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Abstract
This document presents a comparative analysis between the use of a Grundfos TREidble

speed centrifugal pump and a Worthingtor BB constant speed centrifugal pump in a steam
power plant applicationThis was performed sincén many applicationghat require pumping
systems, the pumps account for thajority of the energy expensemd it is believed thaby
using variable speed pumps in such applicatioms, gumpscould helpincrease savings with

regard to energy costs.

In the steam power ptalocated at The University of Kansas, these two pumps must supply water

to a deaerator tank and to a heat exchanger, where the deaerator tank is the tank that provides water
to the boilers inside the power plafte heat exchanger is only used to capthie steam that is
unused by the plant, turning such steam into water that can be reused to again supply water to the
deaerator tankThe Grundfos CRE 18 has the ability to run in discharge pressure mode as well

as level control mode, while the Worthiog D-824 is only able to run in discharge pressure
mode With that in mind, data concerning the discharge pressure, flow rate and power consumption
was collected when either the Grundfos CRE3Mariable speed pump or the Worthingtor824
suppliedwaterto the system. A total of four different cases were considered when gathering this
data: () Both pumps ran in discharge pressure mode while supplying water to the deaerator tank
and the heat exchanggR) Both pumps ran in discharge pressure mode, drupért of the day

they supplied water only to the deaerator taamkd for the other parbf the day,they supplied

water to both the heat exchanger and the deaeratar(@rkhe Grundfos CRE 18 ran in level

control mode only supplying water to theageator tank, while the Worthington-&4 ran in
discharge pressure modaly supplying water to the deaerator ta(® The Grundfos CRE 18

ran in level control mode only supplying water to the deaerator tank, while the Worthin@® D

ran in discharge pressure mode supplying water to both the deaerator tank and the heat exchanger.

The gathered data was theamparedto the theoretical pump dafeom their respective pump
curves A life cycle cost analysis was performaasing the BLLC5 software provided by the
Department of Energyp seeif the variable speed pump would indeed provide energy savings to
the power plat as well as have a lower total life cycle castcompared to the constant speed

pump. As this document will show, energy savings can be obtained when running the Grundfos



CRE 153 in level control mode, even though the total life cycle costs of botlppane still fairly

similar.

For Case the Worthington BE824 pump hd a total life cycle costhat was3.14% lower than the

CRE 153 pumps and both pump systems have almost identical energy consumption. When the
heat exchangevalve is open in Case 2hé Worthington 38 24 pumpoés | ife cycl
lower than the onthatof the CRE 183 pumps. When the heat exchangaive is closedthe total

life cycle costof both pump systems are almost identical (0.006% difference). For Case 3, the CRE
15-3 pumpHaverage energy costs are 68.8% lower than the costs of the Worthin§&hgump

Even though there is a large difference in energy costs, the CRPpumpstotal life cycle cost is

only 7.89% lower than the total life cycle cost of the Worthingi®»824. Finally, a direct
percentage comparisarannot be given for Casedue to the different jobs that the typamp
systems were doing while operatingowever, as will be shown in this document, reasonable
estimdes were made in an attemptdompare these pump systefos the scenario presented in
Case 4.
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Chapter 1: Introduction and Scope of Work

1.1 Constant Speed Pumps
In the world todayp u mpi ng systems account for al most

demand as well as 26to 5% of the energy being used in certain municipal applicat[téh

Also, many of these systems are operatihgatesmuch lower than optimal efficiengywhich

gives plenty of room for energy savinggl]. According to Budris [2], in industrial plants,
dependingupon the motorsize and the percentage of operating time, pumps candrergy
costs ranging frond S$10,00Qup to US$100,000 annually.
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Figure 1: Annual Pump Energy Costs [1].

Most pumpsystemsunning today havaignificantoperationalcostsbecausehey use constant
speedcentrifugalpumps Accordng to Minett [3], about 8®% of the pumps in the world still are
constant speed unitS€onstant spekcentrifugalpumps in certain applicationgan be extremely
expensive toun formanyreasonsOnereasons the fact thatin most applicationghe motoris
alwaysrunning at its maximum speed, not allowing it to rediissepower consumption level
during its operationAlso, as a protection folow flow demand i.e., deadheadg, for these
constant speedentrifugal pumps it is necessary to includescirculation pipelinesoutedto
either an upstream reservoir or back to the sudtitake of the pump. This approach is also

costly dueto theamount of extra pipinthatis neededn orderto run the systen].



