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ABSTRACT

Storage type electric water heaters are one of the most comgrfaund type of
heaters in households today. Due to energy costs and ligéedration capacity, there is
a need for improving the efficiency of such water heaters. éffieiency of water heating
systems have impact both at the household and at the naliwedlbecause of their sheer
numbers. Efficient water heaters lead to lower utility bils the consumer and also re-
duced demand on the grid supplying electrical power to swtlséholds. This leads to a
reduction in the amount of fuel used in generating eledtpoaver and potentially, greater
reliance on more efficient baseload generating capacitis fhiesis, investigates the per-
formance of a novel storage type water heater with eleasistance heating elements and
quantifies improvements to the First Hour Rating at no losBr#drgy Factor. The mod-
ified storage type water heater utilizes an internal theyplosn assembly to avoid large
scale internal thermal mixing. First Hour Rating and End¥ggtor Rating have been mea-
sured for a system configured in the conventional form anderthermosyphon form. The
introduction of a thermosyphon assembly into the storadenve significantly improves
the First Hour Rating, by an amount equal to nearly 20%. Cdatfmnal analysis of the
thermosyphon tube is carried out using ANSYS FLUENT. Thee#y profiles and skin
friction coefficients are computed at different sectionshef tube to identify the different

flow regimes and pressure drops across the specific secfitims assembly.
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1. INTRODUCTION

Water heaters are an essential appliance in every houstduag. Water heating
accounts for nearly 15-20% of a home’s energy use and on aagejeabout 64 gallons of
hot water are used everyday in a domestic household. Tagethter, this means that water
heating has a significant impact on national energy use alitgt gtid profiles.

In today’s market, several different types of water heatersarious capacities are
available to the consumer. A first key distinction of suchevdieaters is the type of energy
source used as input . Electric resistance, heat pump andaas heaters represent the
most common forms of electric and fossil-fueled sysetemsseéond key distinction is
based on whether the water heater has a storage capacignanstantaneous water heater.
In spite of having such a wide variety of choices, storage tglectric resistance water
heaters remain the most popular form for domestic use dueetolow cost and reliability.
The storage capacity is essential since the performancéreatents of a 3 gpm (Gallons
Per Minute) flow at a water temperature rise of@4equires approximately six times the
power provided by a 20 A current at 210 V, which is the typiegjuirement for a electric
resistance storage type water heater. Heat pump watersieate provide up to $300 per
year in savings, however heat pump water heaters cost uprteeS the price of an electric
resistance water heater. Electric resistance storagenssr heaters, due to their low cost
and reliability, remain the most common type of water heater

In electric resistance systems, the heating elements daogleetrical energy unit-
for-unit into heat energy which is transferred to the watethie storage volume. In such a
system, there are only two broad sources of thermodynarmifidiency. The most obvious

loss is heat lost to the surrounding atmosphere throughtstet transfer. The second, less



obvious , loss mechanism is irreversibility internal to g8ystem that is sassociated with
internal thermal mixing between the incoming cold water hotwater generated at the
heat transfer surface. Experiments conducted in the past fimt storage type water
heaters operate with a high degree of internal thermal mjxesulting in reduced thermal
performance of such heaters. Due to the ever rising demarehfrgy, energy cost and
non-uniform utility demand profiles, a need for energy edintiwater heaters exists. In the
work described here, experimental and computational tigegsons was carried out on a
residential scale water heater to determine its First Haimig and Energy Factor , along
with the factors controlling it.

For the purpose of experimentation, an-off-the shelf elestorage water heating
system was tested in both its conventional configuration taednovel, thermosyphon-
based configuration. A thermosyphon utilizes buoyancyceffgenerated by a temperature
gradient to circulate a fluid, acting like a weak pump. A thesyphon tube can be cate-
gorized into open loop and closed loop geometries [Torrab@@9]. In an open loop ther-
mosyphon configuration, fluid that is delivered at the ouifethe tube is not recirculated
back to the inlet. In a closed loop configuration, the fluichatdutlet of the thermosyphon
tube is returned to the reservoir, from which the fluid is dramto the thermosyphon tube.
The thermosyphon tube assembly incorporated into theggoralume of the water heat-
ing system is of the latter type. Using industry-standasting methods, the First Hour
Rating and the Energy Factor of the water heater in the th&plmn configuration was
determined. A comprehensive comparison was made betweetwthconfigurations to
enumerate the performance improvement of a thermosyplhetased system over a con-
ventional storage type water heater.

In addition numerical simulations of the thermosyphon agsg with nominal flow

rates were conducted using ANSYS FLUENT to study the inteéffaav dynamics of the



thermosyphon tube assembly. Previous work by [McMenamytamdan, 2006], showed
that the outlet temperature of the fluid, from such thermbsyptube assemblies is par-
ticularly sensitive to the overall flow restriction. Vargtlow restrictions were simulated
in FLUENT along with effects of varying surface roughnessha flow restriction. Skin
friction coefficients and velocity profiles were plotted the thermosyphon tube assembly
and comparisons made to fully developed flow values. Thespresirop across the distinct
sections of the assembly were computed to identify indi@iadwntributions to the overall

losses.



2. LITERATURE REVIEW

Thermal stratification has long been recognized as cemtidésirable behavior of
thermal energy storage devices. However, in systems whadbde simultaneous energy
transfer, stratification is not easily accomplished or rreaned. This is certainly true for
storage type heaters. Neverthless, in a conventionalggdype water heater, the transport
dynamics within the storage volume have controlling imgacthe quantity of hot water
that can be drawn at a particular temperature. Previoustigations [McMenamy and
Homan, 2006], have shown that in conventional systems dbflg 8f the storage volume
is available at the minimum acceptable quality.

Numerous investigations have been carried out in attenoptietermine the opti-
mum design of electric water heaters so as to limit largeesgaking of the water in the
storage volume with the incoming cold water. A dual tank wdteater configuration,
where the second tank had 25% of the total volume and 75% dbthkepower rating re-
sulted in producution of more hot water at reduced energgwoption as described in
[Kerim Kar and Kar, 1996]. Experiments have been carriedvath different inlet and
outlet configurations to determine, which configurationestisuited for the dynamic op-
eration of the water heater. The experiment also helpedrdate the best inlet outlet
configuration pair that gave the best thermal energy effioésn[Ferndndez-Seara et al.,
2007]. A horizontal wedge shaped inlet in the tank resulteidhiproved thermal stratifica-
tion. This helped achieve higher discharge efficiency \&allgetter thermal stratification
was also achieved by increasing aspect ratio and decredsimgoff rates as shown in
[Hegazy and Diab, 2002]. Experiments have also been doneaang the wedge shaped

inlet against slotted and perforated inlets. The expertmyeoncluded that the slotted input



resulted in best thermal performance and was chosen as uitadtls for efficient hotwater
discharge [Hegazy, 2007].

The above investigations, have focussed only on throughkdiaven mixing con-
trolled by inlet jet dynamics. The convntional wisdom istthaixing caused by energy
addition, which results in a strong natural convection pums unavoidable. However
work done by [McMenamy and Homan, 2006], focussed on stupfie effects of imple-
menting a thermosyphon loop inside a conventional resistéieating configuration. A
laboratory scale model, made of uninsulated plexiglastosuse with a bottom inserted
thermosyphon heating element was used. This work conclindedby isolating the energy
addition surfaces, internal mixing caused by energy amitan be avoided, leading to
better stratification and performance gains from such weataters.

Numerical simulations carried out by [Benne and Homan, 20€18died the cou-
pling effect between a natural convection thermosyphop bl a thermal storage device.
Since a thermosyphon tube utilizes buoyance forces tolatea fluid, continuous accu-
mulation of energy in the storage volume, reduces the dyifance and therefore affects
the flow rate of the fluid through the thermosyphon tube assertlvas found that a more
uniform charge could be obtained with a transitional flowimeg

Numerical simulations by [Benne and Homan, 2009] also coetpshe perfor-
mance of a stratified thermosyphon device and a fully mixecage volume. It was de-
termined that a higher rate of energy transfer is possibi@ fihe startified thermosyphon
device when the dominant friction losses were targeteddadrtmsitional regime.

