is expressed in Equation 4.6 based on the
addition of the resistors in series [26].

1

—~— —R
UA

=R, +R, +R, +R, +R, (4.6)

Total

Resistors are discussed individually to analyze the temperature dependency.

Resistor R, corresponds to the convective heat transfer between the falling film and the drain pipe,

defined by Equation 4.7:

1
R, = (4.7)
i X278 X1 XL

Where hﬁ,m is the falling film’s convective heat transfer coefficient, r, is the radius as depicted in Figure

4-2, and L is the length of the drain pipe.

Correlations for estimating hf,-,min copper pipes have been developed by McAdams et al. [27] and

improved by Prost et al. [28]. The correlation from [28] is used, as defined by Equation 4.8:
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1 1 Kgp® )3
hﬁ,m=0.01(ReD)3(Pr)3[ 5’? j (4.8)

where Re, is the Reynolds number, Pr is the Prandtl number, k is the thermal conductivity, g is the

gravity constant, pis the density, and g is the fluid’s dynamic viscosity.

This correlation was developed for turbulent falling films of water inside vertical copper tubes and is
valid for 1,600 < ReD <50,000. It assumes the falling film remains undisturbed, and fully covers the

entire surface area of the drain pipe. This correlation was chosen since it was developed for copper
tubes, which is the most common material in the construction of DWHR systems. Also, the range of
Reynolds numbers listed is broad enough to include all DWHR systems operating under typical

conditions.

Resistor R, represents the conductive heat transfer that occurs through the thickness of the drain pipe,

as shown in Equation 4.9:

- (4.9)
2w xLxk,

2

where r,and r,are radii as depicted in Figure 4-2, L is the length of the drain pipe, and k. is the

thermal conductivity of the drain pipe material, in this case copper.

Resistor R, corresponds to the conductive heat transfer that occurs through the contact interface

between the drain pipe and the coils, as shown in Equation 4.10:
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3_27z><L x k.

interface

(4.10)

Coil

where r, and I; are radii as depicted in Figure 4-2, LCO,, is the length of the drain pipe that is wrapped

with coils (Lcm/ < L) and k,-me,face is the thermal conductivity of the interface.

Resistor R, represents the conductive heat transfer that occurs through the walls of the coils, as shown

in Equation 4.11:

i

- \3) (4.11)
27Z.XLCDiI ><kC

4

where I;and r, are radii as depicted in Figure 4-2, L.,; is the length of the drain pipe that is wrapped

with coils, and kc is the thermal conductivity of the copper coils.

Resistor R represents the convective heat transfer that occurs inside the coils, as shown in Equation

4.12:

1
R = (4.12)
h.; X2 xr, L.,

coil

where h,,, is the convective heat transfer coefficient for the fluid flowing through the coils, r, is the

radius as depicted in Figure 4-2, and LCO,-, is the length of the drain pipe that is wrapped with coils.

Estimating hw,., is difficult due to the variety of DWHR designs. Depending on the number of coils, the

flow could be either laminar or turbulent, which affects the heat transfer coefficient appreciably. Also,

correlations in the literature have been developed for helical coils of circular cross section, whereas coils
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wrapped around DWHR systems typically have a rectangular cross-section. As a result, the correlations
presented for calculating hw,-, are not to be used for design purposes; they are presented here to

identify the influence of temperature on the heat transfer coefficient.

For laminar flow, a Nusselt number correlation developed by Dravid et al. [29] was used, which is shown

in Equation 4.13:

Nu = (0.76 + 0.65+/De Jpr®*™ (4.13)

Equation 4.14 shows the expression for De which is the Dean number for the coil:

De=Re, \/g (4.14)

where variables d and D represent the tube diameter and mean coil diameter, respectively, as

labeled in Figure 4-4.

\

-\
% |
|

Figure 4-4 Diagram of a helical tube. Adapted from Incropera et al. [26].



Equation 4.15 shows the heat transfer coefficient determined using the Nusselt number correlation

from Equation 4.13.
By = NU(SJ = (0.76 +0.65v/De )Pr°‘175 (Sj (4.15)

Equation 4.16 has been proposed by Shah and Joshi [30] to identify the critical Reynolds number for

transition to turbulent flow in a helical coil:

d
RE, 0 = 2100{1 +12, /—} (4.16)
D

This correlation was developed for helical coils of circular cross section; therefore, it may have

limitations in predicting the critical Reynolds numbers for rectangular cross sections.

For turbulent flow, a Nusselt number correlation developed by Rogers et al. [31] is used, as shown in

Equation 4.17.
d 0.1
Nu =0.023Re2® Pr®* (B) (4.17)

The heat transfer coefficient can be calculated using the Nusselt number correlation, as shown in

Equation 4.18:

0.1
he, = Nu(f) =0.023Re;™ Pr* (ij (5) (4.18)
d D) \d

An experimental study was performed to investigate the temperature dependence behavior predicted in
this section and quantify the change in effectiveness. Based on the experimental results, a technique

was developed to correct for the impact of inlet temperatures on effectiveness.
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4.3 Method

DWHR systems of various diameters and from the same manufacturer were tested at various
temperatures to determine the impact on effectiveness. Two 7.6cm diameter systems with lengths of
122 and 153cm, two 10.2cm diameter systems with lengths of 122 and 153cm and one 5.1cm diameter
system with a length of 122cm were used for this study. Tests were performed under equal flow
conditions at flow rates of 5.5, 9.5 and 14 liters per minute (LPM), encompassing the range of flow rates

specified in the CSA standard [9].

The inlet temperatures chosen for the tests were 25, 30, 35, 40 and 45°C on the drain-side and 5, 10, 15
and 20°C on the mains-side. The goal was to maintain a temperature difference of at least 10°C across

the heat exchanger to represent realistic operating conditions.

All tests were performed at equal flow condition and as such, the effectiveness of the systems at each

condition was calculated using Equation 2.4 as perscribed by the CSA standards [9].

Tests were performed to evaluate if the change in effectiveness is affected significantly by insulating the
DWHR system and capping the system to minimize losses to the environment. Unless otherwise stated,

the presented results are for an uncapped, uninsulated DWHR system.

4.4 Results

The raw data used to create the figures in this chapter are presented in tabular form in Appendix C.

The first set of tests were performed on the 7.6cm diameter, 122cm long DWHR system. Figure 4-5

shows the results at a flow rate of 9.5 LPM. The effectiveness of the system increased with T_; while T, ;

was kept constant. The effectiveness also increased with Th,,- while TC,, was kept constant. The results

showed that increasing the inlet temperature on either side of the DWHR system would result in a
higher effectiveness value. The horizontal error bars for temperature are within £0.1°C of the points
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which are barely visible on the graph. The vertical error bars are calculated based on Moffat’s method

[24] at the worst case scenarios as per Appendix B.
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Figure 4-5 Measured effectiveness values for the 7.6cm diameter, 122cm long system tested at 9.5 LPM.

These results showed that the measured effectiveness for this DWHR system varied from about 44% to
48% depending on the inlet temperatures. The effectiveness varied with the temperature difference

between the inlets, but also for different inlet temperatures when the temperature difference

remained constant.

The remaining three DWHR systems produced results at 9.5 LPM similar to what was shown in Figure
4-5, and are shown in Figure 4-6, Figure 4-7 and Figure 4-8. The results of the tests performed at 5.5 and

14 LPM also generated graphs with similar trends, which are shown in Figure 4-9 through Figure 4-14.
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Figure 4-6 Measured effectiveness values for the 7.6cm diameter, 153cm long system tested at 9.5 LPM.
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Figure 4-7 Measured effectiveness values for the 10.2cm diameter, 122cm long system tested at 9.5 LPM.

77




60

0 5 10 15 20

Cold side temperature (°C)

25

30

35

59 -
58 - i L

g I

a7 \ # T-hot =45°C

o A

o 3 i T-hot =40°C

2

© 56 - i A T-hot =35°C

b=

w ) X T-hot =30°C
55 - -

X T-hot =25°C
54 -
53 T T T T T T 1
0 5 10 15 20 25 30 35
Cold side temperature (°C)
Figure 4-8 Measured effectiveness values for the 10.2cm diameter, 153cm long system tested at 9.5 LPM.
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Figure 4-9 Measured effectiveness values for the 7.6cm diameter, 122cm long system tested at 5.5 LPM.
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Figure 4-10 Measured effectiveness values for the 7.6cm diameter, 153cm long system tested at 5.5 LPM.
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Figure 4-11 Measured effectiveness values for the 7.6cm diameter, 122cm long system tested at 14 LPM.
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Figure 4-12 Measured effectiveness values for the 7.6cm diameter, 153cm long system tested at 14 LPM.
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Figure 4-13 Measured effectiveness values for the 10.2cm diameter, 122cm long system tested at 14 LPM.
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Figure 4-14 Measured effectiveness values for the 10.2cm diameter, 153cm long system tested at 14 LPM.

It was worthwhile to check if the change in effectiveness was due to evaporative and/or thermal losses
from the system. To determine the effect of evaporation, the 7.6cm diameter, 122cm long DWHR

system was capped to minimize evaporative losses. The effectiveness of the system was measured at

multiple cold side temperatures for a flow rate of 9.5 LPM at T, ;= 45°C. To evaluate the effect of
thermal losses , the system was wrapped with insulation of RSI = 0.25 m2°C/W, and its effectiveness

was measured at various cold side temperatures for a flow rate of 9.5 LPM at T, ; = 45°C. The ambient

temperature for all tests was 20+1°C. Figure 4-15 shows the results for the evaporative and thermal loss

tests performed, plotted against the results from an uninsulated, uncapped system.
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Figure 4-15 Measured effectiveness values for uncapped/uninsulated, capped and insulated 7.6cm diameter, 122cm long
DWHR system tested at a flow rate of 9.5 LPM and a constant drain-side temperature of 45°C.

It was observed that increasing TC,,-wouId result in higher effectiveness values regardless of whether or

not the system was capped or insulated. The results from the three different sets of tests were very
close in magnitude; therefore, it was confirmed that the losses from the system are negligible. As a
result, it was hypothesized that the change in effectiveness is primarily due to the change in the

convective heat transfer coefficients on either side of the DWHR system.

To enable designers to estimate the change in effectiveness of a DWHR system based on inlet
temperatures, a correlation was developed based on the experimental results of this study. A practical
method of achieving this was to establish a reference point based on inlet temperatures to normalize

effectiveness.
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The reference point was chosen to be at T,,,,: 40°C and TC,,-: 10°C, which are closest to the typical

temperatures of the CSA test standard and the Europian standards [9,25]. The effectiveness at other

temperatures are represented as a ratio to the reference point, as shown in Equation 4.19.

FC — gCorrected ( 4. 19)

gReference

In Equation 4.19, & .q IS the effectiveness at any inlet temperature and F. is the ratio between

Ecomrected AN the effectiveness at the reference temperature, €goforence -

Using the above approach, the experimental results were split into two groups: one with constant drain-
side inlet temperature and the second with constant mains-side inlet temeprature. Correlations were
determined from each of the groups, with a linear fit found most appropriate. The two correlations were

then comined for all temperatures, flow rates, and systems to produce Equation 4.20. This allows F. to

be calculated for any desired inlet temperatures, where all temperatures are in degrees Celsius.

2.37x10°° 1.75x10°3 “T 4 1.24x10°

Fo=———xT,, T, xT_ ., +0.917 (4.20)
OC OC ’

S c,i

Using Equation 4.20, the corrected effectiveness can be calculated based on the reference effectiveness

as shown in Equation 4.21.

&

Corrected =& X FC (4'21)

Reference

The worst case of experimental uncertainty for effectiveness measurements was calculated to be

+2.54% of the value. Calculating experimental F. values has an uncertainty +3.6% of the value via

Moffat’s method [24] since two effectiveness measurements are required. Equation 4.20 is linear fit of
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experimental data, therefore additional errors are introduced, but they are small due to a good fit of the

data.

Equation 4.21 was verified by comparing its results to the experimental data. Points obtained at
different inlet temperatures and flow rates were used for each DWHR tested, as shown in Table 4-1. The
effectiveness for each case was predicted using Equation 4.21 and listed under column &, .eq - The
predicted effectiveness was compared the experimentally measured effectiveness. The difference
between the predicted values and the measured values are shown under the column labelled Prediction

Error, with a maximum value of 0.37%.

Table 4-1 Predicted vs. measured effectiveness for several DWHR systems.

DWHR Flow Prediction
Diameter; Rate, Th,i ’ 7::,i ’ 8Reference ’ F ’ gCorrected ’ gmeasured ’ Error,
Length LPM °C °C % % % % %

5.5 as 5 56.14 100.25 56.27 56.23 0.04
7.6 cm; 9.5 25 10 45.80 97.37 44.60 44.32 0.28
122 cm

14 35 20 39.87 100.47 40.06 40.34 0.28

5.5 30 15 61.93 98.92 61.25 61.63 0.37
7.6 cm; 9.5 45 30 51.83 103.61 53.70 53.79 0.09
153 cm

14 40 5 45.50 99.37 45.21 45.09 0.12
10.2 cm; 9.5 30 10 50.82 98.26 49.93 50.18 0.25
122 cm 14 35 5 43.81 98.49 43.15 43.08 0.07
10.2 cm; 9.5 4as 10 56.10 100.92 56.62 56.53 0.09
153 cm 14 40 20 49.18 101.37 49.85 50.15 0.30

In addition, a DWHR system which was not used for producing the temperature correlation was picked
to verify the applicability of the correlation to systems with different diameters. The unit tested was a
5.1cm diameter, 122cm long DWHR system. Equation 4.21 was used to predict the effectiveness of this
system under various inlet temperatures and flow rates for 6 cases. The results showed a maximum

prediction error of 0.19%, which is within the expected bounds reported. This further confirmed the
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validity of the correlation since it was capable of accurately predicting the temperature-dependent

effectiveness for a DWHR system with a diameter different from those used to develop the correlation.