Another expense that existile working with constainspeed pumps is thaf control valves

thatare necessary to control the flow of liquid being provided to the sy3tkencontrol valves

are normally installed on the discharge line in order to control the amount of liquishthad

be delivered to medhe needs of the process, sinogost of the timeconstant speed pumps

without a controlvalve provide a flow highethan what the systerbeing supplied with liquid

normally requireg5]. Figure 2 shows how a constant speed pump running at 3,450 rpm has its

flow affected when a control valwea r i e s

>> Flow regulation with a conirol valve
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Figure 2: Flow regulation with a control valve [5].
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The valve then provides a pressure drop in the system that is equivalent to the difference between

the pressure supplied by tlkenstant speed centrifugal purapd the pressure required by the

processThis methodcauss the apparergystemcurve to besteeperhowever, it still crosses the

pump curve at the required operating point of the proc&sss valve pressure drop causes a

major loss in pumping energy as well asower pump efficiency Therefore, pmps have to

work in a less efficient region once the system is throttled bgrdrol valve moving fromits

natural statee.g., 80% efficiencyto its throttled and lessfficient statee.g., 72% efficiency,

once the valve is installed the systemas shown irrig. 3[6].
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Figure 3: Control valve throttling and pump efficiency [6].

Control valve throttlings necessary because the valve must reduce the flow of the liquid based
on the systems | i qui d sinceetiheupumpeisnEoriding a greater flow based on its
constant speedven though the constant speed pump is running at a lessmftate Pelikan

[7] points outthat in very large conventional systemihe pump also has a reduction in
horsepowewhen the flow is decreased by a control valve, hence, requéssgenergy to run.it
However, even though thesmnergy savings are appreciable, they are not as highhas
variable speed pups could provideTherefore, this showsow a constant speed py can be
wastefuldue to thenecessity of having a control valve, sint®e equipment necessary to manage

these control valves can also be seen athanaspect that hascreasegpowerexpenditure.

In order for the control valve teespond to the flowequirement®f the system, the installation

of a level sensois required. Normally a standingpe is installed next to the liquid reseryoir
e.g, a deaertor tank in a steam power planthich would have the same liquid height as the
reservoir. In thisstanding pipe a float level device is installed ancbnnected to an air
compressor. Based on where the float is, this air compressor will either increase or decrease the
amount of air being suppliede., the higher the level of the liquithe more airwill be suppied

by the compressor. This pneumatic control chartgescontrol valveregulating the flow of
water into theeservoir, where the higheressure and air supplied by the compressor will cause
the valve to close more. For this reason, theeampressoalwayshasto be on, spendinmore
energy to controlite flow of liquid in the system as well &sgher costs to acquire additional
materialssuch as air supply lines, flanges, reeigcand isolation valves to properly integréte

air compressor and the control va[&.



Also in mostsystemsboth a catrol valve andrecirculationlines are necessaryRecirculation
lines are needefbr two reasons: (i)a maintain some flow through the purapdto avoid dead
headng on the flattest pamf the pump curvg(ii) to allow the excess flow of liquid provided by
the constant speed pump to go back to its storage tanks when the system demanégaifgw
this can be a very costipjethod due to the energy lost fratre presure drop created by the
controlvalve and the flow being recyclelll is also known thatdue to the amount of equipment
necessary to run the control valves, the risk of mechanical issues isederal these devices

have a recordf being in the mai@nance shop more thany other control devicé].

Because of theostsand losses that exist munning constanspeedcentrifugalpump systems,
more effective waysre needetb keep pumpingystems running with the loweskpense and
lossespossible while maintaining reliability. For this reason, the implementation of variable
speed pumps in certain applicatso can be advantageous esmpared to constant speed
centrifugalpumps[8, 19. This documentwill explore that comparisoin a steanpower plant

application



1.2Variable Speed Pumps
When discussing pump systems and their respective, dbstentire pumpg system which

includes the piping, fittings and valyesiust be taken in consideratioAlso, it must not be
forgotten that thevay the pumps are operated can highlyaetphe overall energy consumption
Thereare severalways that pumps can be operated¢ch asusing single or multiple pumps so
that they carbe run in parallel or in seriegn orderto improve the efficiency of #hsystem.
However,in orderto minimize power consumptionhe pumps should run at their mosesgy
effective flow ratesand pressuresSince this projecis focused oncomparing variable speed
pumps with constant speed pumps, Pump Energy Effectiven®d4/k8/) could be considered

asauseful method to compare sughmps in specific systesiig].