The present work is based on the patented thermosyphon bbksedc resistance
water heaters [Homan, 2006]. It explores the use of therpttmy internals in a conven-
tional off-the-shelf purchased residential scale stotgge water heater. The effects on

the transient performance of a conventional storage tygistesce heater has been inves-



tigated by coupling such a thermosyphon tube assembly Wwéhstorage volume of the
resistance heater. Further, numerical simulations usi§¥S FLUENT have been used
to identify the sections of the thermosyphon tube, where ftmsges are dominant. This
IS necessary for optimising the transient performance @thlermosyphon tube in a finite

reservoir, such as the storage volume of the resistancerheat



3. EXPERIMENTAL PHASE

3.1. INTRODUCTION

First Hour and Energy Factor Ratings are the two industogpted means to mea-
sure the efficiency of a storage type water heater. Starmatdest procedures have been
developed by the United States Department of Energy (DOEJé&bermining the First
Hour and Energy Factor Ratings. The test guidelines arelel@ta volume 10 CFR Part
430 : "Test procedure for water heater; final rule”. Laboratests as per the given guide-
lines have been carried out on a storage type water heathrelectric resistance heating.
The heater has been tested in three different configuratiansinmodified storage water
heater, a modified system operated in conventional contigurand the modified system
operated in thermosyphon configuration. For each of thesgrrations, First Hour and
Energy Factor tests were conducted. Tests were carriechdbeainmodified heater to first
establish baseline results. The system was then modifiesl &oadlow operation either in
the conventional configuration or in a thermosyphon-basediguration. The modified
heater was then operated without a thermosyphon assemla@gtdblish if changes to the
heater shell affected the performance ratings. The heatstthen operated with the ther-

mosyphon assembly installed and tests conducted to quamtifperformance gains.

3.2. EXPERIMENTAL SETUP

3.2.1. Conventional Electric Storage Water Heater.A conventional, off-the-
shelf, 40 gallon storage type water heater with a nominait Fiour Rating of 54 gallons

was used. The standard configuration consists of two aetdotating elements. One is sit-
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Figure 3.1. Conventional storage water heater configuratio

uated at a distance of 33 cm from the top surface of the watgehand a bottom element

is located at a distance of 94 cm from the top surface of themegater. The two heating
elements are rated ats4kW each. The watt transducer has an accuracy of 0.2% of the
reading. The two heating elements operate in a sequencegtanéme. When starting
from a cold start condition, the top heating element enesgand heats up roughly the top
third of the storage volume. The bottom element is then enetlgo complete the heating
process. Figure 3.1 shows the conventional storage waatehsonfiguration.

3.2.2. System Modifications.Figure 3.2 shows the thermosyphon heater configu-
ration. Modifications made to the conventional heater wveslthe use of a thermosyphon
tube assembly. In the thermosyphon tube assembly, grastitygaon density differences
causes fluid momentum generationand an ability to passpatyp the fluid past the en-
closed heating element. The thermosyphon tube assemidist®af a pipe, thatis.& inches
in diameter and 45 inches in length. It is inserted into tretdrethrough a centrally located

hole at the top. A threaded coupling is welded to the top hvatech provides means for se-
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Figure 3.2. Thermosyphon water heater configuration.

curing the thermosyphon assembly at the top. The assembgeiranging at the bottom.
The top heating element is now placed in the lower portiomefthermosyphon assembly.
The thermosyphon assembly draws water from the lower patieoheater, heats up the
water and delivers the plume of hot water to the top. It doestthavoid large scale ther-
mal mixing of the hot and cold water within the storage volurbe hot plume of water

rises through the thermosyphon assembly and exits intottinage volume though slots
drilled near the top of the tube.

3.2.3. Experimental Test Stand.Figure 3.3 shows the complete experimental test
stand. The water heater is provided with type T thermocaumemeasure internal tank
temperatures, as illustrated in Figures 3.1 and 3.2. Tlesenbcouples have an accuracy
of +1°C (1.8°F). These thermocouples are mounted on the internal satafiode. There
are a total of six thermocouples located along the anodeterrdane internal tank tem-
peratures at different heights inside the water heaterrmibeouples are also provided to

measure the outlet water temperature and the ambient gietature.
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Figure 3.3. Experimental test stand.

The water heater is supplied with tap water, routed throudéed water pump
to maintain desired flow rate. An expansion tank is also gkedito compensate for the
fluctuations in the pressure of the water supplied to themegater. During draws, the hot
water is drawn from the system at rate d3 0.25 gpm. This flow rate mentioned, is as per
guidelines given in 10CFR Part 430. A Coriolis type flow metgh an accuracy of 0.5%
of full scale (5 gpm)is used to measure the flow rate. The testgulure requires that, inlet
water to the heater be supplied at44 1.1°C. The building where the experimental setup
is located provides service water at temperatures of 17 t€.181 order to bring down
the water temperature to the required inlet temperaturentbewater is passed through a
copper heat exchanger immersed in an ice bath.

Data aquisition is performed with the help of a LABVIEW pragr. The program
records the internal tank temperatures, the inlet and ttletosater temperatures, as well
as the ambient air temperatures. The flow rate of water isralsasured. The raw data

is stored as an excel file at the end of each experiment. Thaelasavgenerated by the
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LABVIEW program is then processed by a user written MATLABRIepto determine the

Energy Factor Rating, First Hour Rating and other quastiieinterest.

3.3. DATA ANALYSIS

The experimental tests involved determination of First Heating and Energy Fac-
tor on the unmodified and modifed system both with and withloetmosyphon internals.

3.3.1. First Hour Rating. The First Hour Rating is the amount of hot water a
fully charged heater can deliver in a one hour period, with dtlet water temperature
maintained between 57+ 2.8°C and 433+ 2.8°C.

A First Hour Rating Test is started by initiating a draw of eraafter the tank has
reached a maximum mean temperature 02372.8°C. During the draw the flow rate must
be maintained at.8+0.25 gpm. The time when the draw is initiated must be noted amd th
test terminated exactly sixty minutes later. The outletderature of the water is measured
15 seconds after initiating the draw which establishes thgimum outlet temperature for
the draw. The inlet temperature of the water is maintainetdat+ 1.1°C. The initial
hot water draw is terminated when the outlet water tempegattops reduces by 1¥°C.
The volume of water pumped out during this first draw is thetedoSuccessive draws are
initiated when the top thermostat of the water heater reagheset point. At the end of
sixty minutes, if a draw is occuring, it is allowed to contiuntil the outlet temperature
reduces by 13®°C. If a draw is not occuring, power to the heater is shut offrandis
manually initiated and the outlet temperature of water ftbmheater is measured. If after
thirty seconds, the outlet temperature form the water hettes not rise above the cut off
temperature of the previous draw, the amount of water puropéa@fter an elapsed time
of sixty minutes is not added to the total volume of water pachput during the test. If

the outlet water temperature is higher than the minimunettginperature of the previous
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draw, the amount of water withdrawn is included in the totalume of water pumped
out during the test. The total volume of water provided abihneminimally-acceptable
temperature constitutes the First Hour Rating of the watatdr.

3.3.2. Energy Factor. The Energy Factor is intended as an approximation to the
annual efficiency for the useful energy produced by the wagater. The Energy Factor
determines the heater overall efficiency, based on the anwodurot water produced per
unit of energy consumed per day. The energy factor is pdatigusensitive to insulation
level.

In order to determine the energy factor of the water heatetahof 643+ 1 gallons
of water is removed in six equal draws. One-sixth of the tqtentiy of water is pumped
out in each draw. The average outlet temperaflg,s to be maintained at 57+ 2.8°C.
The inlet temperature‘ﬁn is to be maintained at 14+ 1.1°C. The flow rate is to be
maintained at + 0.25 gpm. Each draw of water is followed by a recovery period of
the water heater. The energy consumed in each of the recpeeiyds is then used to
calculate the energy factor of the water heater. Calculatiche energy factor was done
based on the guideline given by DOE in 10 CFR Part 430. Thedtasngiven below are
used to determine the Energy factor of the water heaters. AIMMB code was developed
to automate the calculation of the Energy Factor of the waater.