Table 4-2 Predicted vs. measured effectiveness for the 5.1cm diameter, 122cm long DWHR

;I:t‘;v, Th,i ’ Tc,i 4 gReference ’ F ’ 8Corrected ’ gmeasured ’ Pl’:(:rl::’on
LPM °C °C % % % % %

5.5 45 5 48.95 100.25 49.07 49.13 0.05
5.5 30 15 48.95 98.92 48.42 48.38 0.04
9.5 45 5 39.98 100.25 40.07 39.95 0.12
9.5 30 15 39.98 98.92 39.54 39.35 0.19
14 45 5 34.08 100.25 34.16 34.18 0.02
14 30 15 34.08 98.92 33.71 33.60 0.11

The correlation can also be used to correct the existing rated effectiveness of DWHR systems for

temperatures different from the rating conditions. The CSA standardized test procedure is conducted at
specific temperature conditions, with Tc,i = 7-17°C and a temperature difference of Th'i _Tc,i= 28+1°C.

The temperatures from the CSA data can be used to calculate F. according to Equation 4.20, and the

rated effectiveness is equivalent to €., ...y - Equation 4.21 can be reworked to isolate for &geprence , the

effectiveness at reference conditions:

gCorrected
gReference = F (422)
c

With €peperence known, the effectiveness can be estimated for any inlet temperatures using Equation

4.21.

This procedure enables performance of DWHR systems to be compared on a uniform basis, regardless of

the absolute temperature values from the ratings.
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To provide an alternative method to illustrate the effect of the temperature correction, the CSA curve
for the 7.6cm diameter, 122cm long system was plotted for three different sets of inlet temperatures as
shown in Figure 4-16. Higher inlet temperatures result in higher effectiveness values, even when the

temperature difference between the inlets is kept constant.
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Figure 4-16 Characteristic effectiveness vs. volumetric flow rate for the 7.6cm diameter, 122cm long DWHR system at three
different sets of inlet temperatures.

To investigate the validity of the resistor network, the results for a select set of experiments are

compared to the results from the theoretical approach for one of the DWHR systems tested.

The physical dimensions for the 7.6cm diameter, 122cm long DWHR system are summarized in Table

4-3.
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Table 4-3 Physical dimensions for the 7.6cm diameter, 122cm long system tested.

Parameter Value
L,m 1.22
Leoi» m 1.0
d, mm 7.17
D, mm 90
r,, mm 39.5
r,, mm 40.75
I3, mm 40.75
r,, mm 42
# of coils 4

Four cases were considered: cases 1 and 2 are at a flow rate of 9.5 LPM and cases 3 and 4 are at a flow

rate of 14 LPM. The experimental results are summarized in Table 4-4.

Table 4-4 Experimental results for 7.6cm diameter, 122cm long DWHR system.

Casel Case 2 Case3 Case4d

Flowrate, LPM 9.5 14.0

Average T ., °C 33.8 9.4 33.4 8.8
Average T .., °C 41.5 20.9 42.0 21.5
Experimental €, % 47.7 43.8 42.0 37.8

Experimental UA, W/°C 600.5 516.8 700.8 594.1

To solve the resistor network, average temperatures from the experiments were used. The properties of

water used in the calculations were determined at these average temperatures. The value of R; is

uncertain; hence, R; was assumed to be negligible since solving this resistor is beyond the scope of the

current study.

The results of solving the resistor network for the 4 cases are summarized in Table 4-5.
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Table 4-5 Analytical results for the four cases of interest for the 7.6cm diameter, 122cm long system.

Casel Case 2 Case 3 Case 4
Flowrate, LPM 9.5 14.0
Average T ., °C 33.8 9.4 334 8.8
Average T, ., °C 41.5 20.9 42.0 21.5
hﬁ,m , W/m2 °C 4661.5 3405.2 53413 3879.6
hi, W/m2 °C 7057.3 3147.2 9773.8 3773.9
Re_,,, Dimensionless 9445.4 5320.6 13811.3 7703.1
Flow,_, Turbulent  Laminar  Turbulent  Laminar
R,,°C/W 7.08E-04 9.70E-04  6.18E-04  8.43E-04
R,,°C/W 1.01E-05 1.01E-05  1.01E-05  1.01E-05
Ry, °C/W 0 0 0 0
R,,°C/W 1.20E-05  1.20E-05  1.20E-05  1.20E-05
R.,°Cc/w 5.37E-04  1.20E-03  3.88E-04  1.00E-03
Riotar, °C /W 1.27E-03  2.20E-03  1.03E-03  1.87E-03
UA, W/°C 788.91 455.36 972.61 534.93
€, % 54.5 40.7 50.1 35.3

The experimetal results for the four cases and the theoretical predictions are compared side-by-side in

Table 4-6.

Table 4-6 Comparison of experimental and analytical results for the 7.6cm diameter, 122cm long system tested.

Casel Case 2 Case3 Cased

Flowrate, LPM 9.5 14.0
Average T, ..., °C 33.8 9.4 33.4 8.8
Average T, ,°C 41.5 20.9 42.0 21.5
Experimental UA, W/°C 600.5 516.8 700.8 594.1
Theoretical UA, W/°C 788.9 455.4 972.6 534.9
Experimental €, % 47.7 43.8 42.0 37.8
Theoretical €, % 54.5 40.7 50.1 35.3

Despite the assumptions made to produce the analytical results, they were of the same order of

magnitude and relatively close to the experimental results. This exercise showed that at a constant flow
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rate, temperature changes on either side of the DWHR system affect the UA product, and thereby the

effectiveness of the system. Both the theoretical and experimental results strongly support this claim.

It is important to point out a limitation associated with the theoretical approach. Equation 4-16 was
used to determine the critical Reynolds number associated with the laminar to turbulent transition for
the flow inside the coils. This equation was originally devised for coils having circular cross sections,
whereas the coils wrapped around DWHR systems are typically not circular [30]. Cases 1 and 3 in Table
4-5 and Table 4-6 were found to be turbulent based on Equation 4-16; however, when the laminar flow
correlation was used to calculate the theoretical effectiveness for these cases, the results were
significantly closer to the experimental values as shown in Table 4-7. Clearly, Equation 4-16 was
inadequate for determining the laminar to turbulent transition. Further improvement of the theoretical

approach is outside the scope of this thesis.

Table 4-7 Comparison of experimental and analytical results for the 7.6cm diameter, 122cm long system when the
theoretical solutions for cases 1 and 3 are based on laminar correlations instead of turbulent.

Casel Case2 Case3 Cased
Flowrate, LPM 9.5 14.0
Average T ..., °C 33.8 9.4 33.4 8.8
Average T, .., °C 41.5 20.9 42.0 21.5
Experimental UA, W/°C 600.5 516.8 700.8 594.1
Theoretical UA, W/°C 591.8 455.4 696.2 534.9
Experimental €, % 47.7 43.8 42.0 37.8
Theoretical €, % 47.4 40.7 41.8 35.3

Given the close agreement between the theoretical and experimental results, it was benefitial to take a
closer look at the heat transfer coefficients involved in the resistor network to narrow down the
variables that were most significantly affected by temperature. This was done through substituting
arbitrary temperatures into the equations for the heat transfer coefficients to determine their sensitivity

on temperature.
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To determine the effect of temperature on hf,-,m , the ratio of heat transfer coefficients determined at

two different mean temperatures, T, = X and T, =Y, can be calculated as shown in Equation 4.23.

(4.23)

1
1 1 k3gpl )3
0.01(Re, , )3 (Pr, )z “*9Px 2 : :
B, AR W7 ke P (i V[ Px )| Cox P

X = X I = k—X X v X X X CPJ
h 3 U p
film ., 1 1 k3 2 \3 Y X Y py
i 0.01(ReD,Y)3(PrY){ v9p Yj

75

Equation 4.24 shows the result of substituting the properties of water into Equation 4.23 for T, and T,

of 40°C and 30°C respectively.

h,
hﬂ/m a0°C :(1_023)§ ><(1,223)§ x(o.996)><(1.oo)§ =1.157=115.7% (4.24)
film

30°C

According to Equation 4.24, hf,-,m would undergo a 15.7% increase if the mean temperature was to

increase from 30°C to 40°C, mostly due to the change in the dynamic viscosity of water. This is not to say
that the overall effectiveness of the DWHR system would increase by 15.7%; that would to be

determined based on the entire resistor network, and not a single resistor. However, the increase in
hf,-,m would undoubtedly result in a decrease in R, , thereby increasing the overall UA product for the

heat exchanger. Therefore, if the mean drain-side temperature is increased, a higher DWHR system

effectiveness is expected.

As for the conductive heat transfer through the copper walls over the range of 5°C to 45°C, the thermal

w
conductivity of copper varies from 401.7 to 399.0—OC [32]. This shows that the thermal
m

o

m

conductivity of copper is not a strong function of temperature for the operating range of DWHR
systems. Hence, resistors R, and R, were considered to be independent of temperature.
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For resistor R,, the thermal conductivity of the interface had to be determined empirically for different

DWHR constructions to produce accurate results. However; this conductivity was not expected to be a

strong function of temperature, similar to what was discussed in the case of R, and R,. As a result, the

resistor R, was assumed to be independent of the inlet temperatures into the DWHR system.

To determine the effect of temperature on h,, for laminar flow, the ratio of heat transfer coefficients

determined at two different mean temperatures, T, = X and T, =Y, is calculated as:

k
h (0.76 +0.65,/De, )Prf‘”s (;J
coil
, L p (4.25)
coiIr, (0.76 +0.65,/De, )Prf-”s (dyj

To simplify this equation further, scale analysis was performed, finding that the magnitude of

0.65,/De, is at least 20 times larger than 0.76 . Therefore, Equation 4.25 is simplified to Equation 4.26:

0.175

k 0.825 0.325 0.5 C
:(_X) x[&) x[p—XJ w| —2X (4.26)
kY /’lX pY Cp y

Equation 4.27 showed the result of substituting the properties of water into Equation 4.26 for T, and

T, of 20°C and 10°C, respectively.

coil

220 — (1.027)%%° % (1.293)"** % (0.998)*° x (0.998)*° =1.110=111.0% (4.27)

coil

10°C

Based on the results of Equation 4.27, hco,, would increase by approximately 11.0% if the mean water

temperature inside the coils was to increase from 10°C to 20°C, mostly due to the change in the dynamic
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viscosity of water. As was discussed before, this would not translate to an increase in the overall

effectiveness of the DWHR system by 11.0%; that would to be determined based on the entire resistor
network. Nonetheless, this increase in h,, would decrease the value of R, thereby increasing the UA

product for the heat exchanger.

Similar to the above approach, the ratio of heat transfer coefficients for turbulent flow inside the coils

was determined at two different mean temperatures, T, = X and T, =Y, as shown in Equation 4.28.

d\° k
0.023 Reg'85 Pro4 () (j 0.6 0.5 0.85 C :
o D) \d)_ [k_x) y [&] y (&j «| Zex (4.28)
ky Hy Py Coy

- 0.1 K
™ 0.023Re;® Pr®* (j (j
D) \d

Using the properties of water at T, and T, of 20°C and 10°C, respectively, the impact of temperature on

h

coil

Q

coil

the heat transfer coefficient of the coil was predicted from Equation 4.29:

coil

h
h—z""c =(1.027)*° x(1.293)** % (0.998)** x (0.998)** =1.138 =113.8% (4.29)

coil |10°c

This predicted an increase of 13.8% in the magnitude of h_, under turbulent flow conditions, which

was again mostly due to the change in dynamic viscosity. Again, a 13.8% increase in hco,-, would not

mean an increase in effectiveness by the same magnitude. This increase in h_; would decrease R,

which increases the overall UA product for the heat exchanger.

Based on the above sensitivity analyses, it was clear that an increase in the mean temperatures on
either side of the heat exchanger would lead to increased heat transfer coefficients. It was also clear
that the main contributing factor to the variations in the heat transfer coefficients was the changes in

the dynamic viscosity of water.
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It is important to note that the mean temperatures on either side of the DWHR system were impacted
by each other. As for any other heat exchanger, increasing the mean temperature on one side results in
an increase in the mean temperature on the other side. For example, changing the inlet temperature for
drain-side in a DWHR system would not only change the mean drain-side temperature, but also the
mean temperature through the coils. Table 4-8 summarizes the expected impacts of increasing

temperatures, with ‘up arrows’ indicating an increase, ‘down arrows’ indicating a decrease, and dashes

and T,

indicating no change. T, in Tefer to the average temperatures through the mains-side and

mains

drain-side, respectively.

Table 4-8 Expected impacts of increasing temperatures on DWHR system performance.

Increasing Impact on Heat Transfer Parameters
Variable R, R, R, R, R UA NTU €
Tmains N2 - - - N2 T T T
T 4rain N - - - N2 T T ™
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Chapter 5 Performance of DWHR Systems under

Unequal Flow Conditions

5.1 Theory

The resistor network developed in Chapter 4 can be used to form some initial expectations about how
unequal flow rates would affect the performance of DWHR systems. To do so, a condensed version of
Table 4-5 is shown here as Table 5-1. As a reminder, the values in the table show the convective heat

transfer coefficients for the film and the coil as well as their corresponding resistances, where R, and R

correspond to the heat transfer by the film and coils, respectively.

Table 5-1 A condensed version of Table 4-5, showing the analytical results for the four cases of interest for the 7.6cm
diameter, 122cm long system tested.