Variable speed pumsphave theihighest energy effectiveness$ lower flow ratesand over a

range of flow ratesbut not at their maximurfiow rates[5]. Constant speedumps on the other
hand,have their highest energy effectivenesshairt maximum flow rate$8]. This showsthat

variable speed pumps cae more advantageouscéase where lover liquid flows arerequired

i.e., have them installed ia small irrigation system rather than in a city water plai
important factor to consider is that tHew rate atwhich the pummperates in itperformance

curve depends on the location at whittte pump headapacity curve and the system curve
interset, termed the system operating pofRitg. 4) The pump head capacity curve relates the
pumpdés fl ow, head, and speed, wh i | teroughhblle syst
elements in the path of the fluid floexcluding the pump. The elements tidgtermine this

curve are the static head, i.e., the difference in head across the system when the flow is zero,
including pressure and hydrostatic head; and the friction headheelosses in pipes, valves,

expansions, contractions, elbows, and couplasy component through which fluid floys].
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pressure and ACapacityo is related to flow rate [6].

Becausdhe tdal headloss isdue to total static head as well as friction and minor losses in the
systemin order to compensate for such losseany plantavaste power by ovesizing constant
speedoumps resultingin excessive margins in both capacity and to&cB]. Of course some
margin should be included in order to compensate for @wedrslight system demand changes
which will eventually redce the effective pump capacityowever,it is not wiseto invest too
much in oversizing pumpssince that will nhcrease costs in the long rufhe pump systems
should also beéhoroughly assessed so that thee system requirements are determifdIn
certain systemwhere multiple pumps are in operatiahe operating pressuress well as flow
ratesof the pumpg, can besethigher than needed. Furthermooge or more of the pumps could
be turned off while not compromising the procegen the demand is |of@].

When using variable speed pumps, the system curve is fixethe pump curve shifts based on
thepmp bés speed, 8&J5. Thenaoronym USHVarkablegSpeed Drive) Fig. 5is
one of the wayshatvariable speed pups are referred to in the field. The V&Dthe controller

inside the pump that allows it to have variatd&ationalspeeds.



>> Flow regulation with a VSD
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Figure 5: Flow regulation using variable speed pumps [5].

It is important to notehat, for the specific example irFig. 5, only pump speeds greater than
2,370 rpm will provide flowthroughthe system. So it is important to chodbe size ofa
variable speegumpbased on the minimum and maximum floatesoverwhich the system will
operate,thus guaranteeinghat the pumps will meet the full range of flowsquired by the

system

By using variable speed pumas a method of supplying the necessary floma given system,
due to their controlley less equipment, e.g., control valvesay be needed a®mpared tahose
for constant speed centrifugal pumps. The system will still require a level sensor that is
continuously transntting information to the pumphowever, the use of control valves and
recirculation lines will no longer be needdtdhis isbecause theariable frequency drive pumps
which will have reservoir liquid levelinformation will only supply he necessary flow to
maintain the desiregeservoirlevel. That can eventually result energy savings since tipeimps
will not be running amaximum speed at all times de the constant speed pumpstentially
reducingthe overall loss of energyhich would be usetly theconstant speepumps Also, not
having a control valve to manage the flow of liquid being supptiedld yield significant
savings since the expensessome pieces agquipment anthe energyneededo run the cotrol

valve will no longerbe incurred4].



A study performed in Germarlyy Hellmann [10]Jat a seawater desalination plant showed great
energy savings using variable spepdmpsas compared to constant speed pumygsch use
control valve throttling. According to Hellmanmariable speed pumps offered advantages for
that application such as fulljutomatic start up and shut dowogt most importantlyreduced
energy consumption. This was achieved because the variable speed pperated at their
optimal point i.e., desired discharge pressure and flow, natthout having throttling losses in
pressure and flow control valvéisat comewith constant speed pumpalso, the control valves
not onlyproducedpressure and flow losen the systembut theyalso cause the plant to have
higher powerconsumption (587&W for constant speed pumpersus 532%W used by the
variable speed pumps)s a result, by being able to get rid of the control valve throttling loses
when usingvariable speed pumps, this desalination plant was able to save approximately

US$261,60@eryearin electricity costgat six centger kilowatt houy [10].