The energy facto¢, is computed as:

5 MCyi(135°F — 58°F)
Ef = P 3.1
f i; O (3.1)

This quantity represents the ratio of the energy delivesethe water heater relative to the

energy supplied to the water heater. The denomin&gy, is the modified daily water
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heating energy consumption. It is computed as the sum of

Qdm = Qda+ Qnwp (3.2)

where Qqa is the adjusted daily water heating energy consumption. Sewend
term, Quwp represents computation of the adjusted daily consumptiotakes into ac-
count that the temperature difference between the stoaagieaind surrounding ambient air
may not be the nominal value of 67°b(135°F - 67.5°F) or 37.5°C (57.2°C - 19.7°C)
due to the 10F (5.6°C) allowable variation in storage tank temperature, /85 5°F (57.2
°F+2.8°F), and the 5F (2.8°C) allowable variation in surrounding ambient temperature
65 °F (18.3°C) to 70°F (21.1°C). The adjusted daily water heating energy consumption

is computed as:
Qda = Qb — [(Tatby2 — Tasthy2) — (135 F — 67.5°F)|UATgpy 2 (3.3)

Qua = Qb — [(Taby2 — Tashy2) — (57.2°C— 19.7°C)|JUATgpy 2 (3.4)

A modification is also included for, when the temperaturéedénce between the
outlet water temperature and supply water temperaturetisqual to the nominal value of

77°F. This value is computed as

Qnw = Zi

MCpl Tdel i —Tlm)

(3.5)
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The energy required to heat the same quantity of water ovet &142.8°C)

temperature rise , Btu/day (kJ/day)is:

€ MiC,i(135°F - 58°F)

QHw,77F = Z (3.6)
i= Nr
& MiCyi(57.2°F — 14.4°F)

Quw,428°C = Z (3.7)

i= Nr

The difference between these two values is :

Qrwb = Quw,772F — Qrw (3.8)
Qrwb = Quw,422F — Qrw (3.9)

which must be added to the adjusted daily water heating greengsumption value. Thus,

the daily energy consumption value, takes into accountahmperature difference between

the storage tank and ambient temperature may not bée{35.5C) and that the temper-

ature rise across the storage tank may not b&=7(A2.8°C) is: Qgm = Qda+ QuwD-
Finally, Qq is the daily water heating energy consumption when the teatpe

difference between the storage tank ad surrounding amaieist at the nominal value of

67.5°F. o
~ VapCp(T2a—To)

Qi =0Q .

(3.10)
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3.4. RESULTS AND DISCUSSIONS

First Hour and Energy Factor Ratings have been measurelddammodified con-
ventional storage water heater, the modified water heateratipg in the conventional
configuration and the modified water heater in thermosypbafiguration. The First Hour
and Energy Factor Ratings mentioned in this section for e&tie heater configuration is
the average value obtained from carrying out three tests values measured for the First
Hour Rating measured during the tests have a differenge@b gallons from the average
measured First Hour Rating in each of the configuration. &keas no difference in the
measured Energy Factor during the multiple tests condugtedmprehensive comparison
of the measured results is carried out to determine quéiwéitathe advantage of using a
thermosyphon assembly inside the storage volume of a ciomahwater heater.

3.4.1. Unmodified Storage Water Heater SystemThe First Hour Rating test
was carried out to verify the First hour Rating of a 40 galloormodified water heater.
The upper thermostat is set for a temperature o£28B°C. The vertical position of the
upper thermostat corresponds approximately to the sameqgpoas that of thermocouple
number 2. The Bottom thermostat is set to a temperature ¢f5B8°C. The upper ther-
mostat is set at a lower temperature temperature to prevenheating of the water above
thermocouple number 2.

A draw of water is initiated and the time when the draw is atgd is noted. The
outlet water temperature is measured with the help of thertbeouple mounted on the
outlet water pipe as shown in Figure 3.4 . As per the test phoes, laid down by DOE
in 10CFR Part 430, termination of the hot water draw occuremiie outlet temperature
decreases by 13+ 2.8°C.

The internal tank temperatures shown in Figure 3.5 givear gieture of the entire

charging-discharging process. During the discharginggss, the internal temperatures
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Figure 3.4. Dimensional outlet water temperature measduethg a First Hour Rating
Test of a 40 gallon unmodified water heater during. The higbetet water temperature
measured during each draw can be seen in the graph. The draatefterminates when
the outlet water temperature drops bydX. The test therefore had 3 separate discharges
that sequences within the 60 minute test.

fall due to the fact that the hot water inside the tank is beisgd and the volume of used
hot water is being replaced by cold water coming in from thedwo of the water heater.
For this reason thermocouples 4, 5 and 6 show a rapid reduictiemperature almost
as soon as the draw is initiated. During the charging proceeshermocouples show an
increase in temperature. Thermocouples 1 and 2 are of plartiaterest here as they show
the maximum rise in temperature. Initially during the drélvg bottom thermostat senses
a drop in temperature due to the incoming cold water. Theobothermostat becomes
unsatisfied causing the bottom heating element to energ§&the draw continues, the cold

water entering the water heater fills up the heater and calisgésp thermostat to become



17

(o2}
o

C
N N )
o O O

o1

Temperature in
w w

o

*\

N
a1
T
o
I

* OOB\>~44_‘/7~\\
0000000000000000000GFw — — — — — — — — -
*******ii%*******%******Q%EQ@Q@@Q@@@@@Q@@@Q@Q@Q@@QQQQQ@@@

\_‘___,_/—//_/\—/__,_v\__

N
o
T

10 20 30 40 50 60
Time in minutes

o
o

Figure 3.5. Dimensional internal tank temperatures shawrah unmodified 40 gallon
water heater during a First Hour Rating test. Dischargirdyarbsequent charging periods
of the water heater can be seen from the fall and rise in tleenat tank temperature.

unsatisfied. Once the top thermostat drops below its sdfpbim top heating element is
energized and the bottom heating element cuts out.

A plot of cumulative volume withdrawn, shown in Figure 3.@dicates that suc-
cessive draws are shorter compared to the first draw. Thepfesédures, laid down in
10CFR part 430 requires that successive draws be initiateshwhe heating element in-
volved in the successive charging process, in this cas@fhledating element cuts off due
to the thermostat being satisfied. As seen in Figure 3.5,héypens when the average
tank temperature is lower than the average tank temperptigeto the first draw. As a
result, the outlet temperature drops faster as compardrbtiirst draw resulting in shorter

successive draws. For the specific test illustrated, thaéid draws shown in Figure 3.5
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Figure 3.6. Dimensional volume of water pumped out duringst Flour Rating test of an
unmodified 40 gallon water heater.

occured. No valid draws were made after the elapsed time afifQtes. Table 3.1 gives
the volume of water recorded for each draw for the differeattawheater configurations.
In the Energy Factor test, a total of six draws were made duha test. Figure 3.7
shows the instantaneous power input to the heater. Whemaisiraade, the bottom ther-
mostat becomes unsatisfied first and the lower heating eleisienergized. During the
entire recovery period, only the bottom heating elemenhe&sgized. This is because only
about 10.7 gallons are withdrawn each draw and such smaillsdda not cause the top
thermostat to become unsatisfied and the top heating eldmenergize. This can also be
seen from Figure 3.8 showing the internal tank temperatufég top three Thermocou-
ples, labeled 1,2 and 3, do not show an appreciable drop ipgsature when the draw is

made, only the bottom thermocouples show a decrease theraking the lower thermo-
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Table 3.1. Dimensional volume of water pumped out in galldnsng each draw in the
First Hour Rating test.

Configuration One Two Three Four
Unmodified 31.1 10.1 10.2 -
Modified without thermosyphon 30.6 10.0 10.1 -
With thermosyphon 335 10.2 109 9.0

stat unsatisfied and energizing the lower heating elemers. also seen that the heating
element is energized twice for shorter periods during stgndhis is done by the heater to
take care of a fall in internal temperatures during the dtgnmkriod. The energy factor of
the water heater was calculated using a MATLAB code.