Casel Case 2 Case 3 Case 4

Flowrate, LPM 9.5 14.0
Average T ., °C 33.8 9.4 33.4 8.8
Average T, ., °C 41.5 20.9 42.0 21.5
P, W/m? °C 46615 34052 53413  3879.6
h.,, W/m?°C 70573 31472 97738 37739
R,,°C/W 7.08E-04 9.70E-04 6.18E-04 8.43E-04
R.,°Cc/wW 5.37E-04 1.20E-03 3.88E-04 1.00E-03

The purpose of showing this table here was to direct the reader’s attention towards the orders of
magnitude for the heat transfer coefficients as well as the resistance values. The analytical results
indicated that these values are of the same order of magnitude for the film and the coils, which means
that neither one was dominating the other under equal flow conditions. This implies that if a correlation

is to be developed, it has to be a function of both flow rates, and not just one.
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Before doing any experiments, the correct formula for calculating effectiveness had to be developed for

min

unequal flow conditions. Under equal flow conditions, the ratio of =1, which simplified the

max
formula to what was shown in Equation 2.3. This simplification is no longer valid, and the correct

formulas are discussed below.

It is important to clarify that for DWHR systems, the cold side of the heat exchanger (i.e. the coils) is the
only side that is of interest from the perspective of heat recovery. Therefore, all the formulas developed

and used in this chapter are based on the cold side of the heat exchanger.

For the case where the flow rate of the falling film, v , is higher than the flow rate through the coils, VC,

the effectiveness and heat transfer equations are as follows:

_q _c(r,-1,) _mc,)(,-7,) (r,-T.,)
£, = = = = (5.1)
G rnax Cmin (Th,i - Tc,i ) (me )C (Th,i - Tc,i ) (Th,i - Tc,f )

qc = Cc (Tc,o - Tc,i ): (mcp )c (Tc,o - Tc,f ): (pVCp )c (Tc,o - Tc,f ): (pVCp )c (Tc,o - Tc,i) (52)

For simplicity, the density and specific heat of water are assumed to be constant and their

corresponding values are shown in Equations 5.3 and 5.4.

p= 1oook—% (5.3)
m
k
c,= 218X (5.4)
kgK

Hence, Equation 5.2 simplifies to:
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qc — (4180X Vc XTC,O _Tc,i) (55)
60000

where Vc is in LPM, temperatures are in °Cand (., is in kW.

For the case where the flow rate of the falling film, V , is lower than the flow rate through the coils, VC,

the heat transfer rate can be calculated using Equation 5.5 and effectiveness equation is as follows:

oo 9 _ Cc(Tc,o_Tc,i) ("th)c(Tc,o_Tc,i) \/L‘(Tco_Tcl) (5.6)

‘ qmax Cmin (Th,i - Tc,i )

The goals of this chapter include measuring the effectiveness and heat transfer rates for DWHR systems
operating under unequal flow rates encompassing the full range of flow rates specified by the CSA

standard [9]. The results are presented in terms of the equations above.

5.2 Method

A total of five DWHR systems were tested in this study, as listed in Table 5-2. Not all of the systems
tested were manufactured by the same company. The manufacturers are referred to as Manufacturer A
and B in this chapter to uphold their anonymity. DWHR systems by different manufacturers have

different coil designs as shown in Figure 5-1.

Table 5-2 Diameters and lengths of DWHR systems studied.

Diameter Length
System # Manufacturer ! 8

(cm) (cm)
1 A 5.1 122
2 B 7.6 102
3 A 7.6 122
4 A 7.6 153
5 A 10.2 122
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1

-

=

Figure 5-1 DWHR systems with coil design by manufacturer A on the left, and manufacturer B on the right.

Tests were performed at inlet temperatures of 38+1°C and 10+1°C on the drain-side and the mains-
side respectively. As mentioned in the previous chapters, the CSA standard requires DWHR systems to
be rated under equal flow rates of 5.5, 7, 9, 10, 12 and 14 LPM. To maintain a connection between the
results produced in this study and the CSA standard, the flow rates chosen for the unequal flow tests
were all the possible combination of the flow rates depicted by the CSA standard, which add up to a
total of 36 conditions, including the 6 conditions with equal flow rates. Note that for the 10.2cm

diameter system, conditions having a flowrate of 5.5 LPM are not considered.

For all tests peformed, the volumetric flowrate on the drain-side is initially raised to a high value of 20
LPM and then gradually lowered to the desired flow rates. This ensures that the entire inner surface

area of the pipe is wetted for a given flowrate, which produces repeatable results.

97



53 R

esults

The data used to create the figures in this chapter are presented in tabular form in Appendix C.

The plots for effectiveness vs. volumetric flow rate of the falling film (hot side) for the five DWHR

systems are shown in Figure 5-2 through Figure 5-6. The curves on each figure correspond to a different

constant volumetric flow rates through the coils (cold side). Note that the curves for the 10.2cm

diameter, 122cm long DWHR system do not contain data for a flow rate of 5.5 LPM because the

inconsistency in the film caused non-repeatable results, as was discussed in Chapter 3. The uncertainties

associated with the results presented in this section are calculated based on Moffat’s constant odds

method [24] as described in Appendix B.
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Figure 5-2 The effectiveness vs volumetric flow rate of the falling film for 6 different constant flow rates through the coils

for the 5.1cm diameter, 122cm long DWHR system by manufacturer A.
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Figure 5-3 The effectiveness vs volumetric flow rate of the falling film for 6 different constant flow rates through the coils
for the 7.6cm diameter, 102cm long DWHR system by manufacturer B.
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Figure 5-4 The effectiveness vs volumetric flow rate of the falling film for 6 different constant flow rates through the coils
for the 7.6cm diameter, 122cm long DWHR system by manufacturer A.
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Figure 5-5 The effectiveness vs volumetric flow rate of the falling film for 6 different constant flow rates through the coils
for the 7.6cm diameter, 153cm long DWHR system by manufacturer A.
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Figure 5-6 The effectiveness vs volumetric flow rate of the falling film for 5 different constant flow rates through the coils
for the 10.2cm diameter, 122cm long DWHR system by manufacturer A.
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Upon visual inspection, it was clear that the curves represented in each figure were very similar to the
curves shown in other figures, at similar conditions. It was also observed that an inflection point exists
on the curves for constant cold side flow rates of 7, 9, 10 and 12 LPM. For example, in Figure 5-2, by
inspecting the curve for a constant cold flow rate of 10, it was evident that the effectiveness was at its
highest value at a hot flow rate of 5.5 LPM, gradually decreased until the inflection point at 10 LPM, and

then it increased for higher flow rates.

Although the curves produced for different systems were very similar, the existence of an inflection
point made it difficult to devise a correlation based on effectiveness. It is also worth noting that the data
was only indicative of the existence of this inflection point, and was insufficient for determining the
exact flow rate at which it occurred. As a result, it was decided to look at the heat transfer rate vs.
volumetric flow rate curves to determine if they are more practical for the purpose of creating a

consistent correlation.

The plots for heat transfer vs. volumetric flow rate of the falling film (hot side) for the five DWHR
systems are shown in Figure 5-7 through Figure 5-11. The curves on each figure correspond to a
different constant volumetric flow rate through the coils (cold side). Note that the curves for the 10.2cm

diameter, 122cm long DWHR system do not contain data for a flow rate of 5.5 LPM.
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Figure 5-7 The heat transfer rate vs volumetric flow rate of the falling film for 6 different constant flow rates through the
coils for the 5.1cm diameter, 122cm long DWHR system by manufacturer A.
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Figure 5-8 The heat transfer rate vs volumetric flow rate of the falling film for 6 different constant flow rates through the

coils for the 7.6cm diameter, 102cm long DWHR system by manufacturer B.
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Figure 5-9 The heat transfer rate vs volumetric flow rate of the falling film for 6 different constant flow rates through the
coils for the 7.6cm diameter, 122cm long DWHR system by manufacturer A.
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Figure 5-10 The heat transfer rate vs volumetric flow rate of the falling film for 6 different constant flow rates through the
coils for the 7.6cm diameter, 153cm long DWHR system by manufacturer A.

103



13.0 -

12.0 - L
[
11.0 i :I§| B
= & Bk

10.0 - - - =

s g & =2 # Vcold=14

= 9.0 - @ 2]

< 2 m = Veold=12

S 80 -

o =4 A Vcold=10
7.0 1 X Vcold=9
6.0 - X Vcold=7
5.0 -

4.0 T T T T T 1
4 6 8 10 12 14 16

Hot flowrate (LPM)

Figure 5-11 The heat transfer rate vs volumetric flow rate of the falling film for 5 different constant flow rates through the
coils for the 10.2cm diameter, 122cm long DWHR system by manufacturer A.

The heat transfer plots represented a family of curves which were very similar for different DWHR
systems. The heat transfer curves are logarithmic curves with no inflection points. These observations
hinted at the possibility of there being a universal correlation that would allow normalization of these
values and to combine them into a single curve. It was desirable for this correlation to be a function of
the heat transfer rates measured at equal flow conditions, which are readily available from the CSA

rating data.

After many attempts, the following correlation was created for normalizing all heat transfer curves for

each DWHR system tested:

. _ Vhot=F2
AV cora=F1 & Vhor=F2) = A(Vcora=Vhor=F1) X [M X In (Vcozd=F1) + N] (5.7)
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where qy_ ,.=F18&v,,,=F2) 1S the heat transfer rate measured at the unequal flow condition,
AW oo1q= Vhor=F1) 1S the heat transfer rate measured at the equal flow condition, F1 is the flow rate
through the coils, F2 is the flow rate of the falling film, and variables M and N are constants. The values
for M and N are found experimentally through regression. Theoretically, the value of constant N was
expected to be 1, such that Equation 5.7 would reduce to the equal flow conditions if F1 and F2 were

equal. This was to be validated through regression.

Using Equation 5.7, the curves from Figure 5-7 through Figure 5-11 were normalized and represented
as one curve for each DWHR system as shown in Figure 5-12 through Figure 5-16. A linear curve of best

fit to represent each data set is also shown on each graph.
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Figure 5-12 The heat transfer data normalized using Equation 5.7 for the 5.1cm diameter, 122cm long DWHR system by
manufacturer A.
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Figure 5-13 The heat transfer data normalized using Equation 5.7 for the 7.6cm diameter, 102cm long DWHR system by

manufacturer B.
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Figure 5-14 The heat transfer data normalized using Equation 5.7 for the 7.6cm diameter, 122cm long DWHR system by

manufacturer A.
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Figure 5-15 The heat transfer data normalized using Equation 5.7 for the 7.6cm diameter, 153cm long DWHR system by
manufacturer A.
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Figure 5-16 The heat transfer data normalized using Equation 5.7 for the 10.2cm diameter, 122cm long DWHR system by
manufacturer A.
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Based on the regression coefficients displayed on figures, Equation 5.7 could predict the heat transfer
rate for individual DWHR systems very accurately. Upon closer inspection, it became clear that the
constants M and N, determined using the line of best fit displayed on the figures, were very close in
magnitude regardless of the length or diameter of the corresponding DWHR system. These constants

are summarized in Table 5-3.

Table 5-3 Constants M and N corresponding to each DWHR system tested.

System # Constant M Constant N

1 0.3448 0.9999
2 0.3274 0.9992
3 0.3414 0.9971
4 0.3587 0.9963
5 0.3669 0.9995

The fact that these constants were so close in magnitude meant that a universal correlation could be
created which would work for all DWHR systems with similar design. To determine constants M and N
for this universal correlation, the data for all 5 DWHR systems were overlaid as shown in Figure 5-17 and

a line of best fit was drawn through the entire data set.
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Figure 5-17 The heat transfer data normalized using Equation 5.7 for all systems.

Evidently, the data sets from different DWHR systems overlapped each other very closely; hence, the

coefficients from the line of best fit on Figure 5-17 could safely be used to create Equation 5.8.

_ Vhot=F2
AV cora=F1 & Vnor=F2) = A(Veo1a=Vpor=F1) X [0'3452 X In (le;:Fl) + 0'9983] (5.8)

As was discussed earlier, the coefficient N was expected to be equal to 1; however, due to the
inaccuracies associated with the experimental results, the regression analysis determined it to be
0.9983. Since these values are almost identical, it was decided to use a value of N=1 instead. This would
cause the terms inside the bracket in Equation 5.8 to reduce to 1 in the case where F1=F2, which
ensures that the heat transfer rates on both sides of the equation are equal. As a result, Equation 5.9

was devised:
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— g . Vnot=F2
q(Vcold:Fl&Vhot:Fz) - q(Vcold: Vhot=F1) X [03452 X In (VcoleFl) +1 ] (59)

This equation is valid for DWHR systems of any lengths and diameters, assuming they have designs
similar to what was shown in Figure 5-1. As a reminder, the heat transfer rates are measured in kW and

the flow rates are measured in LPM.

In order to determine the accuracy of this correlation, Equation 5.9 was used to predict the heat transfer
rate for a handful of randomly selected conditions for the systems tested, in order to determine how
well it could predict the performance of a given DWHR system. The measured and predicted heat

transfer rates as well as the percent difference between the two are presented in Table 5-4.
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Table 5-4 The results of using Equation 5.9 to predict the heat transfer rate through the coils for all DWHR systems, along
with the measured values to allow comparison between the two.