In Italy, research was performexh two on-demand irrigation systems that were served by an
upstream pumping system. The focus of this research was to analyze possible energy savings
when using vaable speed pumps to serve thesgation systems instead of thexisting
constant speed pumpaccording to Lamaddalenand Kila [11], the irrigation system (i.e.,
pumping station as well as the irrigation network) was designed to meet tkhdrpgation
demand which variedften durirg the irrigation seasgpmndpeak demangdvasnormally limited

to only a few days. For this reasometexisting pumping station, which usednstant speed
pumps,wasoversized during most ohe irrigation season. This medhat, during the offpeak
periods the constant speed pumps prodde much higher pressure headrthhe irrigation
system requiredwhile the flow was regulated by the use of control valv&so, the energ
conumption of these pumps dominatie total life cost of the system, reaching alnt@o of

the totallife cost Taking all of thisinto consideration, installing variable speed pumps, and by
adapting the characteristic cusvef these pumps to the characteristic csrgé the irrigation
network, thisresearch showed thahey wereable to have energy savings of%7n one
irrigation system and 35% in the second systescompared to thenergy usage of thmonstant
speed pumps previously used by both-demandirrigation systems 1[1]. Therefore, this
research was able to show anothgplicationin which variable speed pumps were a better
choiceas compared to constant speed pundip® to the low flow and low pressure normally

needed by the system



In Queens, New York, the stéte Department of Environmental Conservati@EC) had
mandated in 201thatthe Astoria Generating Ceeplaceits constant speed pumpsth variade
speed pumps on three of the operating units. However, the companyamdsted to do that
not because of energy saving reasdut for environmentareasonsThat wasbecause great
flow of water from theEast Rver in Astoria passethrough the plant annually in order to cool it
down, and the DE wantedthat flow to be decreaseth order tor e d uiropingerment and
entrainment of aquatic organisms and minimizeiremvnental impaa 0 2].[ This just shows an
exanple in which energy savings wast a priority when choosinig implement variable sgel
pumps.As a result of this mandated modificatiareductionin the flow of water going through
the Astoriapower plant by usingvariable speed pumpsas achievedallowing the companyo

dramatically derease the environmental impaceviously causgby constant speed pumps.

Even though several studiegaveshown that the use of variable speed pumps can be the best
method to saveenergy in pumping systems, some research has shown no significant energy
savings when using variable speed pumps. In Hong Kong, experiments were conducted using a
simulated virtuakenvironmenti.e., a computational model, whiatepresented auper higkrise
complex building central aikconditioning systenbeing constructed in the cityrhe simulation

used: (i) constant speed pumps (in additmioontrol valves and re@culating pipelines) for the
chillers and heat exchangers in two sectiohshe building and (ii) variable speed pumps to
distribute water to terminal units in two other sections of the building. The speeds of the variable
speed pumps providing water to the terminal units were controlled in such a wayfitted a
differential pressurewas maintained between the chilled watepply and return pipelines aat

the critical points. However, accordingta andWang[13], this strategyvasnot optimal since
power consumptiomasnot affected significantly. Thiwasdue to the facthat the chosefixed
differential pressuraffects theotal number of operating pumpse., more pumps were required

to operatein orderto maintain thefixed differential pressutewhich then affectd the power

consumption of the system.

Because othis, Ma andWang conducted simulations involving variable speed pumps using: (a)
fixed differential pressureas well as (b)optimal differential pressureg which the latter
introduced a pressure optimizetdrthe pump system. When analyzing tireed differential

pressurestrategy to maintain a constant pressure with a changing flow, a partially closed control



valve had to be introduced in order to increase flow resistance so that the desired pressure could
be maintained. This caused an increase inteda®nergy at mediwtoad and lowload
conditions resulting in power consumption not beiaducedsignificantly in comparison with

the results obtained using constant speed pumps.