3.4.2. Modified Water Heater in Conventional Configuration. The modified
water heater, with the centrally located opening on thewas, first operated in the conven-
tional configuration. The additional top opening was pluged the two heating elements
placed in their usual locations. The water heater was op@raithout the thermosyphon
assembly. The First Hour and Energy Factor tests were coediaad the results were com-
pared against baseline results generated from the coomahtinmodified water heater.
This comparison is important to establish whether modificastto the water heater affect
the First Hour and Energy Factor rating of the water heatigiuré 3.9 shows the internal
tank temperature profiles when the modified water heateresabgd in the conventional
configuration. The modified water heater, operating in theventional configuration, has
similar internal tank temperature profiles as the conveali@onfiguration. Figure 3.10
shows the volume of water pumped out during the First Houingaest. The volume
of water pumped out in each draw is similar to the unmodifietewheater. The small

differences in the values observed can be attributed to malifferences in experimental
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Figure 3.7. Dimensional instantaneous power input to thmadified 40 gallon water
heater during the simulated 24 hour Energy Factor test.

conditions, such as inlet water temperature, ambient testyre etc. Table 3.1 shows the
volume of water pumped out in each draw during the First Haoatirfg test. The conclu-
sion is that the modified water heater operating in the canweal configuration behaves
almost identical to the unmodified water heater.

Energy Factor tests were also carried out on the modifiedr\natgers, again with-
out installing the thermosyphon assembly. The primary psepof these tests was to de-
termine, if the added port created a change in the EnergpFRetting of the water heater.
The First Hour Rating tests indicated that, the centralgated hole did not cause any
change to the First Hour Rating. Figure 3.11 and 3.12 shown8tantaneous power input
and the tank temperatures of the water modified water he@berse appear very similar

to those plotted for the unmodified water heaters. The entctpr calculated for the
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Figure 3.8. Dimensional internal tank temperatures for amadified 40 gallon water
heater plotted against time during the simulated 24 hourdynéactor test. Discharging
and subsequent charging periods of the water heater carebdrsen the fall and rise in
the internal tank temperature.

modified water heater was similar to the unmodified waterdreset shown in Table 3.2

3.4.3. Modified Water Heater in Thermosyphon Configuration. Finally the same
First Hour Rating test procedures were followed for the wiagater with the thermosyphon
assembly installed. The water heater was first filled withl ezhter and then the elements
were energized in sequence. The first element to energibe Iseating element inside the
thermosyphon assembly.

The initial charging process from a cold initial conditidmosvs significant differ-
ences as compared to the conventional configuration. Thiéngeslement to start the
charging process is the element inside the thermosyphemédg This results in a plume

of hot water rising up the thermosyphon assembly and emgenito the storage volume
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Figure 3.9. Dimensional internal tank temperatures shawmfodified 40 gallon water

heater, operated in the conventional configuration durigrst Hour Rating test. Dis-

charging and subsequent charging periods of the waterrnesatde seen from the fall and
rise in the internal tank temperature.

through the exit ports at the top. Due to this process hapgethie top thermocouple
shows a rapid increase in temperature. With appropriate féstriction it can be seen
that the thermocouple shows a rapid rise in temperature 684G before slowing down.
Figure 3.13 shows the internal tank temperatures duringhleging and the discharging
periods. Notably the other thermocouples do not show anyeggble change during this
period. Once the top thermocouple reache$Gats rise in temperature slows down and
thermocouple 2 starts to show an increase in temperaturgisibecause of the continous
heating provided by the heating element in the thermosyplseambly and the cold water
in the storage volume being replaced by the hot plume of wadidéing the thermosyphon

assembly and entering into the storage volume. A naturalemion loop is set up in-
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Figure 3.10. Dimensional volume of water pumped out durifgrst Hour Rating test of
an modified 40 gallon water heater, operated in the convealtmnfiguration.

side the heater storage volume and as the hot and cold wéeiace moves towards the
bottom, the driving power of this natural convection looguees. The top thermostat set-
tings was reduced to 4T so as to avoid over heating the water to beyond the acceptabl
limit in the space above the top thermocouple. It can alsoelea rom Figure 3.13, that
thermocouples 2 and 3 show a rise in temperature before titengeslement inside the
thermosyphon deenergizes.

Also evident in Figure 3.13, is the fact that the thermosypbased assembly has
a shorter charging period, which resulted in 3 chargingqgaksrias compared to only 2
charging periods with the unmodified water heater. Figutd 3hows the total volume of
water pumped out. The first draw is larger than the first drasn@tinmodified water heater.

The reason for the increase in the first draw is because withmbdified water heater,
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Figure 3.11. Dimensional instantaneous power input to thgatlon water heater during
the simulated 24 hour Energy Factor Test. The water heatemvealified to accomodate
the thermosyphon assembly. During this test the water heat® operated without a ther-
mosyhon.

when the bottom thermostat first gets unsatisfied during ibehdrge process, control is
transferred to the the heating element inside the therntmsyassembly. Hot water plumes
are continuously discharged into the storage volume of thiemheater. From the graph
showing the internal temperatures in Figure 3.14, it isrtyeseen that the thermocouples
show a gradual decrease in temperature as compared to thoalifieth water heater. This
results in a longer first discharge, which in turn results larger volume of water being
pumped out during the first draw.

With the modified water heater Figure 3.14 shows that, folidwiraws are made
as compared to the 3 draws made with the unmodified watermdatine modifed water

heater the last valid draw is made after the elapsed time ofif0tes. The draw is counted
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Figure 3.12. Dimensional internal tank temperatures foiodified 40 gallon water heater
operated without a thermosyphon assembly plotted agamstduring the simulated 24
hour Energy Factor test. Discharging and subsequent ctippgiriods of the water heater
can be seen from the fall and rise in the internal tank tempexa he water heater was
modified to accomodate a thermosyphon assembly. Duringdbkighe water heater was
operated without a thermosyphon.

as a valid draw, since the outlet temperature of the wateenvthe discharge was made,
was higher than the previous draws cut off temperature. Anrtion of the difference
between the FHR of the modified and unmodified water heatecsusted for in this final
draw. A total of 9.0 gallons were pumped out during this drafe plot showing the outlet
temperature of water that the fourth draw is a valid draw. Miagimum outlet temperature
for the fourth draw is 52+ 2.8°C, which is higher than the cut off temperature of the
previous draw. Table 3.2 shows the First Hour Rating and therdy Factor Rating of
the water heater in the three different configurations. Tlodifred water heater with the

thermosyphon assembly, has an increased First Hour Rating.
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Figure 3.13. Dimensional internal tank temperatures @tbtigainst time for 40 gallon
modified water heater operated with a thermosyphon assendtélled during a First Hour

Rating test. Charging and discharging periods of the wagatdr can be seen from the rise
and fall in the internal tank temperature.

Energy factor tests were also conducted with the water heatein the ther-
mosyphon configuration. The energy factor test was conduntaccordance to the test
procedures laid down in 10CFR Part 430. The water heater Wexs \firith cold water and
then the heating elements were energized in sequencagtasith the heating element in
the thermosyphon assembly.

The Energy Factor test requires six equal draws of 10.7 g&ll®his small amount
of water only unsatisfies the bottom thermostat. The tentpexgrofiles in Figure 3.15
indicate that the top 3 thermocouples do not show any sigmifidrop in temperature.
Figure 3.16 shows the instantaneous power input to the vitgter. Only the bottom

heating element can get energized as energizing the topyed¢ment in such conditions
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Figure 3.14. Dimensional volume of water pumped out plo#&gainst time during a First
Hour Rating test of a modified 40 gallon water heater operatighl an installed ther-
mosyphon assembly plotted against time.

will result in water temperatures beyond the necessaryt.limmiterestingly Figure 3.16
shows that the power input to the water heater in the therpiamy configuration is very
similar to the unmodified water heater. The energy factohé&dfore insensitive to the
different configurations as indicated in Table 3.2.