Measured heat

DWHR Cold flow Hot flow transfer rate at equal Measured Predicted Percent
system# rate (LPM)  rate (LPM) flow condition, heat transfer heat transfer error
based on the cold rate (kW) rate (kW)
flowrate (kW)

5.50 6.99 5.22 5.73 5.65 1.34%

1 7.01 14.00 6.15 7.50 7.62 1.53%
9.96 7.02 7.72 6.73 6.78 0.79%

13.97 5.50 9.40 6.45 6.38 1.20%

5.50 9.99 5.43 6.49 6.55 0.81%

5 9.03 13.95 7.43 8.56 8.54 0.15%
9.99 7.00 7.96 7.04 6.99 0.75%

11.99 5.50 8.94 6.60 6.54 0.85%

6.98 5.53 6.99 6.38 6.43 0.82%

9.03 13.95 8.17 9.48 9.40 0.94%

3 10.01 7.03 8.74 7.73 7.68 0.67%
12.00 9.06 9.88 8.85 8.92 0.81%

5.49 12.00 6.59 8.24 8.37 1.54%

4 8.99 5.56 9.18 7.60 7.65 0.69%
11.99 7.04 11.32 8.97 9.24 2.94%

14.01 9.03 12.51 10.45 10.61 1.48%

7.06 11.97 7.50 9.07 8.86 2.33%

c 8.94 10.01 9.16 9.47 9.52 0.53%
11.98 9.04 10.87 10.00 9.81 1.96%

13.96 10.01 12.08 10.70 10.69 0.08%

For the 20 random cases in Table 5-4, the maximum percent error was 2.94%. The small magnitude of
this percent error should be enough to show the practicality of Equation 5.9, and how it could be used
for DWHR systems with different designs, lengths and diameters. At the time this chapter was written,
no correlations were found in the literature to predict the performance of DWHR systems at unequal
flow rates and as such, Equation 5.9 was an important development for incorporating DWHR systems

into building simulation models.
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5.4 Unequal Flow Model
It is helpful to summarize the results discussed so far in this chapter to create a simple procedure for
predicting the performance of DWHR systems at unequal flow conditions based on the data available

from CSA tests.

The CSA standard provides data for DWHR performance measured under equal flow conditions for flow
rates of 5.5, 7, 9, 10, 12 and 14 LPM. This data can be used to create the characteristic effectiveness vs.
flow rate curve for the DWHR system of interest. As was discussed in Chapter 3, curves of best fit in the
form of Equation 3.4 are the most suitable for representing this data set. Note that for DWHR systems
with diameters of 10.2cm, the effectiveness at 5.5 LPM must be excluded when developing the

characteristic curves.

This curve can readily be used to predict the effectiveness at flow rates between 5.5 and 14 LPM. The
next step is to find the effectiveness for the desired flow rate using this effectiveness curve. Lastly, the
effectiveness value can easily be converted into a heat transfer rate using Equation 5.10 for the desired

flow rate.

c,l

= . . 5.10
9 60000 (5.10)

3 4180><V><g(Th,. -T )

where VC is in LPM, temperatures are in °C and {,is in kW. Note that Equation 5.10 contains

temperatures at which the CSA tests were done and assumes that the condition of interest has the same

temperatures.

This heat transfer rate corresponds to the equal flow condition and it is the only unknown required to

be plugged into Equation 5.10 in order to find the heat transfer rate under unequal flow rates between
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5.5 and 14 LPM. The simplicity of this method allows it to be easily implemented into building simulation

software, requiring no input except the existing data from the CSA ratings.

As for any experimental model, Equation 5.9 has its limitations. It cannot be applied to flow rates lower
than 5.5 LPM since irregularities and non-uniform thickness of the falling film result in non-repeatable
performance values. For a 10.2cm diameter DWHR system, the irregularities also occur at a flow rate of
5.5 LPM, which means that this model cannot be applied to them. Furthermore, the DWHR systems
tested for creating this correlation have a similar design of a copper drain pipe wrapped with smaller
tubes. The correlation developed in this study is intended to be used for DWHR systems with similar
designs to those tested. The designers are asked to keep these limitations in mind when using Equation

5.9.
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Chapter 6 Combined Model and Validation

6.1 Introduction

DWHR systems are rated based on their steady-state effectiveness at specific conditions listed by the
CSA standards [9]. The rated effectiveness values are intended to provide designers with a means to
distinguish between different commercially available products. The conditions at which DWHR systems
would operate in a house could be very different than the conditions used to rate them. This means that
the rated effectiveness values, by themselves, are not a necessarily a good representation of the actual

performance of DWHR systems.

Throughout this thesis, different procedures and correlations have been developed to take the rated
performance of a DWHR system and use it to predict the performance under particular conditions.
However, each chapter only looked at the change in one variable at a time, namely the inlet
temperatures and flow rates through different sides. This chapter aims to develop a procedure to
combine all the correlations developed as part of this thesis and to perform experiments to determine

how well the heat transfer rate can be predicted.

6.2 Universal Procedure
The step by step procedure to estimate the heat transfer rate through the coils is explained in detail in

the following 9 steps.

Step @:

Refer to the CSA rating data for the DWHR system of interest, where the effectiveness of the system was
measured under equal flow conditions at flow rates of 5.5, 7, 9, 10, 12 and 14 LPM. The data set should

also contain the temperatures at which the CSA tests were performed.
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Step @:

For DWHR systems with diameters of 5.1 and 7.6cm, the data from all 6 flow rates must be used.

However, for 10.2cm diameter systems, the effectiveness measured at 5.5 LPM must be discarded.

Fit a curve of best fit to CSA data to produce the characteristic effectiveness vs. flow rate curve for the

DWHR system. This curve is of the form shown in Equation 6.1.

1

- GX(Veora=F1)+H (6.1)

&

where G and H are constants determined by regression and F1 is the flow rate of cold water through the

coils measured in LPM.

Step @:

Use the curve fit from Equation 6.1 to calculate the effectiveness at the desired flow rate based on the
cold side of the DWHR system (e.g. if the analysis is being done on a DWHR system operating at a cold

side flow rate of 6 LPM and a hot side flow rate of 11 LPM, estimate the effectiveness at 6 LPM).

Step @:

This step only applies to situations where the flow rate through the cold side is higher than 14 LPM. In
such cases, the curve fit equation from step @ must be used to estimate a rough effectiveness value
for the desired flow rate. The estimated value should then be corrected using Equation 6.2 which was

developed in Chapter 3:

_ _ AX(Vo1g=F1)+B
Ecorrected = gpredicted X CFlow - Spredicted X ( L +1 (6'2)

where A and B are constants based on the system’s diameter and L is the length of the system in meters.

These constants are listed in Table 6-1.

115



Table 6-1 Correlation constants for Equation 6.2 determined for systems with different diameters.

Correlation Constants @ 5.1cm systems @ 7.6cm systems @ 10.2cm systems

A (m/LPM) 5.80E-03 1.27E-02 7.10E-03

B (m) -7.96E-02 -1.67E-01 -9.14E-02

Step @:

If the inlet temperatures at the condition of interest are the same as the temperatures from the CSA
tests, skip steps @, @ and @ Otherwise, calculate F, using Equation 6.3 based on the

temperatures at which the CSA tests were performed. These temperatures are in degrees Celsius.

2.37x10°° 1.75x10°? 1.24x10°3
FClCSA:GZ—)ZXTh.XT.—I-;XTh.—G—;

XT., , xT,, +0.917 (6.3)
’ ’ oC ’ oC ”

Step @:

The effectiveness value calculated in step @ or @ must now be converted to a reference effectiveness
value using Equation 6.4. As was discussed in Chapter 5, this reference point is at inlet temperatures of

40°C and 10°C on the drain side and mains side respectively.
_ gStep3or4

Reference — F
C,CSA

£ (6.4)

As a reminder, the CSA test procedure is conducted at specific temperature conditions, with mains inlet
temperatures ranging from chi= 7 to 17°C and a temperature difference of Th’i —Tc’i= 28+1°C. This

range is too broad and the purpose of this step is to convert the effectiveness values to a reference

condition since the CSA tests could have been done anywhere in the above range.
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Step @:

With €geference known, the effectiveness can be corrected for the desired inlet temperatures. To do so,

FC needs to be calculated using Equation 6.5 at the desired inlet temperatures. Then the temperature-

corrected effectiveness value can be calculated using Equation 6.6.

-6 -3 -3
FC=2.37><120 ><7_hl'><7_u‘+1.75x10 ><7_hi+1.24><10 <T. . +0.917 (6.5)

(oc) , , °oc , °c )
gTemperature—Corrected = gReference X FC (6-6)

Step :

This is the final step for systems operating under equal flow conditions. Calculate the cold side heat
transfer rate using Equation 6.7. This heat transfer rate corresponds to equal flow conditions. Note that

this equation was developed in Chapter 6 based on constant properties for water.

_ 4180X(Vcold=F1)Xstemperature—correctedX(Th,i_Tc,i) 6.7
e = 60000 (6.7)

where Vco,d is in LPM, temperatures are in °Cand (. is in kW.

Step @:

This step only applies to systems operating under unequal flow conditions. The heat transfer rate
calculated in step can be represented as shown in Equation 6.8. This value can be plugged into

Equation 6.9 to calculate the cold side heat transfer rate for the desired flow rate through the hot side.

qC - q(Vcold: Vhot:Fl) (68)
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o . Vhot=F2
q(‘./colsz1 &VhotzFZ) - q(Vcoldz VhotzFl) X [03452 X ln ( y ) + 1 ] (69)

Veola=F1
where F1 is the flow rate through the coils and F2 is the flow rate of the falling film.

The procedure was to be validated experimentally to determine how well it can predict the heat transfer

rates for various DWHR systems.

6.3 Method

A total of four DWHR systems were tested in this study, as listed in Table 6-2. The systems were made
by different manufacturers, referred to as Manufacturer A and B. DWHR systems by different

manufacturers have different coil designs as shown in Figure 6-1.

Table 6-2 Diameters and lengths of DWHR systems studied.

Di L
System# Manufacturer o ore ength

(cm) (cm)
1 A 5.1 92
2 A 7.6 122
3 B 7.6 102
4 B 10.2 122

Figure 6-1 DWHR systems with coils designed by manufacturer A (top) and B (bottom).
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Each of the DWHR systems were tested at flow rates of 5.5, 7, 9, 10, 12 and 14 LPM in order to produce
the CSA data at inlet temperatures of 38+1°C and 10+1°C on the drain side and the mains side,
respectively. Each system was then tested at random conditions with varying temperatures and flow
rates through either side of the system. The effectiveness and heat transfer rates were measured in
each case. The intent was to use the universal procedure described in the introduction to predict the

heat transfer rates and compare them to the measured values.

6.4 Results

The raw data used to create the tables in this chapter are presented in tabular form in Appendix C.

6.4.1 System#1

The CSA data generated for system #1 are presented in Table 6-3. This system was tested under a total
of six random cases. The variables of interest, as well as the effectiveness and the heat transfer rates for

these cases are shown in Table 6-4.

Table 6-3 The CSA data for system #1 gathered at inlet temperatures of 38+1°C and 10£1°C on the drain side and the mains
side, respectively.

V_ (LPM) g, q. (kw)
5.50 49.78% 5.28
6.99 45.33% 6.22
8.98 41.18% 7.26
10.01 39.41% 7.83
12.03 36.64% 8.75
14.03 34.46% 9.54
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Table 6-4 The results from the random tests performed on system#1.

Case# T, (C) T, (C) V_(LPM) V, (LPM) &, q. (kw)
1 9.7 37.5 16.97 1498  34.48%  10.03
2 9.4 38.0 16.10 19.03  33.75%  10.81
3 9.4 37.9 8.01 15.00  51.18%  8.13
4 10.7 42.6 9.97 6.04 53.95% 7.25
5 3.5 28.2 7.47 13.01  50.18% 6.45
6 3.5 27.9 5.49 11.48  59.19% 5.53

Using the results from Table 6-3 and Table 6-4, the heat transfer rates for each case were calculated
using the universal procedure. However, before presenting the final results in a tabulated form, the
calculations for case#tl are presented in detail to provide an example for the readers as to how the

procedure is used. These calculations are presented below for Case #1.

Step @ and @:

System #1 has a diameter of 5.1cm; hence, the effectiveness measured at 5.5 LPM must be included
when generating the characteristic effectiveness vs. flow rate curve. This curve was generated using

results from Table 6-3 and is shown in Figure 6-2.

1
£= -
0.1041V + 1.4698

2 =0.994

w A

S O

X X
1

Effectiveness

20% -

10% -

0% T T T T T T T 1
0 2 4 6 8 10 12 14 16

Volumetric flow rate (LPM)

Figure 6-2 Characteristic effectiveness vs. volumetric flow rate curve for system#1.
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Therefore, the characteristic equation for this system is:

1
0.1041x(V o1g=F1)
(LPM)

€= (6.10)

+1.4698

where V4 is in LPM.

Step @:

The flow rate through the mains side for this case was 16.97 LPM, which is outside the range covered by

step @ Therefore, step @ had to be followed.

Step @:

The corrected effectiveness at 16.97 LPM was calculated using Equation 6.2 as follows:

1 (5.80E—O3><(16.97)—7.96E—02

Ecorrected = {1011x(16.97)+1.4698 1.22 t 1) (6.11)

* Ecorrected = 31.38%
Steps @@@

The inlet temperatures for this particular case closely match the temperatures at which the CSA tests

were done. Hence, these steps were skipped.

Step :

The heat transfer rate corresponding to the equal flow conditions at 16.97 LPM is calculated as follows:

e = 4180><(16.97)Xé?(:)é.s(?%)x(37.5—9.7) =10.34 kW (6.12)
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For case #1, the flow rate through the drain side was 14.98 LPM, which meant that the results from this

step were not final and Step @ had to be followed.