In the strategy consideringptimal differential pressurest was shown hat the differential
pressure could be lowered as the load was reduced, which minimized the flow resistance in the
system, eventually reducing the power consumption of the variable speed pumps. It was
concluded that the energy savings predicted usingghmal differential pressurstrategy was
relaively small (1% to 5% difference in power consumed)compared to theesults predicted
using a constant speed pump system. It was also concludedfohahis application, the only

way that substantial ergyr savings would existwould beto implement a third strategy: (c)
optimal pump speed control with optimal pump sequence cdn&glcreating a control system

that would allow the pumps in parallel to switch on and off automatically based on the gumpin
needs in order to supply the desired pressure to the system). It was shown that when
implementing this strategy, the building could have energy savings of 12% tdd&psnding

on the time of yearascompared to the constant speed pumps appréadatiuding this third
strategy the use of constant speed pumps (in additiazontrol valves and recycling pipelines)
would meet the pressure and flow requirements of the system with a power consumption similar
(within 1% to 5% differencefp that ofvariable speed pumps3L

The companyCycle Stop Valvesinc. affirms that when you cenpare variable speed pumps to
constant speed pursfhat arecorrectly sized for a specific applicatiathe variabé speed pung

will actually burnivaste energylf thatis not enoughvariable speed pumps can cause many
negative side effectsn the systemas compared tostanéird constant speed pusifil4]. An
examplewas provided by Austin[14]. A specific system requiredtl200 GPM ¢allons per
minute) for the first 12 hosrof the day and 100 GPM for the next 12 hours of the day (both
having the same 23g¢et of head) at 10 cents per kWithen running the constant spgadnps

for the first 12 hoursi.e, 1200 GPM and 231 feet of heatthe pumps used 10BIP in
comparisorto a usage of 108IP when running the same scenario with variable speed pumps.

Thisextra3% to 5%of powerwasd ue t o ener gy us iee., theyconiplitesgndp u mp 6 s

loss of efficiency for having the motor run on pulsid@ voltage [4].
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For thenext 12 hour shift (100 GPM and 231 feet of head), the constant speed pump with the use

of a control valve used 43P, while the variable speed pump used-838by decreasinis speed

from 3550 to 328RPM. However, by taking in consideration the 3ffeextra energy onsumed

bythevar abl e speed punnpreadd the pawerueqered,to aboti38. HP.

Therefore, according to Austih,at 100 GPM wusing 38 HP, t he vart
about4.56 timesmore energy per galloof fluid moved than when the pump is running at
constant s pe eknallg the atkhdviedgidte fAct that pump control valves Wil

also waste energy in a systebut the difference betweenehvasted energy ofontrol valves

running at the best efficiency poitd the energy wasted by the variable speed dwes

minimal, i.e., USR9.69 in energy wasted by varialdeeed pumps as compared to B&38 in

energy wasted when using constant speed pumps [14]

Austin also pointed out that variable speed pumps carovide the system with pulsinDC
voltage, EDM currents;ritical speed vibrations and radicefiuency interferenc& he® issues
could cause the early destruction of the pumping system, requiring early technical esgwmtan
repairs[14]. Therefore, if one is able to choose the correct constant spsesiasid control
valves for the specific application, organ actually be saving monegs compared to the

installation of variable speed pumps in certain situations.

Many buildings are not able to replace the constant speed/volume pumps by variable speed
pumps because of a schedule or a budget constraint, since variable speed pumps can have a very
high initial cost. This was the case of a hospital in Rochester, NeWw t¥iat wanted to replace

the HVAC centrifugal chiller thatvasoriginally installed in 1977. Thewvo centrifugal chillers

were replaced in 200howe\er, due to budget constrasnthe existing constant speed pungpin

systemwas not replacefl5].

This punping system consisted of: (i) two identical 40 HP chilled water pumnvpgh were
basemounted enduction pumprated for 960 GPM at 84 feet of hedi) two identical 60 HP
condensewater pumps, with a vertical spiase centrifugal pump rated for QBGPM at 120
feet of head. Tésetwo condenser pumpsere constant volumeand onepump operate at a
time. In this systemboth of the chilled water pups would run whenever a chiller operagtadd
one condenser water pump worksahtinuously.A variablespeed drive was installed on one of

the centifugal chillers so thatwhen that chillewasfully loaded for a period of time, the load

11



could gradually be shifted to the second chiller causing them to operate at pawitbaithe
variable speed drive. By retrofitting the chillers with the new technology of variable speed
drives, the hospital was able to save 491,671 kWh in annual energy consumption, i.e., $58,873 in
annual energy savingdq]. Therefore, this study shaa that by keeping the constant speed
pumps(due to budget constraints) the HVAC system of théospitalandjust retrofitting the
centrifugal chillers with variable speed drives to distribute the load arttumghillers the

hospital wasstill able to have mar energy savings afténe replacements.