3.4.4. Conclusion.The First Hour Rating and Energy Factor Rating of a storage
type water heater was recorded. Baseline tests were firstucted, to etablish that the
standardized test procedures are being followed. Theibadekts yielded values similar
to manufacturer claimed values. It is seen that a modifie@matater operating without
a thermosyphon, behaves similar to the water heater in aeatiomal configuration. The

First Hour and Energy Factor Ratings obtained are similah&values obtained from
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Table 3.2. First Hour Rating and Energy Factor of a 40 gallatewheater in the three
different configurations. The values measured for the FHir Rating during the tests
have a difference ot 0.5 gallons from the average measured First Hour Ratingah ef
the configuration, while the values for the Energy was clogbé¢ average measured value
of 0.89

Configuration FHR EF
Unmodified water heater 51.5 0.89
Modified water heater without thermosyphon 50.9 0.89
With thermosyphon 63.7 0.89

the conventional configuration. Addition of a thermosyplagsembly to the water heater
resulted in significant performanc gains. The thermosy@ssembly helped achieve better
stratification, which improved the First Hour Rating of thater heater. Increments of up to
10 gallons have been achieved with the thermosyphon coatfiguar It is also noted that the
Energy Factor Rating of the water heater remains unchamgatithe three configurations.
Therefore, the addition of a thermosyphon assembly previignificant improvement in

thermal performance of the water heater.
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Figure 3.15. Dimensional internal tank temperatures @tbéigainst time for a modified 40
gallon water heater operated with a thermosyphon assembitygithe simulated 24 hour
Energy Factor test. Discharging and subsequent chargingadseof the water heater can
be seen from the fall and rise in the internal tank tempeegatur
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Figure 3.16. Dimensional instantaneous power input to tbdified 40 gallon water heater
operated with a thermosyphon assembly during the simutdtwur Energy Factor test.



31

4. COMPUTATIONAL PHASE

4.1. PROBLEM SETUP IN FLUENT

It is important to design the thermosyphon assembly sudtatheaminally constant
temperature within acceptable limits, is available at tregrmosyphon outlet. Understand-
ing internal flow dynamics is essential in achieving themjalithermosyphon design. The
outlet temperature from the thermosyphon assembly is lladgpendent on the flow re-
striction diameter placed inside the thermosyphon asseasdhown by [McMenamy and
Homan, 2006]. As a first step in the design of a thermosyphearakly, 2D numerical
simulations of a simplified thermosyphon assembly have loaemed out using ANSYS
FLUENT, to study the internal flow dynamics. Varying flow mésion diameters have
been simulated in ANSYS FLUENT, as it is a crucial componardictating the perfor-
mance of the thermosyphon assembly. The effects of varjiegtirface roughness of the
flow restriction has also been studied. In order to analysernternal flow dynamics, skin
friction coefficients and velocity profiles have been pldtter the thermosyphon assembly
and quantitative comparisons have been made to fully dpedlfiow values. In an opti-
mal design of the thermosyphon assembly, it is desirableliceae the dominant pressure
loss across the flow restriction element. The pressure droguss the different sections
of the thermosyphon assembly has been computed to undetstanmulti dimensionality
affects the pressure drop.

4.1.1. Thermosyphon Geometry.The tube geometry is drawn using the Design
Modeler in ANSYS FLUENT. The thermosyphon assembly is ddddnto three distinct
sections: heater, straightening and flow restriction easti Figure 4.1 illustrates the dif-

ferent sections of the thermosyphon tube geometry. Thelestgth of the thermosyphon
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Figure 4.1. The thermposyphon geometry divided into heategiightening and flow re-
striction section. Gravity is acting in the downward direntas shown in the picture.

tube is L=49 inches. The inner diameter of the tubB4s= 1.5 inches in the straightening
section. The length and diameter of the thermosyphon adgendiches the dimensions
of the experimental thermosyphon assembly. The diametdreothermoyphon tube ge-
ometry in the flow restriction section is denoted Dy and is varied between.® inch,
0.375 inch and 25 inch respectively. Three different types of heater gométions have
been considered in the thermosyphon assembly. Figuregl82 and 4.4 show the differ-
ent heater geometries simulated in ANSYS FLUENT. The cyload heater has a length
Ly = 7.25 inches and a diametBy, = 1.375 inches. An alternate cylindrical heater with
a lengthLy, = 7.64 inches and a diametBy, = 1.25 inches. A toroidal heater with a total
of nine heating rings, each of diamef&; = 0.3125 inch as seen in 2D, spanning a length
Ly = 4.5 inches. One half of the thermosyphon tube geometry wasrdimaD in the
design modeler to be simulated as an axisymmetric case. &dbk heaters have a fixed

surface area of 30 fo
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Figure 4.2. Cylindrical heater geometry simulated in ANSMSJENT. Gravity is acting
in the downward directionLy, is the length of the heating sectidy is the length of the
straightening section and is the length of the restriction section. one half of the alttu
geometry is shown.

4.1.2. Boundary Conditions and Fluid Properties. The inlet boundary condition
of the thermosyphon tube is set to a constant mass flow witteaofan = 0.026 kg/s for
a low flow condition andn'= 0.102 kg/s for a high flow condition. The low flow condi-
tion is solved numerically using the molecular viscositydal(laminar) and the high flow
condition is solved using the Standdedo turbulence model. Figure 4.5 shows the skin
friction coefficients for simple pipe plotted at a flow velgcof 0.22 m/s. It is seen that
the Standard-w model produces results closest to the molecular viscosiyeh Hence
the Standardk-w model was chosen as the turbulence viscocity model. The ifificlv
temperature is fixed at 288 K. The outlet of the thermosyplube tis set as a pressure
outlet boundary condition. For the cylindrical heater, thiet temperature from the ther-
mosyphon at a mass flow raterof= 0.026 kg/s corresponds to 318 K. At a mass flow rate

of m= 0.102 kg/s, the outlet temperature is 313 K. For the alternate cyiliatiheater,
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Figure 4.3. Alternate cylindrical heater geometry simedian ANSYS FLUENT. Gravity

Is acting in the downward directiohy, is the length of the heating sectidy, is the length

of the straightening section and is the length of the restriction section.one half of the
actual geometry is shown.

the outlet temperature at = 0.026 kg/s is 349 K and atn'= 0.102 kg/s the outlet tem-
perature is 317 K. With the toroidal heater, the outlet terappee from the thermosyphon
tube is 347 K atn'= 0.026 kg/s and 310 K am'= 0.102 kg/s. The heater has a constant
heat flux of 236842 Wm?K. The walls of the thermosyphon tube were taken as adiabatic
Variations in outlet temperature occur between differezdthr geometries due to the heat
transfer regime being predominantly forced in the case lridsical and it being mixed in
the toroidal heater.

The simulated fluid is water with a density pf= 9982 kg/m3. The impact of
gravity on the flow field is modeled by the Boussinessq appnation. The specific heat
is taken to be constant &, = 4.182 kJkgK. The thermal conductivity is set to k =
0.6 w/mK. The fluid has a viscocity gfi = 0.001003 kgm.s and the thermal expansion
coefficient is set to @0347 Y/K.
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Figure 4.4. Toroidal heater geometry simulated in ANSYS ENIT. Gravity is acting in
the downward directionLy, is the length of the heating sectiobs is the length of the
straightening section and is the length of the restriction section. one half of the alttu
geometry is shown.

The steady-state, pressure-based solver is used withygaating in the downward
direction. The solver scheme is set to SIMPLE with a Leastses cell-based gradient.
The pressure gradient is set to body force weighted with tbmemtum and energy gra-
dient set to second order upwind. Default under relaxa@atofs have been used and the
residuals are set to 18. Each simulation was initialized from the inlet boundarypdiion.

4.1.3. Meshing and Grid Convergence High quality meshing of the thermosyphon
tube geometry is critical to obtain accurate results froftdENT simulation. The ther-
mosyphon tube geometry was meshed using the meshing sefewailable in ANSYS
Workbench. The entire thermosyphon assembly was meshed gsadrilateral meshing
elements.