Step @:

The heat transfer rate under this unequal flow condition was calculated using Equation 6.9 as follows:

Vhot=14.98

00 ota=1697 & Vnor=1498) = W o= Vpor=1657) X |0:3452 X In. (m) +1]  (613)

14.98
= QV,14=16.97 & Vpyi=14.98) = 10.34 kW X [0.3452 X In (16 97> + 1]

“ Q(V,010=16.97 & Vjpr=14.98) — 9.90 kW

Therefore, the procedure predicted a heat transfer rate of 9.90 kW under the conditions for case #1. The
measured heat transfer rate for this case was 10.03 kW. The percent difference between these two
values was 1.37%, which showed how effective the procedure was at predicting the actual heat transfer

rate for case #1 based solely on the existing CSA data.

The final predicted values for all cases for system #1 are presented in Table 6-5. The maximum percent
difference between the measured and predicted values was 2.81%. Although this number may seem

large, it only translated to 0.23 kW, which was not a large enough error to discredit the results.

Table 6-5 The measured and predicted heat transfer rates for systemi1.

Casett T (0 T (0 VC Vh Measured Predicted I.Dercent
' ’ (LPM)  (LPM) q. (kw) q. (kw) Difference
1 9.7 37.5 16.97 14.98 10.03 9.90 1.37%
2 9.4 38.0 16.10 19.03 10.81 10.90 0.75%
3 9.4 37.9 8.01 15.00 8.13 8.36 2.81%
4 10.7 42.6 9.97 6.04 7.25 7.32 0.92%
5 3.5 28.2 7.47 13.01 6.45 6.59 2.20%
6 3.5 27.9 5.49 11.48 5.53 5.56 0.49%
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6.4.2 System#2

The CSA data generated for system #2 are presented in Table 6-6. This system was tested under a total
of four random cases. The variables of interest, as well as the effectiveness and the heat transfer rates

for these cases are shown in Table 6-7.

Table 6-6 The CSA data for system #2 gathered at inlet temperatures of 38+1°C and 10£1°C on the drain side and the mains
side, respectively.

V_ (LPM) g, q. (kw)
5.50 49.55% 5.26
7.00 44.28% 6.01
9.01 39.39% 6.96
10.01 37.68% 7.38
12.02 35.01% 8.27
14.02 32.94% 9.11

Table 6-7 The results from the random tests performed on systemi2.

Case#t T, (°C) T, (0 V_ (LPM) V, (LPM) &, g, (kw)
1 14.6 449 12.98 10.53 39.91% 8.87
2 14.7 44.6 7.96 6.03 51.51% 6.47
3 4.8 35.1 7.99 13.50  47.48%  8.01
4 4.8 34.9 6.02 10.97  54.47% 6.88

The results from Table 6-6 and Table 6-7 were used to predict the heat transfer rates at the four cases
using the procedure. The final predicted values for all cases are presented in Table 6-8. The maximum
percent difference between the measured and predicted values was 3.53%, which translated into 0.29

kW.

Table 6-8 The measured and predicted heat transfer rates for system#2.

i . V V Measured Predicted Percent
Case # Tc,i (°C) 7;;,/‘ (°C) (LPCM) (LP;;/I) q, (kw) q. (kw) Difference
1 14.6 449 1298 10.53 8.87 8.74 1.51%
2 14.7 44.6 7.96 6.03 6.47 6.45 0.31%
3 4.8 35.1 7.99 13.50 8.01 8.30 3.53%
4 4.8 34.9 6.02 10.97 6.88 7.05 2.40%
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6.4.3 System#3

The CSA data generated for system #3 are presented in Table 6-9. This system was tested under a total
of eighteen random cases. The variables of interest, as well as the effectiveness and the heat transfer

rates for these cases are shown in Table 6-10.

Table 6-9 The CSA data for system #3 gathered at inlet temperatures of 38+1°C and 10£1°C on the drain side and the mains
side, respectively.

V_ (LPM) £, q. (kw)
5.45 51.55% 5.43
6.95 47.20% 6.38
8.95 42.41% 7.43
9.97 40.66% 7.96
11.96 37.93% 8.94
13.96 35.40% 9.73

Table 6-10 The results from the random tests performed on system#3.

Case#t T, (°C) T, (C) V_(LPM) V, (LPM) £, q. (kw)
1 10.5 38.1 25.28 24.83 27.83% 13.30
2 10.5 37.9 16.04 15.92 33.51% 10.21
3 9.6 38.1 22.06 21.78 29.42% 12.70
4 9.6 37.9 19.32 19.05 31.23% 11.74
5 9.7 38.0 19.18 7.07 57.67% 8.04
6 9.7 37.9 15.95 9.00 48.24% 8.54
7 9.8 38.0 12.09 16.05 40.86% 9.72
8 9.7 38.0 10.01 19.02 48.47% 9.56
9 14.6 449 14.02 13.93 36.35% 10.71
10 14.7 44.7 9.00 8.96 43.44% 8.16
11 14.8 44 .4 5.47 5.42 52.66% 5.89
12 14.9 45.0 14.01 10.05 45.23% 9.52
13 14.9 44.8 11.97 9.03 46.62% 8.76
14 4.8 35.1 14.06 13.97 34.90% 10.29
15 4.8 35.0 9.00 8.92 41.85% 7.85
16 5.1 34.8 5.49 5.44 51.16% 5.77
17 4.8 35.1 9.03 13.99 47.34% 9.02
18 4.8 35.0 7.03 9.99 51.03% 7.55
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The results from Table 6-9 and Table 6-10 were used to predict the heat transfer rates at the eighteen
cases using the universal procedure. The final predicted values for all cases are presented in Table 6-11.
The maximum percent difference between the measured and predicted values was 3.25%, which

translated into 0.45 kW.

Table 6-11 The measured and predicted heat transfer rates for system#3.

. i V V Measured Predicted Percent
Case # T‘"i e 7;”[ e (LPR/I) (LP/IL/I) q. (kW) q. (kw) Difference

1 10.5 38.1 25.28 24.83 13.30 13.75 3.25%
2 10.5 37.9 16.04 15.92 10.21 10.33 1.19%
3 9.6 38.1 22.06 21.78 12.70 13.06 2.75%
4 9.6 37.9 19.32 19.05 11.74 11.94 1.65%
5 9.7 38.0 19.18 7.07 8.04 7.88 2.02%
6 9.7 37.9 15.95 9.00 8.54 8.55 0.10%
7 9.8 38.0 12.09 16.05 9.72 9.73 0.11%
8 9.7 38.0 10.01 19.02 9.56 9.51 0.50%
9 14.6 449 14.02 13.93 10.71 10.54 1.63%
10 14.7 44.7 9.00 8.96 8.16 8.21 0.65%
11 14.8 44.4 5.47 5.42 5.89 5.79 1.67%
12 14.9 45.0 14.01 10.05 9.52 9.30 2.34%
13 14.9 44.8 11.97 9.03 8.76 8.69 0.77%
14 4.8 35.1 14.06 13.97 10.29 10.23 0.61%
15 4.8 35.0 9.00 8.92 7.85 7.96 1.33%
16 5.1 34.8 5.49 5.44 5.77 5.67 1.79%
17 4.8 35.1 9.03 13.99 9.02 9.30 2.96%
18 4.8 35.0 7.03 9.99 7.55 7.71 2.14%

6.4.4 System#4

The CSA data generated for system #4 are presented in Table 6-12. This system was tested under a total
of eight random cases. The variables of interest, as well as the effectiveness and the heat transfer rates

for these cases are shown in Table 6-13.
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Table 6-12 The CSA data for system #4 gathered at inlet temperatures of 38+1°C and 10+1°C on the drain side and the
mains side, respectively.

V_ (LPM) £, q. (kw)
5.50 56.15% 5.97
6.99 52.83% 7.15
9.01 50.25% 8.83
10.01 48.33% 9.46
12.02 44.88% 10.57
14.06 42.29% 11.65

Table 6-13 The results from the random tests performed on system#4.

Case#t T, (°C) T, (C V_ (LPM) V, (LPM) £, q. (kw)
1 9.6 38.1 18.03 13.01  47.72%  12.33
2 9.5 37.9 17.00 8.05 62.98%  10.03
3 9.7 38.1 9.02 18.97  60.40%  10.76
4 9.7 38.0 10.95 16.01  51.81%  11.18
5 12.2 37.1 12.99 9.50 54.03%  8.90
6 12.2 36.9 9.98 8.07 55.65% 7.73
7 7.1 34.8 10.53 13.49  49.95%  10.14
8 7.0 34.2 8.51 12.46  56.15%  9.05

The results from Table 6-12 and Table 6-13 were used to predict the heat transfer rates at the eight
cases using the procedure. The final predicted values for all cases are presented in Table 6-14. The
maximum percent difference between the measured and predicted values was 3.13%, which translated

into 0.35 kW.
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Table 6-14 The measured and predicted heat transfer rates for system#4.

Casett T (O T, (0 Vc v, Measured Predicted Percent
' ' (LPM)  (LPM) q. (kw) q. (kw) Difference
1 9.6 38.1 18.03 13.01 12.33 12.45 1.00%
2 9.5 37.9 17.00 8.05 10.03 9.99 0.40%
3 9.7 38.1 9.02 18.97 10.76 11.11 3.13%
4 9.7 38.0 10.95 16.01 11.18 11.37 1.70%
5 12.2 37.1 12.99 9.50 8.90 8.81 1.09%
6 12.2 36.9 9.98 8.07 7.73 7.66 0.88%
7 7.1 34.8 10.53 13.49 10.14 10.30 1.58%
8 7.0 34.2 8.51 12.46 9.05 9.11 0.66%

6.5 Conclusions

Four different DWHR systems were tested at a total of 36 random cases as a part of this study. The
universal procedure was used to predict the heat transfer rates for these cases and the predicted values
were in good agreement with the experimental results. The percent errors between the predicted and
measured heat transfer rates among all the 36 cases were always less than 4%. This was a clear
indication of how effective the procedure was at predicting the heat transfer rates, based solely on the

CSA rating data.

6.5.1 Limitations

As for any experimental model, there are limitations that apply to the procedure presented in this

chapter. This section summarizes those limitations to prevent any misuse of the procedure.

Most importantly, every correlation that was developed in this thesis only applies to DWHR recovery
systems that consist of a large copper pipe wrapped with smaller tubes, operating in a counter-flow
arrangement. There are different variations of designs for DWHR systems that could deviate significantly
from the design described above, and as such, the correlations from this thesis may not be used to

predict their performance.
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There are flow rates for which the model would not work. As was mentioned previously, the above
procedure cannot be used to predict the performance of 10.2 cm diameter systems for flow rates below
7 LPM. As for systems with smaller diameters, the procedure cannot be used for flow rates below 5.5
LPM. This limitation is rooted in the problems with partial wetting described in Chapter 3. It is also
important to point out that the test equipment used for producing the results in this thesis was only
capable of supplying flow rates up to 25 LPM; hence, the procedure could not be tested for flow rates
above 25 LPM to determine its validity. As a result, it is ill-advised to use the procedure to predict the

heat transfer rates for flow rates above 25 LPM.

Lastly, the temperatures correction factors were developed for inlet temperatures of 5°C<T,, <20°C and
30°C<T,H. <45°C. The test apparatus could not be used to evaluate the performance of DWHR outside

of the temperature ranges listed above. Therefore, the procedure is not guaranteed to work for

operating temperatures outside the above ranges.
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Chapter 7 Conclusions and Recommendations

This thesis focused on devising methods and correlations for predicting performance of DWHR systems
under different situations including equal-flow condition, unequal flow condition and variable inlet
temperatures. The combination of these correlations was made into a universal procedure, which was
verified experimentally to always predict the heat transfer rates to within 4% of the measured values.

The only inputs required for this universal procedure are the pre-existing rating data from the CSA tests.

Now that general procedure for determining the steady state heat transfer for DWHR systems has been
developed, it is important to point out the steps that need to be taken in the future to complement the

outcomes of this thesis.

The procedure can easily be programmed. In Chapter 6, the procedure was programmed into Excel,
which was used to produce the results in the tables throughout the chapter. Due to its simplicity, it
could very easily be programmed into software such as TRNSYS, in order to perform building simulation

analysis with realistic temperatures and water draws.

This thesis was solely based on results collected during steady state operation of DWHR systems;
however, in reality, there are transient effects associated with the operation of such systems. For
example, once a shower tap is turned on, the system would take a finite period of time before warming
up and reaching steady state. In other words, DWHR systems are ‘first order’ systems and further
research needs to be done to quantify the ‘time-constant’ for such systems. This period of time is likely

to be a function of many variables including the pipe dimensions, inlet flow rates and temperatures.

Another potentially significant factor neglected in this thesis was heat exchanger fouling. DWHR systems
are installed downstream of shower drains. Over time, accumulation of soap, hair and other unwanted

materials is expected to occur on the inside surface of these systems. Fouling is known to reduce the
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performance of heat exchangers, and DHWR systems are not exempt from this. In fact, the fouling inside
the drain pipe could change the behavior of the falling film. It could cause non-uniformities in the film
thickness or at the worst case scenario, prevent the formation of a film altogether, which would mean a
significant drop in performance. Field studies are required to determine the effect of fouling on DWHR

systems.

Once enough information is known about the transient effects and fouling, they could be combined with

the procedure developed in this thesis to create a reliable building simulation model for DWHR systems.

Lastly, the theoretical approach developed in Chapter 4 could be further improved based on
experimental analysis to allow designers to adjust variables such as length or diameter to optimize

performance of DWHR systems at the design stage.
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Appendix A - Performance of DWHR Systems under
Small Tilt Angles with respect to

Vertical?

Introduction

The performance of DWHR systems relies on water falling as an annular film that wets the inner surface
of the drain pipe. This phenomenon results in high heat transfer rates on the drain-side of the system.
Heat transfer surface area is maximized and the water film thickness which resists conduction is
minimized. DWHR systems are designed to be installed vertically, which allows water to fall as a

relatively uniform thin film [10,11,12].