Finally, the Affinity Laws [16] describe what happens when the speed of centrifugal pumps
change refer to Appendix A for a list of the Affinity Laws)Since the secondffinity Law
states that the pressure drgpgoroportional tahe square of thBbow speedthis implies thabne
should only consider usingariable speed pumps in systethat have loadsonstantlyvarying

from a low pressurelow flow operating poirg to high pressurehigh flow operating poirg
Therefore, situations in which variable speed pumps should not be used includa sylséam
requires most of the pressuamd flow that the pump can produce most of the time Also,
variable speed pumps use computess installing them in places with ie high ambient
temperatures can be costly, since the installadioAC cooling systerma might be necessain

orderto maintainthe ambient temperature withilc o mp ut er 6 s wuarerangerfij. t e mper

12



1.3Life Cycle Cost Analysis
Whenever deaig with new projects, one coulae faced with multiple cosdffective alternatives

to choose from So that the different alternatives can be easily compared for the most cost
effective solution to be chosen,liée cycle cost analysis approach is commonly udée life

cyclecost (LCCx an be defined as Adthe total cost of
including its cost of acquisition, operation, maintenance,eanvs i on and/ or 8.dec omm
For many new projectsprocurement costs.e., equipment cosimay ke the onlycostsused to

select systems and equipment when checking the length ofyhaqgbaperiod; but this approach
considers a relatively small part of the total life system dest.this reason,ife cycle cost

analyss is important to demonstrate whether or satings will also exist in the operational

costs in order to justify themvestment costdn most casedife cycle costanalysis is used as a

tool to compare the costs of difé:mt approaches so that thlewvest costand most feasible

approactcan be seleed for the completn of a project [8].

There are multiplenethods forperfornming an extensive life cycle cost ansiy, varying from
building spreadsheefs r o m fi seq, Midrosdit &xcelto software thahas been developed
to assist users with the input of the variables existing in the prfi&tt The UnitedStates
Department of Energy (DE) providesa piece ofsoftware calledBuilding Life Cycle Cos{20],
which gives computational support for the analysis of capital investments in buil@Q<£ 6 s
BLCC softwarewill be used as the primaitpol to construct the life cycle cost analysis for the
project at hand.

The study period used in life cycle cost analysisreangefrom twenty to forty yearsdepending

upon the projectto which it is being applied (e.g., for pun@dge cycle costsa study period of
twenty years is commonly use@ince LCC deals witlengthystudy periodswhen performing
thesecalculations, present value, future value and inflation must all be taken into consideration.
The software provided by tHeOE already takes all of thes@luesinto consideratioronce the

user inputsthg r oj ect 6 s ¢ o s tadDORB updatethd imflat®roand esclatien
rates used by the softwaatthe beginning of every fiscal yeé®ctober 1) so thatpresentand

future values are calculated accurafe).

S nce pumping systems account f oelectachnmtor§é] 2 0 % o f
and between 25%nd50% of energy usage in certain industrial facilit[@$, it is very important

13



to perform a life cycle cost analysis in order to be shatthe most cost efficient pumpse
being usedn a givenapplication[6]. The life cycle pump costs must include the totaHlifee
costs to purchase, install, operate, maintgtaking account of angissociated downtime, as well
as support equipment, environmental costs due to contamination from pumpeg, landd
decommissionthe equipment [2]. With that taken ito consideration Eg. (1) can used to

calculate the life cycle cost for pumping systetogether with albf its element$20].
Elementsof the Life Cycle Cost Equation

LCC = Cic + Cin + Ce+ Co+ Cm + Cs + Cenv + Ca (1)

The nomenclature defines all terms in Eq. (1), ranging from initial costs to decommissioning
costs.In a specificapplication not every single element might be usecheeded However, to

start a LCCcalculationfor pumping systems, all dhe above elements should b&da irto
consideration. Once atbstsdiscussed previousigre determined for all desiredpping system
alternatives, thénputs can be usedinh e U. S. Depart ment of Energy
(BLCC or any otheranalysis softwargreferred by theiser). By doing thisthe future values

(i.e., costs for the years to come in the life of the sysisan)be calculated using the correct
inflation and price escalation percenta¢g@sdetermined by th&).S. governmentand converted

into present value costs for easier comparison of the costsefiohalternative Once the LCC
values are obtained, the project managen then determine which would behé most cost
effective alternativeaselect for a giveproject[20].