A grid convergence study was carried out on the thermosyplssambly with an

integral heater, in which the heat flux was imparted to a ponif the thermosyphon assem-
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Figure 4.5. Skin friction coefficient plotted for a simplgpiwith velocity inlet condition
of 0.22 m/s. The skin friction coefficient of the Standdtdo model comes closest to the
molecular viscosity(laminar) model.

bly, to verify if the results obtained were mesh resolutiotdpendent. The thermosyphon
tube geometry was simulated in FLUENT and the skin frictioafticient was plotted first
for a mesh with 10000 elements. The same tube geometry wasagad with 25000 and
40000 elements and the skin friction coefficient was ploftedhe straightening section
of the thermosyphon assembly in each case. The length &vekag friction coefficient
was also computed analytically for the straightening sectif the thermosyphon assem-
bly. The results indicate no difference in the skin frictmefficients plotted for the 25000
element and the 40000 element mesh. Figure 4.6 shows thé&iskion coefficients plot-
ted for the thermosyphon tube geometry for a 10000, 2500@8000 element mesh. The

skinfriction coefficient values plotted for the 25000 and®@0 element mesh overlap each
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Figure 4.6. Skin friction coefficient plotted for the thersyphon assembly using 10k, 25k
and 40k element mesh for grid convergence study.

other. The value of skin friction coefficient using the 10@88ment mesh is shown by
the dotted line. The length averaged skin friction coeffitiealculated analytically in the
straightening section 8 = 0.014, this matched with the length averaged skin friction co-
efficient values generated by the 25000 and 40000 elemeiit. ireslength averaged skin
friction coefficent for the 10000 element mesiCis= 0.0179. From the grid convergence

results, a 25000 element mesh was selected for all furthmrlations.
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4.2. RESULTS AND DISCUSSION

Steady state solutions are obtained for low- and high- fload@®mns through the
thermosyphon assembly. In the thermosyphon assemblytygeating on the temperature
differences circulates the fluid through the thermosyphdet eliminating the need for
a separate mechanical pump. The high and low-flow conditongspond to conditions
at the start of the charging process and closer to the endeafhtarging process. Under
these conditions, the loop driving pressure is at its marmand at its lowest value. Under-
standing flow dynamics inside the thermosyphon assembgsergial to being able to fully
predict its behavior, since the assembly may contain pwstad both laminar and turbulent
flow regimes. Previous investigations by [Benne and Homag8Phave identified the
transitional regime, where the Reynolds number falls indtder of magnitude of 0as
best suited in storage-coupled thermosyphon systemsptainming more nearly uniform
outlet temperatures. The analysis presumed, howeverttltadtow losses were entirely
contained in the flow restriction section. Velocity profikasd the resulting skin friction
coefficients have been examined for each of the three sedaassess this simplification.

The pressure drops across the different sections of thehane also been identi-
fied. The results provide insight for determining appraergeometry for desired transient
performance of the novel thermosyphon assembly, when eduplthe storage volume.

The restriction section is investigated first, for the vasoesults of interest as men-
tined above. The flow restriction element is the componergtragtical to obtaining de-
sired transient performance. The straightening sectiovestigated next, followed by the
heater section. In the heater section, the skin frictiorifmbents prove to be effected by

gravity thereby indicating a mixed convection regime.
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Figure 4.7. Velocity profiles at inlet to the flow restrictidor n = 0.026 kg/s. The
Reynolds number in the restriction section for this casees=R2710. Numerical com-
putations were carried out using the molecular viscositgahtaminar).

4.2.1. Flow Restriction Section.The flow restriction section is taken as six inches
long, similar to that of the empirically tested assemblye TRlocity profiles at the inlet to
the restriction section have been plotted for mass flow coeditions ofmi= 0.026 kg/s
and 0102 kg/s. Figure 4.7 and 4.8 show the velocity profiles at the two rflassrates
respectively. The flat velocty profile seen in the plots is tluthe the sudden change in
geometry from the straightening section with a diametddo# 1.5 inches, to the restric-
tion section which has a diameter = 0.5 inch. The Reynolds number, at the entrance to
restriction section is Re- 2710, when the mass flow rate,= 0.026 kg/s and Re= 10200
when the mass flow rate is= 0.102 kg/sec. Thus, at the low flow rate, the flow is just in-

side the laminar regime within the flow restriction. Howeaethe high flow rate, the flow
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Figure 4.8. Velocity profiles at inlet to the flow restrictidor i = 0.102 kg/s. The
Reynolds number in the restriction section for this casesis=R0200. Numerical compu-
tations were carried out using the Standérd turbulence viscosity model.

regime in the restriction section is fully turbulent. Floev@lopment inside the restriction
section is revealed by velocity profiles plotted at equalatises along the length of the
flow restriction. The velocity profiles at low and high floweatare shown in Figure 4.9
and 4.10 resectively. The velocity profiles inside the retstn element do not appear to
be substantially developing, indicating fully developexhl

The skin friction coefficient in th®, = 0.5 inch restriction, for a fully developed

flow at a mass flow rate oh= 0.026 kg/s and Re= 2170 is given by the expression

64

C = —
"~ Re

(4.1)

At this flow rate,C; = 0.029. At a mass flow rate o= 0.102 kg/s and Re= 10200, the
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Figure 4.9. Velocity profiles at equal distances along thev flestriction form =
0.026 kg/s. The velocity profiles show very little development, irating that the flow
is fully developed. The heater geometry is cylindrical.

skin friction coefficient, given by the Blasius relation

Ci="00 @2)
Res
is 0.00786. Similarly, for th®, = 0.375 inch flow restriction, fully developed skin friction
coefficients are 0.0201 and 0.0075. WhereasDioe= 0.625 inch flow restriction, fully
developed skin friction coefficients are 0.031 and 0.008Riyure 4.11 shows the skin
friction coefficient for varyingD, at a mass flow rate of 0.026 kg/s. The values obtained
from ANSYS FLUENT indicate the skin friction coefficientseasisymptoting to a constant

value, indicating the flow could be fully developed inside thstriction. Figure 4.12 shows

the skin friction cofficient at varyin@®, atm= 0.102 kg/s. The value of the skin friction
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Figure 4.10. \elocity profiles at equal distances along tbe frestriction form =
0.102 kg/s. The velocity profiles indicate that the flow is fully devednl. The heater
geometry is cylindrical.

coefficients is again sen to asymptote to a constant value.

There are differences in the values of the skin friction cadfit obtained analyti-
cally and numerically for both low and high-flow conditio#dthough the Reynolds num-
ber obtained suggests that the low-flow and high-flow coowléticorrespond to flow in the
laminar and turbulent regimes, there could be transitifloal in certain portions of the
restriction. Transitional flow could lead to instabilities the numerical solution due to
their inherent complexity. The entrance lengthlpr= 0.5 inch at low flow conditions is
81.3 inches, foD; = 0.375 inch it is 713 inches and foD, = 0.625 inch it is 765 inches.
However with the length of the restriction section beingyo@linches, indications of a

fully developed flow can be attributed to the use of a highty@ified model to study a
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Figure 4.11. Skin friction coefficient in the flow restriaticection forD, = 0.5 inch,

D, = 0.375 inch andD, = 0.625 inch flow restriction elements, with cylindrical heater
for m = 0.026 kg/s. The Reynolds number in the restriction section is 217@03nd
2040 respectively. Numerical computations were carrigidusing the molecular viscosity
(laminar) model.

transitional flow regime generated in the flow restrictionsifplified model such as the
one used here may not be able to effectively capture theteftéa transitional flow in the
flow restriction element.

The skin friction coefficient is also plotted fory = 0.5 inch flow restriction with
varying surface roughness. The mass flow rate4s0.102 kg/s and Re=9170. The skin
friction coefficient for a fully developed flow in a rough pigedetermined analytically by

the Colebrook equation given by

1 1 251
—__ o0l
01%9(3 75, * ReF’

3
NG (4.3)
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Figure 4.12. Skin friction coefficient in the flow restriaticection forD, = 0.5 inch,
D, = 0.375 inch and; = 0.625 inch flow restriction elements, with cylindrical hediar
m= 0.10%g/s. The Reynolds number in the restriction section is 10208002nd 8170
respectively. Numerical computations were carried outgihhe Standar# - turbulence
viscosity model.

the skin friction coefficent foks/D; = 0.002 is 0.034, for &s/D; = 0.01, the skin friction
coefficient is 0.043 and fd/D, = 0.05, the skin friction coefficient is 0.073. Figure 4.13
shows the skin friction coefficient for varying roughnesghe restriction section. There
are differences between the values of the skin frictionfadeht predicted numerically and
those obtained analytically. One possible reason can tieudéd to the number of elements
in the restriction section. Grid resolution was carried bytcomparing the numerical
values of the skin friction coefficient in the straightensegtion against analytical values.
Although the number of elements is maintained at 25000, ibtilalition of elemennts

in the restrication is possibly not sufficient to obtain aate results. There is also the
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Figure 4.13. Skin friction coefficient in the flow restriaticection for varying surface
roughness given b /D, = 0.002,Ks/D,; = 0.01 andks/D, = 0.05, with cylindrical heater
for m= 0.102 kg/s. The Reynolds number in the restriction section is 917peesvely.
Numerical computations were carried out using the Stan#atd turbulence viscosity
model.

possibility of the flow regime being transitional which cduéad to uncertainities in the
results.