In new construction, proper care can enable accurate vertical installation of DWHR systems. However,
an accurate vertical installation may not be possible in many retrofit applications. Several building
designers and DWHR system manufacturers have shown interest in estimating the reduction of DWHR
performance for non-vertical installations. Straying from a perfectly vertical orientation will likely cause
the film to be non-uniform around the drain pipe’s inner circumference, reducing the performance of
the heat exchanger. This study will identify how sensitive DWHR systems are to tilt angles away from

vertical, and provide insight on what installation angles are acceptable.

Method

For this study, six DWHR systems of various lengths and diameters were chosen as listed in Table A-1.

2 The contents of this Appendix have been accepted for publication in the Energy and Buildings journal under the
title of “Impact of Small Tilt Angles on the Performance of Falling Film Drain Water Heat Recovery Systems”
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Table A-1 Diameters and lengths of DWHR systems studied.

Pipe # Diameter Length

(cm) (cm)
1 5.1 122
2 7.6 92
3 7.6 122
4 7.6 153
5 10.2 122
6 10.2 153

The thermal effectiveness of each DWHR system was measured at flow rates of 5.5, 9.5, and 14 LPM,
and at tilt angles from vertical of 0, 2, 5, 10, and 15 degrees. The cold and hot-side temperatures of
1040.5°C and 38+0.5°C were maintained for the mains-side inlet and drain-side inlet respectively. To
achieve the maximum wetting area in the pipes, each test is started with a high flow rate of 20 LPM and
gradually lowered to achieve the desired flow rate. The drain-side flow was photographed to observe

the behavior of the falling film.

The CSA test standard requires DWHR systems to be installed at no more than 2° from vertical
orientation during testing [9]. The test platform meets this angular requirement, but also allows testing
of DWHR systems at angles further from vertical. The performance at tilt angles away from vertical is
assessed to evaluate variations to be expected in standardized tests and service installations, both of

which can never be perfectly vertical.

The tilt angle measurement was performed using a plumb-bob and linear measurement, with
trigonometry used to calculate the angle. The experimental setup and measurement method are
depicted Figure A-1. This method results in significantly less error than using an inclinometer, which

would have an uncertainty of at least £0.5° due to least count on a protractor scale. Given the distance
between the two rulers, 0, and horizontal displacement, d, the tilt angle away from vertical, 6;, is

calculated as:
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0; = atan(gj (4.1
a

Using a nominal reference distance of g=1.22m and assuming linear measurements can be made to a
tolerance of +0.01m, the uncertainty for angular measurements is estimated to be %0.02°. This

calculation is based on the constant-odds method described by Moffat [24].

S

Figure A-1 Experimental apparatus and setup with DWHR system tilted.

136



Results and Discussion

The general expectation was that the effectiveness of a falling film DWHR system decreases as the tilt
angle, @;, increases. In order to best represent this reduction, the results are displayed in terms of an
effectiveness ratio, ¢, . This ratio is calculated by dividing the effectiveness of the DWHR system at a
given angle by its effectiveness in a vertical orientation, as shown in Equation A.2. For example, at a tilt
angle of 0°, ¢ would equal 100% and a gradual decrease is expected as @ is increased. The uncertainty
associated with ¢ is calculated to be +0.85% of full scale using the constant-odds methods described by

Moffat [24] as detailed in Appendix B.

Effectivenessat 6,

(A.2)

r

E ffectiveness at vertical

The raw data used to create the figures in this Appendix are presented in tabular form in Appendix C.

Figure A-2 contains the results of the tests performed on all six systems at a flow rate of 5.5 LPM. For a

tilt angle of 2°, the performance of all systems remained almost unaffected. At worst, the ¢ value was

reduced to 97%. For tilt angles greater than 2°, visual inspection revealed that the falling film became
uneven, as shown in Figure A-3 and Figure A-4. For vertical orientation, a relatively uniform thin film was
observed around the circumference of the drain-side pipe. For the tilted case, the film became thinner
at the upper section of the circumference of the drain-side pipe since most of the water gravitated to
the lower section of the circumference. The film thickness was no longer consistent as shown in Figure

A-4 (A), compared to the uniform film thickness at vertical shown in Figure A-4 (B).

The non-uniformity of the film led to a certain degree of non-repeatability in the results. This

phenomenon was observed in Chapter 3, where low volumetric flow rates led to disturbances in the
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falling film, making the results non-repeatable. This is why the values of ¢ for different systems at tilt

angles above 2° are distributed over a range of values, as shown in Table A-2 and Figure A-2.

Table A-2 Experimental data collected at a flow rate of 5.5 LPM.

Effectiveness Ratio
Pipe 1 Pipe 2 Pipe 3 Pipe 4 Pipe 5 Pipe 6

6; (degrees)

0 100.0%  100.0% 100.0% 100.0% 100.0% 100.0%
2 99.2% 97.1% 100.0%  100.0% 99.8% 98.7%
5 90.1% 90.4% 100.0% 97.0% 98.9% 96.3%
10 73.6% 76.5% 90.0% 72.5% 86.7% 80.0%
15 72.8% 69.4% 78.1% 68.2% 73.1% 67.4%

Note: These values are for specific DWHR systems and should not be used to predict performance of other products.

110.0%
105.0%
o+ 1000% 11 X &
2 95.0% | 5.1 cm diameter, 122 cm long
(4]
9 90.0% A 7.6 cm diameter, 92 cm long
$ 85.0% | x _
S 80.0% | N A 7.6 cm diameter, 122 cm long
E 75.0% - * » X 7.6 cm diameter, 153 cm long
=
W 70.0% |- - X 10.2 cm diameter, 122 cm long
65.0% )
60.0% . . . 10.2 cm diameter, 122 cm long
0 5 10 15

Tilt angle B; (degrees)

Figure A-2 The effectiveness ratio as a function of the tilt angle for all systems at 5.5 LPM.
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Figure A-3 The observed difference in thickness in the lower and upper sections of the DWHR system.

Lower Section

Figure A-4 The behavior of the falling film in the drain-side pipe for a vertical installation (A) vs. an installation on a 10° tilt
from vertical (B) for the same DWHR system at the same volumetric flow rate.
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The results for the flow rate of 9.5 LPM are shown in Table A-3 and Figure A-5, and the results for 14
LPM are shown in Table A-4 and Figure A-6. At a tilt angle of 2°, the test results indicated that the lowest

&, value for both flow rates was 96%. Similar to the results for 5.5 LPM, & values became more variable

for tilt angles larger than 2°.

Table A-3 Experimental data collected at a flow rate of 9.5 LPM.

Effectiveness Ratio
Pipe 1 Pipe 2 Pipe 3 Pipe 4 Pipe 5 Pipe 6

6; (degrees)

0 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
2 99.3% 98.5% 96.6% 96.6% 99.8% 98.3%
5 92.1% 93.3% 91.5% 88.4% 98.1% 94.6%
10 77.8% 82.5% 81.4% 71.7% 91.5% 85.6%
15 74.1% 72.6% 68.0% 64.6% 82.6% 77.7%

Note: These values are for specific DWHR systems and should not be used to predict performance of other products.

110.0%
105.0%
& 100.0% 1 = X
2 95.0% | a # 5.1 cm diameter, 122 cm long
S 90.0% | X X
@ il X 7.6 cm diameter, 92 cm long
Q 85.0% . _
S 80.0% | : A 7.6 cm diameter, 122 cm long
E 75.0% - -~ X 7.6 cm diameter, 153 cm long
b X
W 70.0% |- A % 10.2 cm diameter, 122 cm long
62.0% T x 10.2 cm diameter, 122 cm |
60.0% , . . .2 cm diameter, cm long
0 5 10 15

Tilt angle B; (degrees)

Figure A-5 The effectiveness ratio as a function of the tilt angle for all systems at 9.5 LPM.
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Table A-4 Experimental data collected at a flow rate of 14 LPM.

Effectiveness Ratio
Pipe 1 Pipe 2 Pipe 3 Pipe 4 Pipe 5 Pipe 6

O; (degrees)

0 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
2 96.9% 97.9% 96.9% 95.5% 99.7% 98.4%
5 87.4% 92.2% 89.9% 84.5% 96.8% 92.9%
10 76.3% 81.2% 75.0% 69.1% 87.7% 81.4%
15 71.1% 69.0% 65.6% 61.7% 77.6% 72.0%

Note: These values are for specific DWHR systems and should not be used to predict performance of other products.

110.0%
105.0%
& 1000% [1 =
-% 95.0% + ES X @ 5.1 cm diameter, 122 cm long
Z 90.0% ‘ ¥ 7.6 cm diameter, 92 cm long
¢ 85.0% | X _
% 80.0% - . A 7.6 cm diameter, 122 cm long
u_&’_, 75.0% f x X 7.6 cm diameter, 153 cm long
W 70.0% | ) 4 [ ] % 10.2 cm diameter, 122 cm long
65.0% A _
60.0% . . ¥ 10.2 cm diameter, 122 cm long
0 5 10 15

Tilt angle 6; (degrees)

Figure A-6 The effectiveness ratio as a function of the tilt angle for all systems at 14 LPM.

The differences in film thickness at the upper and lower sections of the pipe were more pronounced for
flow rates of 9.5 and 14 LPM compared to 5.5 LPM. No clear photographs could be produced to highlight
the change in thickness that appeared for different flow rates; hence, Figure A-7 was created to
illustrate this phenomenon. From visual inspection, it was evident that the thicker part of the film at the

lower section of the circumference of the pipe had a higher velocity than the rest of the film.
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))(C

Figure A-7 The difference in thickness at the lower section of the pipe for (A) 5.5 LPM, (B) 9.5 LPM and (C) 14 LPM.

LOWER SECTION

In practice, DWHR systems are designed to be installed and operated in a vertical orientation. This study
shows that the effectiveness of DWHR systems is significantly decreased at tilt angles greater than 2°.
Due to erratic behavior of falling films at increased tilt angles, it was deemed impractical to develop a tilt

angle model representing all DWHR systems. ¢ values for all combinations tested in this study are

summarized in Table A-5.

Table A-5 Range of effectiveness ratios for different tilt angles.

Or Minimum e,  Maximum &,
(degrees) (%) (%)

2 96 100

5 85 99

10 69 92

15 62 83
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Tilt angles larger than 15° were not investigated as part of this study. The performance drop is expected
to be greater for extreme tilt angles, such as 45°, since water will not fall as a film, which substantially
reduces the heat transfer area. Although no experimental results for extreme angles were produced as a
part of this study, it can be generalized that the current designs of falling film DWHR systems are not
suitable for installations at extreme angles. Designers are strongly encouraged to only use DWHR

systems in applications where a vertical installation is possible.

The overall trend of decreasing performance with increased tilt angle for falling-film heat exchangers
was demonstrated by this study. It is not possible to accurately predict how a given system will perform
at a particular tilt due to the unstable nature of falling films. As a result, the performance of DWHR
systems installed at varied angles cannot be accurately modelled at this time. DWHR systems are
designed to be installed at a vertical orientation and the results from this study show that these systems

would perform much worse than intended if they are installed at an angle greater than 2° from vertical.
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Appendix B - Uncertainty Calculations

This appendix focuses on explaining how the uncertainty calculations were done for the experimental
results. The test instruments used to take measurements in every test are summarized in Table A-6,
along with their respective accuracies. All uncertainty calculations performed in this thesis are based on

Moffat’s constant odds method [24].

Table A-6 The measurement accuracies for all instruments used in this thesis.

Parameter Accuracy
RTD Temperature Probes +0.1°C
Cold Water Flow Meter + 1% Reading
Hot Water Flow Meter + 1% Reading
Pressure Transducers *+ 862.5 Pa

Uncertainty Associated With the Effectiveness Calculations
The effectiveness of a DWHR system operating under equal flow conditions is calculated using Equation

A.3 below:

_ Tc,o_Tc,i _ ATcald (A 3)
Th,i_Tc,i ATmax

The first step is to calculate the uncertainty for the AT,,;; and AT, :

SAT 010 = J (5TC,O)2 + (571.,1-)2 =/(0.1°C)2 + (0.1°C)? = +0.14°C (A.4)

SAT gy = OAT,p1q = +0.14°C (A.5)

The uncertainty in the effectiveness calculation can now be expressed as:

P J(aATW,d)Z N ((SATmax)z Cex J(0.14°C)2 N (0.14°C)2 (4.6)
ATcold ATmax ATcold ATmu.x )
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As is clear from Equation A.6, the actual value of the uncertainty in effectiveness calculation varies from

test to test and requires substitution of values for €, AT,,;q and AT, 4y -

For example, for a test data with € = 0.4453, AT,,;4 = 12.51°C and AT,,,,,, = 28.1°C, the uncertainty is

calculated to be:

0.14°C \ 2 0.14°C\ 2
65-0A453XJ(H5PJ +(52) = £0.55% (F.S.) (A.7)

The effectiveness of a DWHR system operating under unequal flow conditions is calculated using

Equation A.8 below:

Vcold(Tc o_Tc 1) VcoldATcold (A 8)
me (Th i_Tc 1.) VminATmax '

&=

The first step is to calculate the uncertainty for the numerator and the denominator as follows:

. . 2 2
S(VcoldATcold) _ (‘Svcold) (‘SATcold \/ 2 )
- = . + 1%)= + A.9
VeotdAT cotd AVeola AT colq ( /0) AT{:old ( )
S(VminATmax) _ (5Vmin)2 (‘SATmax J 2 )2
. = - + 1% + A.10
VminATmax AVinin ATmax ( O) ATmax ( )
Now the uncertainty in the effectiveness calculation can now be expressed as:
2 roa4°c)?
&—stu%ﬁ+u%ﬁ+( =)+ (2=) (4.11)
AT cold ATmax