Therefore, in order to determine whether constant speed pumps or variable speed pumps are the
best option when discussing cost effectivenessti® projeciat hand, arapproactsimilar tothat
of Eq. (1)will be usedso thatthe best option can Iselected
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1.4 Scope of Work
In this work, two fiBoosterpaQ® Hydro MPCQCRE 1530 v ar i a lpumps (refgy ¢oe d

Appendix B.2 for pump curves and specification¥ provided byGrundfosPumps Corporation
were installed in the steam power pléilding locatedon the University of Kansakawrence

campus The pumps are shown kig. 6.

Figure 6: BoosterpaQ® CRE 153 Variable Speed Pumps.

These pumps were installed in order to be compared to alesastyng Worthington D824
constantspeed pumpbeing used in the power plafrefer to AppendixB.1 for pump curve and

spedfications) shown in Fig. 7.
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Figure 7: Worthington D -824 Centrifugal Constant Speed Pump.

An ONSET HOBO[27] data acquisition systemwas used to acquire data for both types of
pumps The pumps normally are required to provndasatewaterfor two different areas of

the power plantand for that reason they are referred to as condensate pliimedgst area is the
boi |l er s bdedematerdank2 located orthe basementloor of the power plant where the
condensate pumps are also lodat€he deaerator tank has three main functions in the power
plant:

0] As the name already saysretmoves entrained air from theater, often times called
deaeratormakeup water, provided by the pumps. It completely remoties
entrainedair from the water going into the boilers through the use of perfora¢tal
trays that mix the water with steaand oxygen scavenger chemical®rder to avoid
corrosion of the boilers
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(i) Preheats the watethrough the contadhatthe watethas with the steam, so that boiler
efficiency is increased

@)y It St or eredutech e waner so that the boil ers
deaerated watertoeme t t h e sy s[26F Fydre8 slibesnadansid schematic
of atray-type deaerator tank similar to the one used in The University of Kansas
Power Planf24].

~Non.Condensables Out

F=—Make-Up Waoter

“~Relief Line

Figure 8: Tray -Type Deaerator Tank [24].

The second are which water is supplied is a heat exchanger located on the top floor of the
power planwhich was installed only a couple of years before the start of this project, i.e., 2011
(see Fig. 9 for a schematic of the power planbjis heat eghanger has twouhctions: (i) he

steam that escapes from the deaerator tank, instead of just being released into the atmosphere,
goes through it and condend®g interacting with the cooler water provided by the pumps, so
that it can be reused as part of the water tbasgnto the deaerator tgrivoiding the purchase

of that amount ofvater from the city; (ii) he interaction of the water with the steam causes the
water to heat up, increasing the efficiency of the plant, since it has to use less energy to heat up
the water located in the storage tanks that will be sent to the deaerator tank and used by the
boilers Therefore, tyen the scenario of the application, thrsst cases were taken tm
considerationn order to providea fair comparison between the variabpeasd pumpsind the
constant speed pumphe fourth casevasnot considered to ba fair comparison. In that case,

the constant speed pumps were supplying much more water flow to the system than the variable

speed pmps. For this reason, the fithree caseare emphasized more than the fourth case

17
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Case 1:

The variable speeoumps were configured to work with a constdistharge pressure in order to
mimic the operation othe constant speed pupgupplying water tdoth the feedwater deaerator
tank as well ago the heat exchangem this case, the flow of water required the power

pl ant 6 swag«ilhregolated byhe control valvewhen running both the variable speed

pumps and the constant speed pump
Case2:

The variable speed pumpgere again configuretb meetthe water demand using constant
dischar@ pressurén orderto mimic thework of the constant speed pump. However, in this case,
for at least two hours of the daypth the constant speed punamdthe variablespeed pumps

were eachlimited to supplying the water jusb the feedwater deaerator tainkthe basement of

the plant That is, the valve was closedtime lineto the top floor heat exchangéter having

that data recorded, each pump ran for another hour of that day while supplying water to both the
deaerator tank and the heat exchanger just like in Case 1.