4.2.2. Straightening Section.In the straightening section the diamiy= 1.5 inches.
At a mass flow rate ofn= 0.026 kg/s, the value of the Reynolds number is only 934, well
below the often used boundary of 2300 between laminar abdlemt regimes. Figure 4.14
shows the velocity profiles at the inlet to the straightersi@ction for different heater gome-
tries. For all the three heater geometries, it can be seeththflow is developing at the inlet
to the straightening section. The cylindrical and altegregdindrical velocity profiles show

similar velocity profiles, with the alternate cylindricaditer’s velocity peaking at a slightly
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Figure 4.14. Velocity profiles at inlet to the straightengggtion form = 0.026 kg/s. The
Reynolds number in the restriction section for this caseeis-R34. Numerical computa-
tions were carried out using the molecular viscosity model.

higher value than the cylnidrical heater. The peaks appean approximate location of
0.90 corresponding to the x coordinate for the cylindricter and at an approximate lo-
cation of 0.875 for the alternate cylindrical heater. Therdmates correspond to the space
between the heater wall and the thermosyphon wall, wherdulteflows. The toroidal
heater has a different profile as compared to the two cyliatihieaters. The toroidal heater
has a peak at ax coordfinate location of 0.6, this corresponds to the plunoelpced by
the heating rings along the center of the thermosyphon ddgem

Figure 4.15 shows the temperature profiles at the inlet tattagghtening section
for the three different heater geometries. The tempergitgfles for the cylindrical and

alternate cylindrical heater have their peak atxasoordinate location of 0.82 and 0.90,
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Figure 4.15. Temperature profiles at inlet to the straightgsection for an= 0.026 kg/s.

Peaks in the graph correspond to approximate flow passaggdos occuring between the
heater and the thermosyphon wall.

corresponding to the flow passage between the heater anfuetimedsyphon wall.

Velocity profiles at the inlet to the straightening section the high flow rate of
m= 0.102 kg/s an Reynolds number Re 3700 shows developing flow at the inlet to the
straightening section. Figure 4.16 shows the velocity [@®At the inlet to the straightening
section wherm'= 0.102 kg/s. The toroidal heater in this case, has a much flatter profile
compared to the previous case. This is due to the dissipatisimg from the higher flow
rate of 0.102 kg/s. Figure 4.17 shows the temperature psddiiénlet to the straightening
section . The toroidal heater shows a flat temperature peditcdmpared to the other heater
configurations. To understand how the flow develops alondgtigth of the straightening

section, velocity profiles are drawn at equidistant locaialong the length of the tube.
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Figure 4.16. \elocity profiles at inlet to the straightenisertion formi = 0.102 kg/s.
The Reynolds number in the restriction section for this dasee= 3700. Numerical
computations were carried out using the SKRw turbulence viscosity model.

Figure 4.18 shows the velocity profiles in the straightersagtion for a mass flow rate of
0.026 kg/s. There is very little variation in the velocityofites plotted along the length of
the straightening section , indicating that the flow is fudigveloped. Figure 4.19 shows
the temperature profiles for laminar flow condition in thegthtening section. It is seen
that the temperature in straightening section of the tulvermes uniform downstream of
the heater. Figure 4.20 and 4.21 show the velocity and teatyrerprofiles for a mass flow
rate of 0.102 kg/s. The shape of the velocity profile does hahge beyona/Ls = 0.25,

indicating that the flow is fully developed. The temperatprefile indicates that there is
uniform temperature in the tube similiar to the conditionentthe mass flow rate is 0.026

kg/s.
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Figure 4.17. Temperature profiles at inlet to the straightgeection form = 0.102 kg/s.
Peaks in the graph correspond to approximate flow passaggdos occuring between the
heater and the thermosyphon wall.

The skin friction coefficient is computed analytically fofidly developed flow in

the straightening section, using the Darcy friction facgipren by:

_ b4

Cst R

(4.4)

Whenm = 0.026 kg/s, Re= 934 the skin friction coeficier®; = 0.068. However when
m= 0.102 kg/s, the corresponding Reynolds number, Re is 3700, a valueedhe usual
2300 demarcation. The skin friction coefficient for turttléully develped flow in the
straightening section is then once again determined by & relation an@¢ = 0.010.
The skin friction coefficientCs, is also computed numerically in ANSYS FLUENT and

is plotted at the two different mass flow rates of 0.026 kgt @102 kg/s as shown in
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Figure 4.18. Velocity profiles at equal distances along émgth of the straightening sec-
tion for m= 0.026 kg/s. The velocity profiles indicate that the flow is fully devedal.
The heater geometry is cylindrical. Numerical computaiarere carried out using the
molecular viscosity model.

Figure 4.22 . The value of skin friction coefficient asymp®to a constant value in the
straightening section for both mass flow rate conditions.iffetnce between the values
computed analytically and that obtained numerically frodt ENT when the mass flow
rate is 0.026 kg/s is noted in the graph. The value of the slatidn coefficient using the
Standarck-w model yields values similar to analytical results. The e#ioprofile plots
in the straightening section indicate that the flow is fulgvedloped. The analytical values
for the entrance length indicate .84inches and 13 inches for the low and high mass
flow rates respectively. The discrepency in the skin frictioefficient at a low mass flow
condition can be due to the flow actually developing in thaightening section, rather

than being fully devloped.
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Figure 4.19. Temperature profiles along the length of thaigitening section for
m= 0.026 kg/s. The temperature profiles indicate uniform temperatus&@the ther-

mosyphon tube assembly. Numerical computations wereechaiit using the molecular
viscosity model.

4.2.3. Heater Section.In the heater section, a large constant heat flux is imposed
as a thermal boundary condition. Since gravity acts in thendeard direction, the heat
addition causes an increase in the velocity of the fluid doslee heater and leads to mixed
convection as described in [Metais and Eckert, 1964]. Theschconvection condition is
one in which the velocity field is impacted by the heat trandfggure 4.23 shows that for
Reynols number in the order of 1@nd with sufficiently large Grashof numbers, which is
the ratio of bouyancy forces to the viscous forces acting fini@d, heat transfer regime in
the fluid is in the mixed convection regime.

For the cylindrical heater configuration, with a mass flowerat 0.026 kg/s, the

Reynold’s number Re- 10600. The skin friction coefficient for a fully developedviio
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Figure 4.20. Velocity profiles at equal distances along émgth of the straightening sec-
tion for m= 0.102 kg/s. The velocity profiles indicate that the flow is fully devedal.
The heater geometry is cylindrical. Numerical computaiarere carried out using the
Standard-w turbulence viscosity model.

under these conditions, given by the Blasius relation i91070 When the mass flow rate
is 0.102 kg/s, the Reynolds number Ret1700. The skin friction coefficient for a fully
developed flow under these conditions, given by the Blasletion, is 0.0055. From
Figure 4.24 and 4.25, it is seen that the numerically contpskén friction coefficients
tend to asymptote to a constant value. Difference betweeratialytical and numerical
values of skin friction coefficients is noticed in the heatection. Although the cylindrical
heater has high fluid velocities, the effect of gravity agton the fluid, coupled with a
large amount of heat flux imposed can lead to partial mixedection in this section. Itis
known from previous investigations that in a mixed conwattiegime, there can be orders

of magnitude differences when computing the skin frictioeficent. The differences in
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Figure 4.21. Temperature profiles along the length of thaigitening section for
m= 0.102 kg/s. The temperature profiles indicate uniform temperatusa@the ther-

mosyphon tube assembly. Numerical computations wereechaut using the Standard
K- turbulence viscosity model.

the values can also be due to lesser mesh elements in the keetien as compared to
the straightening section. Also the use of a simplified mougkes it difficult to precisely
predict behavior of a flow that exhibits mixed convectionimeg
For the alternate cylindrical heater configuration the Réy:m number Re= 5200

at a mass flow rate ah = 0.026 kg/s. The skin friction coefficient for a fully developed
flow is given by the Blasius relation is 0.010. Witlh= 0.102 kg/s the Reynolds number
Re=20400. The skin friction coefficient for a fully developedvilagiven by the Blasius
relation is 0.0066. Figures 4.26 and 4.27 show the plot oftte friction coefficent for
an alternate cylindrical heater. The numerically compuwigldes do not asymptote to a

constant value, this can be due to developing flow in the heaigtion. There is also a
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Figure 4.22. Skin friction coefficients in the straightemsection form = 0.026 kg/s with