Similar to the case for the equal flow conditions, calculating the actual uncertainty in the effectiveness

value requires substitution of values for €, AT.y;q and AT, 4y -

For example, for a test data with &€ = 0.5598, AT,,;q = 11.1°C, ATy = 28.2°C,AV,y,4 = 10 LPM and

Vinin = 7 LPM, the uncertainty is calculated to be:
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o 2
¢ = 0.5598 x J(1%)2 +(%)2 + (= C) +(Z225) = £11% (F.S.) (A.12)

11.1 28.2

Uncertainty Associated With the Heat Transfer Rate Calculations
The uncertainty calculation procedure for the heat transfer rate is the same for both equal and unequal
flow conditions. Equation A.13 is used to calculate the heat transfer rate based on the cold side of the

heat exchanger:

_ 4180XV o1 XAT co1q

60000 (4.13)
The uncertainty for the heat transfer calculations can be expressed as:
— 8V cota MTcozd %)2 + 0 14°C
66[ —ax \/(Avcold) * (ATcold - ax \/(1 A)) AT col d) (A 14)

Again, the actual value of this uncertainty depends on the measured values for ¢ and AT, -

For example, for a test data with for ¢ = 6.99 kW and AT.,;4 = 14.34°C, the uncertainty is calculated

to be:

0.14°C
14.34°C

2
5q = 6.99 kW x \/(1%)Z + ( ) = +0.097 kW (4.15)

Uncertainty Associated With the Pressure Drop Calculations
The pressure drop through the coils is simply determined by calculating the difference between the inlet

and outlet pressures as shown in Equation A.16:
AP = Py, — Pyt (A.16)

The uncertainty in AP can be expressed as:

SAP = \[(8P)? + (8Pyyue)? = 1/(0.8625 kPa)? + (0.8625 kPa)? = +1.22kPa  (A.17)
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Appendix C - Raw Experimental Data

Experimental Data for Chapter 4
The experimental results for the 7.6cm diameter, 122cm long DWHR system used to create the

corresponding plots in Chapter 4.

Table A-7 The results for the 7.6cm diameter, 122cm long system tested at different inlet temperatures.

Volumetric Flow rate of | Volumetric Flow rate of 9.5 Volumetric Flow rate of
5.5 LPM LPM 14 LPM
Thot-in | Tcold-in 0 Thot-in | Tcold-in 0 Thot-in | Tcold-in €

co | ca [P ca | ca [P ca | o |
44.8 30.3 57.74 45.0 30.3 47.73 45.1 30.3 42.0
44.9 20.3 57.17 45.0 20.2 46.90 45.2 20.2 41.4
44.9 15.6 56.97 45.1 15.5 46.66 45.1 15.5 40.9
44.8 10.0 56.63 45.1 9.8 46.20 45.2 9.8 40.4
44.8 5.1 56.23 45.0 4.9 45.91 45.1 4.8 39.8
40.0 30.0 56.93 40.2 30.0 47.10 40.3 30.0 41.3
40.0 20.5 56.75 40.2 20.5 46.63 40.3 204 40.8
40.0 14.9 56.51 40.1 14.8 46.22 40.2 14.8 40.4
39.8 10.1 56.14 40.1 9.9 45.80 40.2 9.8 39.9
39.8 5.0 55.70 40.1 4.7 45.52 40.2 4.6 39.5
35.1 20.0 56.46 35.2 19.9 46.20 35.3 19.9 40.3
35.0 15.2 56.20 35.2 15.1 45.67 35.3 15.1 39.9
35.0 9.8 55.84 35.2 9.6 45.32 35.2 9.6 39.4
35.0 5.0 55.23 35.2 4.8 44.84 35.3 4.7 38.9
30.2 19.9 55.90 30.3 19.9 45.32 30.3 19.8 39.8
30.2 14.8 55.72 30.2 14.7 44.99 30.3 14.6 39.4
30.0 9.9 55.25 30.2 9.7 44.73 30.2 9.7 38.8
30.1 5.3 54.76 30.2 5.1 44.43 30.3 5.0 38.4
25.3 15.1 55.17 25.3 14.9 44.60 25.4 14.9 38.8
25.2 10.2 54.87 25.3 10.0 44.32 25.4 10.0 38.3
25.3 5.3 54.47 25.3 5.0 43.77 254 4.9 37.8
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The experimental results for the 7.6cm diameter, 153cm long DWHR system used to create the

corresponding plots in Chapter 4.

Table A -8 The results for the 7.6cm diameter, 153cm long system tested at different inlet temperatures.

Volumetric Flow rate of | Volumetric Flow rate of 9.5 Volumetric Flow rate of
5.5LPM LPM 14 LPM
Thot-in | Tcold-in 0 Thot-in | Tcold-in 0 Thot-in | Tcold-in €

co | ca [*P) o | ca %] o | o |
45.0 30.6 63.33 45.1 30.6 53.79 45.2 30.6 47.6
45.0 21.0 63.05 45.1 20.9 53.30 45.2 20.9 47.1
45.0 16.0 62.78 45.1 15.9 52.70 45.2 15.8 46.7
44.9 10.5 62.33 45.1 10.3 52.30 45.1 10.2 46.1
44.8 5.1 61.85 45.0 4.9 51.85 45.0 5.0 45.8
40.1 29.9 62.90 40.2 29.9 53.20 40.3 29.9 47.1
40.1 20.5 62.50 40.2 204 52.70 40.3 204 46.6
40.0 15.5 62.15 40.2 15.4 52.20 40.3 15.3 46.1
39.9 10.3 61.93 40.1 10.1 51.83 40.2 10.0 455
40.0 5.2 61.43 40.2 5.0 51.20 40.2 5.0 45.1
35.1 19.6 61.93 35.2 19.5 52.08 35.3 19.5 45.9
35.1 15.5 61.63 35.2 15.4 51.53 35.3 15.3 45,5
35.1 10.3 61.38 35.2 10.1 51.18 35.2 10.1 45.0
35.1 5.3 61.00 35.2 5.1 50.68 35.3 5.0 44.4
30.3 20.0 61.63 30.3 19.9 51.60 30.3 19.9 45.3
30.2 15.3 61.33 30.3 15.2 51.03 30.3 15.2 44.9
30.2 10.3 60.93 30.3 10.2 50.63 30.3 10.1 44.4
30.2 5.4 60.50 30.3 5.2 50.25 30.3 5.2 43.8
25.3 15.2 60.95 25.3 15.0 50.60 25.3 15.0 44.4
25.3 10.5 60.43 25.3 10.3 50.08 25.3 10.3 44.0
25.3 5.4 59.80 25.3 5.3 49.55 25.3 5.2 43.4
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The experimental results for the 10.2cm diameter, 122cm long DWHR system used to create the

corresponding plots in Chapter 4.

Table A-9 The results for the 10.2cm diameter, 122cm long system tested at different inlet temperatures.

Volumetric Flow rate of 9.5 Volumetric Flow rate of
LPM 14 LPM
Thot-in | Tcold-in 0 Thot-in | Tcold-in 3
co | o %] o | o |
45.0 29.8 52.48 45.1 29.8 45.6
45.0 20.3 51.84 45.2 20.2 45.1
45.0 14.7 51.30 45.1 14.7 44.7
45.0 9.7 51.10 45.2 9.7 44.2
44.8 4.9 50.73 45.2 4.8 43.8
40.1 30.2 52.20 40.2 30.2 45.3
40.1 204 51.40 40.2 20.3 44.5
40.0 14.5 50.95 40.2 14.5 44.1
40.0 10.2 50.82 40.1 10.1 43.8
40.1 5.1 50.50 40.3 5.0 43.4
35.1 204 51.40 35.3 204 44.4
35.1 14.6 50.76 35.2 14.5 43.9
35.0 9.8 50.32 35.1 9.7 43.5
35.2 5.0 49.97 35.3 4.9 43.1
30.2 20.4 51.10 30.3 20.4 43.9
30.2 14.6 50.73 30.3 14.6 43.6
30.2 9.7 50.18 30.3 9.6 43.2
30.2 5.0 49.80 30.3 4.8 42.8
25.3 14.8 50.50 254 14.7 43.2
25.4 10.1 49.91 25.4 10.0 42.9
25.3 5.0 49.63 25.4 4.9 42.5
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The experimental results for the 10.2cm diameter, 153cm long DWHR system used to create the

corresponding plots in Chapter 4.

Table A-10 The results for the 10.2cm diameter, 153cm long system tested at different inlet temperatures.

Volumetric Flow rate of 9.5 Volumetric Flow rate of
LPM 14 LPM
Thot-in | Tcold-in 0 Thot-in | Tcold-in 3
co | o %] o | o |
45.1 30.0 57.88 45.2 30.0 51.1
45.2 20.3 57.35 45.2 20.3 50.6
45.0 15.3 57.05 45.1 15.2 50.2
45.0 10.1 56.53 45.1 10.1 49.7
45.1 5.2 56.30 45.2 5.2 49.3
40.2 29.5 57.53 40.3 29.5 50.5
40.2 20.3 57.10 40.3 20.3 50.2
40.2 15.1 56.70 40.3 15.1 49.7
40.1 10.4 56.10 40.1 10.3 49.2
40.1 53 55.80 40.2 5.2 48.8
35.1 20.1 56.78 35.2 20.0 49.7
35.2 15.1 56.28 35.3 15.0 49.3
35.2 10.2 55.83 35.3 10.1 48.8
35.2 5.1 55.70 35.3 5.1 48.4
30.3 20.0 56.43 30.3 19.9 49.2
30.3 15.1 56.05 30.3 15.0 48.7
30.3 10.3 55.43 30.3 10.2 48.3
30.3 53 55.08 30.3 5.2 47.9
25.4 15.1 55.45 254 15.1 48.4
25.4 10.1 55.08 25.4 10.0 48.0
254 5.2 54.80 254 5.1 47.5

150



The experimental results for the capped 7.6cm diameter, 122cm long DWHR system used to create the

corresponding plots in Chapter 4.

Table A-11 The results for the capped 7.6cm diameter, 122cm long system tested at different inlet temperatures.

Volumetric Flow rate of | Volumetric Flow rate of 9.5 Volumetric Flow rate of
5.5LPM LPM 14 LPM

Thot-in | Tcold-in Thot-in | Tcold-in Thot-in | Tcold-in €
cao | co [*% ] o | o [P cq | o | @
44.8 30.3 57.76 45.1 30.3 47.63 45.1 30.3 42.0
44.8 20.3 57.33 45.0 20.2 47.07 45.1 20.2 41.5
44.8 14.9 57.00 45.0 14.8 46.55 45.1 14.8 41.0
44.8 9.8 56.59 45.0 9.6 46.07 45.2 9.5 40.5
44.8 4.9 56.23 45.0 4.7 45.84 45.2 4.6 40.0

The experimental results for the insulated 7.6cm diameter, 122cm long DWHR system used to create the

corresponding plots in Chapter 4.

Table A-12 The results for the insulated 7.6cm diameter, 122cm long system tested at different inlet temperatures

Volumetric Flow rate of | Volumetric Flow rate of 9.5 Volumetric Flow rate of
5.5LPM LPM 14 LPM

Thot-in | Tcold-in Thot-in | Tcold-in Thot-in | Tcold-in €
cao | co [*% ] co | o [T cq | o |
44.8 29.6 57.79 45.1 29.6 47.63 45.2 29.6 41.9
44.8 20.3 57.40 45.0 20.2 47.04 45.2 20.2 41.3
44.8 15.0 56.98 45.0 14.9 46.58 45.1 14.8 40.8
45.0 10.1 56.62 45.1 9.9 46.26 45.3 9.8 40.4
44.7 5.3 56.16 44.9 4.9 45.85 45.1 4.8 39.9
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Experimental Data for Chapter 5
The experimental results for the 5.1cm diameter, 122cm long DWHR system used to create the

corresponding plots in Chapter 5.

Table A-13 Experimental results for the 5.1cm diameter, 122cm long DWHR system by Manufacturer A tested in Chapter 5.

Veoa (LPM) Viot (LPM) € g-cold (kw)
5.49 5.44 49.7% 5.22
5.50 6.99 53.7% 5.73
5.49 9.01 57.4% 6.17
5.49 10.00 59.1% 6.32
5.52 11.99 61.4% 6.62
5.49 14.01 63.3% 6.83
6.94 5.52 52.2% 5.59
7.00 6.95 45.4% 6.15
7.01 8.98 48.7% 6.70
7.04 9.99 50.3% 6.96
7.02 11.98 52.8% 7.29
7.01 14.00 54.8% 7.50
8.99 5.51 54.8% 5.93
8.97 7.01 47.8% 6.59
9.00 8.95 41.0% 7.17
9.02 10.01 42.3% 7.50
9.01 11.99 44.7% 7.92
9.01 13.97 46.5% 8.24
9.99 5.52 55.7% 6.02
9.96 7.02 48.9% 6.73
9.99 9.03 41.8% 7.44
10.00 9.95 39.4% 7.72
10.02 11.97 41.5% 8.20
10.04 14.01 43.3% 8.46
12.01 5.50 57.8% 6.25
12.00 7.01 51.0% 6.94
11.99 9.02 43.8% 7.75
12.00 10.04 41.1% 8.10
12.02 11.98 36.6% 8.63
12.03 13.99 38.1% 8.99
13.97 5.50 59.6% 6.45
13.99 7.00 52.5% 7.19
13.98 9.06 45.2% 8.07
13.99 10.03 42.7% 8.37
13.99 12.03 38.0% 8.99
13.99 13.93 34.3% 9.40
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The experimental results for the 7.6cm diameter, 122cm long DWHR system used to create the

corresponding plots in Chapter 5.