Re= 934 andm = 0.102 kg/s with Re= 3700. The skin friction coefficents asymptote to
a constant value indicating that the flow is fully developed.

difference between analytically computed values and tmeamical values. The difference
can again be attributed to a lower number of mesh elemenkeihéater section and also
estimating the skin friction coefficient effectively becesdifficults in the mixed convec-
tion regime.
In the toroidal heater configuration, with a mass flow rates 0.026 kg/s, the
Re= 1440. The Skin friction coefficient for a fully developed flasvgiven by the Darcy-
Weisbach equation and is 0.044. With a mass flow rate-ef0.102 kg/s, Re=5660. The
skin friction coefficient for a fully developed flow, given blye Blasius relation is 0.010
Figure 4.28 and 4.29 show the plots of the skin friction cogffit for a toridal heater.
The effect of gravity is most pronounced in this heater camfigon at a mass flow rate of

m= 0.026 kg/s and is subject to mixed convection. Irregularities in gkiction plot can
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Figure 4.23. Mixed convection regime as shown in [Metais Bokert, 1964]

be due to recirculation in the toroidal heater region. The fiction plot shows peaks that
correspond to the locations of the toroidal heaters in teentlosyphon assembly. The flow
appears to be developing in the heater section.

4.2.4. Pressure Drops.The flow restriction plays a crucial role in determining the
outlet temperature from the thermosyphon tube assemblis ithportant to determine
the percentage pressure drop that occurs across the flouctieatas compared to the
overall pressure drop. Selecting the appropriate flowiosin is vital for designing the
thermosyphon tube assembly that will yield optimal perfante i.e. constant outlet tem-
perature without varying the heat input.

Table 4.1 shows the ratio of the pressure drop across the éisiation element to
the overall pressure drop in the therosyphon tube for vgriyaw restriction diameters. For
a 05 inch flow restriction, which gives the best experimentaiqgrenance, it is seen that the

pressure drop across flow restriction accounts for 37% offata¢ pressure drop. It is also
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Figure 4.24. Skin friction coefficient for a cylindrical teawith m = 0.026 kg/s. The
Reynolds number Re 10600 in the heater section. Numerical computations weréda
out using the molecular viscosity (laminar) model.

seen that flow restrictions with diameters 08¥5in and 0625 inch account for 46% and
17% respectively. However experimental testing for bo#rséhflow restriction diameters
produce less than optimum performance. Table 4.2 showsatieaf the pressure drop
across a & inch flow restriction element to the total pressure dropvianying surface
roughness. It is seen that as the roughness of the flow testrielement increases the
percentage pressure drop across the flow restriction eteatsenincreases. From the above
two tables it can be seen that in a real system, althoughaenadile pressure drop occursin
the flow retriction section , not all of the pressure drop esc¢hbere as presumed by [Benne
and Homan, 2008]. Therefore to obtain optimum performacaes has to be taken when
designing such a thermosyphon system, for use with finiterveg such as the storage

volume of the resistance heater.
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Figure 4.25. Skin friction coefficient for a cylindrical teawith m = 0.102 kg/s. The
Reynolds number Re 41700in the heater section. Numerical computations weréda
out using the Standatd-w turbulence viscosity model.

4.2.5. Conclusion.Computational results indicate fully developed flow in tee r
striction and straightening sections of the thermosyplssembly. The plots of the skin
friction coefficient also asymptote to a constant value. hizal results however, indi-
cate differences between them and the values computed matherAlso entrance lengths
indicate that the flow should be developing in the restricsection. Differences in the
computational and analytical results is due to simplifiedtment of a complex problem
involving a possible transition flow regime in the restoctisection and mixed convec-
tion in the heater section. A more detailed model will be meketb better study the flow

dynamics inside the thermosyphon assembly.
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Figure 4.26. Skin friction coefficient for an alternate ogrical heater withm =
0.026 kg/s. The Reynolds number Re 5200 in the heater. Numerical computations
were carried out using the molecular viscosity (laminargeio

Table 4.1. Ratio of pressure drop across the flow restrigiement to the overall pressure
drop for varying flow restriction diamtei3 .

Dy AP:Re/APoa
0.5in 0.37
0.3751in 0.46
0.625in 0.17

Table 4.2. Ratio of pressure drop across.@ i@ich flow restriction element to the total
pressure drop across thethermosyphon tube for varying #etriction element roughness.

Ks/Dr  AP-re/APoa
0.002 0.37
0.01 0.39
0.05 0.44
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Figure 4.27. Skin friction coefficient for an alternate ogrical heater withm =
0.102 kg/s. The Reynolds number Re 20400 in the heater section . Numerical com-
putations were carried out using the SKBw turbulence viscosity model.
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Figure 4.28. Skin friction coefficient for a toroidal heateth a mass flow rate of 0.026
kg/s. The Reynolds number Re1440 in the heater section. Numerical computations were
carried out using the molecular viscosity model.
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Figure 4.29. Skin friction coefficient for a toroidal heateith m = 0.102 kg/s. The
Reynolds number Re 5660 in the heater section. Numerical computations wengechr
out using the STIK-w turbulence viscosity model.
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5. SUMMARY AND RECOMMENDATIONS

5.1. SUMMARY

This thesis studied the effects of coupling a thermosyplute tassembly into a
thermal storage device such as a resistance water heaemwatbr heater was tested for
First Hour Ratings and Energy Factor Rating in both the cotieeal version and the
modified version, operating with a thermosyphon tube asgentirom the results it is
seen that the First Hour Rating is geometry sensitive, vaigithermosyphon configuration
yielding a significantly higher First Hour Rating. Isoladithe heat addition surfaces, as in
the thermosyphon configuration, prevented loss of thertratification. This resulted in an
increase in the First Hour Rating of the modified water hedE&perimentally a (b inch
flow restriction element in the thermosyphon assembly teduh optimum outlet water
temperature from the thermosyphon assembly. A smaller festriction of 0375 inch
resulted in excessively high outlet temperatures from lieemhosyphon tube. Whereas a
larger flow restriction of 625 inch resulted in an outlet temperature too low for typica
requirements.

Energy Factor Ratings for all three configurations yieldedilar results which
indicates that the Energy Factor is independant of therateygeometry. The energy factor
is controlled by the level of insulation surrounding thetsys.

Computaions carried out on the thermosyphon tube assemtiated that a large
amount of pressure drop occurs across the flow restrictiemesht although significant
pressure drop may also occur in the heater section, wherednasonvection is dominant.
However, a thermosyphon tube can be designed in such a waghéhdominant frictional

losses occur across the flow restriction element. The caatipotl prediction of skin
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friction coefficients, indicates that the flow is fully despkd in the restriction and straight-
ening sections of the thermosyphon assembly. Howeveg ikex difference between the
skin friction coefficients computed analytically and thatained numerically. The differ-
ences occur due to lesser grid resolution in the heater atdcteon sections. There is
also a possibility of transitional flow in the restrictioncien and mixed convection in the
heater section, which could affect the accuracy of a singglilnodel such as the one used
in this investigation. The velocity profiles in the restioct and straightening sections also
indicate fully developed flow, however analytical calcidas of the development length
indicate that the flows should still be devloping in them. sTban again be due to lesser
number of grid elements in these sections.

In conclusion, operating the water heater in the thermosgmionfiguration results
in higher First Hour Rating due to a small amount of unmixetater that is available
from the outlet of the thermosyphon tube, leading to betratification and therefore im-
proved thermal performance of the resistance storage \watder. Computations carried
out give an insight into the complex flow dynamics of the thesgphon assembly and

warrant a more complex model to study the same.

5.2. RECOMMENDATIONS FOR FUTURE RESEARCH.

There is need for better inlet temperature control of watkerthe heater.

Better insulation of the piping system in the experimesttup will reult in more

accurate energy factor results.

Installing the thermosyphon assembly in a different capdeater, to see the effect

on the performance.

A comprehensive 3D model of the thermosyphon assemblyadegkto get better
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insight into the flow dynamics of the assembly.

* A comprehensive model is needed to design the flow resinctiameter of the ther-

mosyphon assembly.
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