Table A-14 Experimental results for the 7.6cm diameter, 122cm long DWHR system by Manufacturer A tested in Chapter 5.

Veoa (LPM) Viot (LPM) € g-cold (kW)
5.49 5.46 56.3% 5.94
5.49 6.97 60.6% 6.52
5.51 9.00 64.3% 6.92
5.53 9.99 65.8% 7.09
5.49 12.02 69.1% 7.39
5.53 14.00 70.8% 7.71
6.98 5.53 59.5% 6.38
7.00 6.96 51.7% 6.99
6.98 9.02 55.2% 7.57
7.03 9.99 56.9% 7.84
7.00 12.02 60.0% 8.16
7.04 13.97 62.0% 8.57
8.99 5.49 62.9% 6.76
9.00 7.03 54.7% 7.43
9.02 8.96 46.6% 8.17
9.06 9.97 47.9% 8.56
9.05 11.95 50.9% 9.01
9.03 13.95 53.2% 9.48
9.98 5.49 64.1% 6.90
10.01 7.03 56.0% 7.73
9.99 9.06 47.4% 8.48
10.00 9.96 44.8% 8.74
10.05 11.98 47.4% 9.29
10.04 13.98 49.6% 9.79
11.97 5.51 66.1% 7.12
11.97 7.04 58.0% 8.04
12.00 9.06 49.7% 8.85
12.00 10.04 46.7% 9.26
12.03 11.97 41.9% 9.88
12.04 13.92 43.8% 10.23
14.02 5.51 67.9% 7.28
14.00 7.01 59.9% 8.21
14.04 9.02 51.7% 9.15
14.00 10.07 48.5% 9.66
14.00 12.10 43.5% 10.27
14.02 13.92 39.7% 10.87
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The experimental results for the 7.6cm diameter, 153cm long DWHR system used to create the

corresponding plots in Chapter 5.

Table A-15 Experimental results for the 7.6cm diameter, 153cm long DWHR system by Manufacturer A tested in Chapter 5.

Veoa (LPM) Viot (LPM) € g-cold (kW)
5.50 5.47 62.4% 6.59
5.52 6.96 66.8% 7.14
5.49 8.97 71.5% 7.69
5.51 9.96 73.4% 7.91
5.49 12.00 76.5% 8.24
5.50 13.99 78.7% 8.48
6.96 5.52 66.3% 7.11
7.01 6.97 57.4% 7.81
6.99 9.00 62.0% 8.51
6.99 9.94 64.0% 8.78
7.04 11.99 67.7% 9.40
7.00 14.00 70.1% 9.63
8.99 5.56 69.8% 7.60
8.95 7.03 60.9% 8.42
9.01 8.96 52.4% 9.18
9.00 10.00 54.7% 9.63
9.04 12.00 57.9% 10.32
9.06 13.96 60.4% 10.83
10.04 5.53 71.4% 7.72
9.95 7.00 62.6% 8.63
9.93 9.05 53.6% 9.57
10.03 9.97 50.8% 9.95
10.00 11.93 54.2% 10.68
10.00 14.00 56.8% 11.15
11.98 5.50 73.5% 7.90
11.99 7.04 64.8% 8.97
11.97 9.03 56.4% 9.97
11.97 10.07 53.2% 10.51
12.01 11.95 48.1% 11.32
12.06 13.94 50.2% 11.94
13.99 5.50 75.5% 8.16
14.00 7.04 66.9% 9.32
14.01 9.03 58.6% 10.45
13.98 10.03 55.4% 11.01
14.00 12.05 50.1% 11.88
14.05 13.97 45.5% 12.51
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The experimental results for the 7.6cm diameter, 153cm long DWHR system used to create the

corresponding plots in Chapter 5.

Table A-16 Experimental results for the 7.6cm diameter, 102cm long DWHR system by Manufacturer B tested in Chapter 5.

Veoa (LPM) Viot (LPM) € g-cold (kW)
5.49 5.45 51.6% 5.43
5.53 6.98 55.1% 5.88
5.49 8.98 58.8% 6.32
5.50 9.99 60.4% 6.49
5.51 11.98 62.9% 6.77
5.52 13.97 64.4% 7.02
6.97 5.51 54.7% 5.82
7.00 6.95 47.2% 6.38
7.01 8.97 50.2% 6.89
6.99 10.00 52.2% 7.11
7.00 11.99 54.6% 7.50
7.02 13.98 56.3% 7.75
8.98 5.52 57.9% 6.23
8.97 7.01 50.2% 6.86
9.01 8.95 42.4% 7.43
9.01 9.97 43.8% 7.71
9.03 11.95 46.2% 8.19
9.03 13.95 48.1% 8.56
10.01 5.51 59.1% 6.32
9.99 7.00 51.3% 7.04
9.99 9.02 43.4% 7.63
10.01 9.97 40.7% 7.96
10.03 11.95 43.0% 8.50
10.05 13.95 44.8% 8.76
11.99 5.50 61.0% 6.60
11.98 7.02 53.2% 7.37
11.97 9.02 45.4% 7.99
12.01 10.05 42.5% 8.36
12.02 11.96 37.9% 8.94
12.07 13.96 39.4% 9.30
13.98 5.48 62.8% 6.77
13.97 6.99 55.0% 7.55
13.98 8.97 47.1% 8.35
13.99 10.00 44.2% 8.68
14.00 12.06 39.2% 9.36
14.02 13.96 35.4% 9.73
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The experimental results for the 10.2cm diameter, 122cm long DWHR system used to create the

corresponding plots in Chapter 5.

Table A-17 Experimental results for the 10.2cm diameter, 122cm long DWHR system by Manufacturer A tested in Chapter
5.

Veoa (LPM) Viot (LPM) € g-cold (kw)
7.00 6.99 55.2% 7.50
7.02 8.96 62.0% 8.50
7.01 10.00 63.3% 8.70
7.06 11.97 65.1% 9.07
6.96 13.97 68.6% 9.31
8.97 7.02 58.7% 8.09
8.97 8.93 52.6% 9.16
8.94 10.01 53.9% 9.47
9.02 12.00 55.9% 9.79
8.98 14.00 59.1% 10.40
9.94 7.01 61.1% 8.37
9.97 9.05 53.7% 9.52
10.01 9.98 50.0% 9.77
10.06 12.00 52.1% 10.23
10.03 13.96 55.2% 10.82
11.97 6.98 62.1% 8.51
11.98 9.04 56.6% 10.00
11.96 10.10 51.9% 10.28
12.03 11.96 46.2% 10.87
12.02 13.95 49.0% 11.57
13.98 6.99 64.9% 8.91
13.99 8.99 58.7% 10.31
13.96 10.01 54.6% 10.70
14.00 12.06 48.1% 11.42
14.04 13.99 44.0% 12.08
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Experimental Data for Chapter 6

The experimental results for the 5.1 cm diameter, 122cm long DWHR system used in Chapter 6.

Table A-18 Experimental results for the 5.1cm diameter, 122cm long DWHR system by Manufacturer A tested in Chapter 6.

Tcold-in | Thot-in | Cold Flowrate | Hot Flowrate 0 g-cold
(°C) (°C) (LPM) (LPM) e 1 kw)
9.9 37.8 5.50 5.44 49.78% 5.28
9.5 37.8 6.99 6.96 45.33% 6.22
9.7 38.0 8.98 8.93 41.18% 7.26
9.4 37.9 10.01 9.98 39.41% 7.83
9.4 38.0 12.03 11.99 36.64% 8.75
9.6 38.1 14.03 13.94 34.46% 9.54
9.7 37.5 16.97 14.98 34.48% 10.03
9.4 38.0 16.10 19.03 33.75% 10.81
9.4 37.9 8.01 15.00 51.18% 8.13
10.7 42.6 9.97 6.04 53.95% 7.25
3.5 28.2 7.47 13.01 50.18% 6.45
3.5 27.9 5.49 11.48 59.19% 5.53

The experimental results for the 7.6 cm diameter, 122cm long DWHR system used in Chapter 6.

Table A-19 Experimental results for the 5.1cm diameter, 92cm long DWHR system by Manufacturer A tested in Chapter 6.

Tcold-in | Thot-in | Cold Flowrate | Hot Flowrate 0 g-cold
o | o (LPM) v | %] pw)
9.7 37.7 5.50 5.44 49.55% 5.26
9.9 37.9 7.00 6.96 44.28% 6.01
9.5 37.9 9.01 8.94 39.39% 6.96
9.8 38.1 10.01 9.95 37.68% 7.38
9.8 38.1 12.02 11.98 35.01% 8.27
9.5 38.0 14.02 13.93 32.94% 9.11
14.6 44.9 12.98 10.53 39.91% 8.87
14.7 44.6 7.96 6.03 51.51% 6.47
4.8 35.1 7.99 13.50 47.48% 8.01
4.8 34.9 6.02 10.97 54.47% 6.88
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The experimental results for the 7.6 cm diameter, 102cm long DWHR system used in Chapter 6.

Table A-20 Experimental results for the 7.6cm diameter, 102cm long DWHR system by Manufacturer B tested in Chapter 6.

Tcold-in | Thot-in | Cold Flowrate | Hot Flowrate 0 g-cold
(o | o (LPM) v | %] w)
10.0 37.8 5.49 5.45 51.55% 5.43
9.9 37.8 7.00 6.95 47.20% 6.38
9.8 37.9 9.01 8.95 42.41% 7.43
9.8 38.0 10.01 9.97 40.66% 7.96
9.7 38.0 12.02 11.96 37.93% 8.94
9.8 38.0 14.02 13.96 35.40% 9.73
10.5 38.1 25.28 24.83 27.83% 13.30
10.5 37.9 16.04 15.92 33.51% 10.21
9.6 38.1 22.06 21.78 29.42% 12.70
9.6 37.9 19.32 19.05 31.23% 11.74
9.7 38.0 19.18 7.07 57.67% 8.04
9.7 37.9 15.95 9.00 48.24% 8.54
9.8 38.0 12.09 16.05 40.86% 9.72
9.7 38.0 10.01 19.02 48.47% 9.56
14.6 44.9 14.02 13.93 36.35% 10.71
14.7 44.7 9.00 8.96 43.44% 8.16
14.8 44.4 5.47 5.42 52.66% 5.89
14.9 45.0 14.01 10.05 45.23% 9.52
14.9 44.8 11.97 9.03 46.62% 8.76
4.8 35.1 14.06 13.97 34.90% 10.29
4.8 35.0 9.00 8.92 41.85% 7.85
5.1 34.8 5.49 5.44 51.16% 5.77
4.8 35.1 9.03 13.99 47.34% 9.02
4.8 35.0 7.03 9.99 51.03% 7.55
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The experimental results for the 10.2 cm diameter, 122cm long DWHR system used in Chapter 6.

Table A-21 Experimental results for the 10.2cm diameter, 122cm long DWHR system by Manufacturer B tested in Chapter 6.

Tcold-in | Thot-in | Cold Flowrate | Hot Flowrate 0 g-cold
(o | o (LPM) v | %] w)
10.1 38.0 5.50 5.46 56.15% 5.97
9.9 37.8 6.99 6.97 52.83% 7.15
9.8 37.9 9.01 8.97 50.25% 8.83
9.8 37.9 10.01 9.97 48.33% 9.46
9.8 38.0 12.02 11.97 44.88% 10.57
9.8 38.1 14.06 13.96 42.29% 11.65
9.6 38.1 18.03 13.01 47.72% 12.33
9.5 37.9 17.00 8.05 62.98% 10.03
9.7 38.1 9.02 18.97 60.40% 10.76
9.7 38.0 10.95 16.01 51.81% 11.18
12.2 37.1 12.99 9.50 54.03% 8.90
12.2 36.9 9.98 8.07 55.65% 7.73
7.1 34.8 10.53 13.49 49.95% 10.14
7.0 34.2 8.51 12.46 56.15% 9.05
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Experimental Data for Appendix A
The results used to generate the plots in Appendix A for flow rates of 5.5, 9.5 and 14 LPM are shown in

Table A-22, Table A-23 and Table A-24, respectively.

Table A-22 - The effectiveness of DWHR tested as part of Appendix-A, for a flow rate of 5.5 LPM.

. o € (%)
Tilt Angle (°) . . . . . .
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #5 Pipe #6
49.1 46.3 55.0 60.8 60.2 65.0
2 48.7 44.9 55.0 60.8 60.1 64.2
44.2 41.8 55.1 59.0 59.6 62.6
10 36.1 354 49.5 441 52.2 52.1
15 35.7 32.1 43.0 41.5 44.0 43.8

Table A-23 - The effectiveness of DWHR tested as part of Appendix-A, for a flow rate of 9.5 LPM.

. o € (%)
Tilt Angle (°) . . . , . .
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #5 Pipe #6
375 38.5 46.3 52.1 50.8 56.5
2 37.2 38.0 44.7 50.4 50.7 55.6
34.5 36.0 42.4 46.1 49.8 53.4
10 29.1 31.8 37.7 37.4 46.5 48.4
15 27.8 28.0 31.5 33.7 41.9 43.9

Table A-24 - The effectiveness of DWHR tested as part of Appendix-A, for a flow rate of 14 LPM.

. . € (%)
Tilt Angle (°) . . . . . .
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #5 Pipe #6

0 31.8 32.9 40.0 45.9 45.6 51.4
2 30.8 32.2 38.7 43.8 45.5 50.6

27.8 30.3 35.9 38.8 44.1 47.7
10 24.3 26.7 30.0 31.7 40.0 41.8
15 22.6 22.7 26.2 28.3 354 37.0
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