Case 3:

The \ariable speed pumps provided the necessary flow of water required pyahee r pl ant €
demand based on level control. In this case, the control valve only regulated tred fA@ater

when the consint speed pump was providimgter to the systepandwasfully open whernthe
variablespeed pumps wegoviding the waterln this casethe water supply waavailableonly

to the feedwater deaerator talokated in the basement of the power plant. The reason why water

was just supplied to the tank was to establshequitablecomparison between the variable

speed pumps and the constant speed pWven the variable speed pumps ran by level control

in the deaerator tank, their discharge pressure was not high enough for the water to reath the hea
exchanger on the first floor.hErefore, since the variable speed pumps could just supply water to

the deaerator tankiue to their low discharge pressure when operating through level control, the

pipelines to the heat exchanger were closed when the constant speed pump was in operation.
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Case 4:

The pipelines to both the deaerator tank and the heat exchanger were both open in this case so
that both pumps could ttp supply water fothem. The variable speed pumps were configured

to provide the water to the system based on level caofttbe deaerator tank, having the control

valve fully open when the variable speed pumps were ruypniiThis causedhe digharge
pressure of the water to be much lower than when runingble speegumpsunderdischarge
pressureamode resulting in thepipeline pressure beingddow to force the water toeach the

heat exchanger on the first floor. In that case, the excess steam provided to the deaerator tank
that would normally go into the heat exchangeas released straight into the atmosphere in
order for it not to overheat the heat exchanger, i.e., no water was being sent to the heat exchanger

to cool it down as well as to conderike steam.

On the other hand, when the constant speed pump was running, since its discharge pressure was
much higherthanthat of the variable speed pumpsnd the control valve was controlling the

water flow into the deaerator tank, the pump was able to supply wwdieth parts of the system.
However, as mentioned before, this case is not a fair comparison betwesvothyges of

pumps since the variable spe@dimps werejust supplying water to one part of the system due to

their low discharge pressurériggerirg the loss ofsteam into theatmosphee that could be

reused. On the other harnte constant speedumpwasproviding a much higher flow to supply

water to both parts of the system, i.e., the heat exchanger and the deaerator tank, causing the
steam that as previouslywasted by the variable spepdmps to be savednd reusedn this
case.The reasorthat case 4 exists drdata was gathered for it, wiee fact thathe realization

thatthe variable speed pumps didt supply water tohe heat exchangevhen running in level

control modewas only noticed after ten days of data gathering following this procedure.
Therefore, the power consumption of the pumps cannot be comgiaeetly since the pumps

were doing two different jobssince the Grundfos CRE5-3 pumps just supplied water to the
deaerator tank while the Worthington824 pump provided water to both the deaerator tank and

the heat exchangddowever, based on patterns of power consumption dropsthemecordings
obtained forCase Zor the tmeswhen the heat exchanger valve was ofgncompared tthe
recordings for theimes it was closed]estimates for Case 4 will be performed in order to try to

fairly compare the two pumping systefos this Case.
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Life Cycle Cost Analysis:

The researcland data gathering in ithdocumentmade for allfour casesoutlined previously
wereused in thdife cycle cost analysi.CCA) performed for each scenario using the software
provided by the U.SDOE calledBuilding Life Cycle Cost (BLCCS5) [23]. The sofware uses
an equation similar td=g. (1), labeled as Eq(2), which is the primary equation used to
determine/calculat¢he life cycle cost for each pump in every case, since it addsf dfie
possible costs that the plant would have wafard tahe pumps from their purchase all the way
to their disposal

LCC =1+ Repli Res + E + W + OM&R (2)

The nomenclature defines all terms in Eqg. (2), ranging from initial costs to operation,
maintenance and repair costhe software(BLCC) automaically takes imo consideration
present and future valse@s well as infition, annual ate of increasend discount ratesThe
current inflation and discount rataseinserted intdhe softwareat the beginning ofachfederal
fiscal year for the upcoming year instead of using the same rates eaclyeagquations
showing how present values are calculated for eaoltincluded inthe software will be

discussed later in thdocumenin Section 2.5

The projectat hard useswhat istermeda FEMP Analysis Energy Project, which is a life cycle
cost analysis for energy and water conservation and renewable energy projeftilotlathe
Federal Energy Management Program rubesed on 10 CFR36 [23]. According to the &.
DOE, this kind of analysis is to be followed primarilth regard tofedeally owned or leased
buildings. Fowever, the methodology used in this analysis is simply based on general economic
theory that can be used the analyss of private buildings awell as any kind of energy and
water conservation projectAlso, the FEMP analysis is entirely consistent with ASTM
(American Society for Testing and Materials) standards on building econg@dicsFor this
reason, this projeatsedthe FEMPmethodologyfor each of the foucase previously mentioned
in order to asses the life cycle costof the constant and variable speed pumps locatdthé
University of Kansa8Power Plantin order to determinehich of the twgoumping systemwas

the most cost eftdive for this specific application
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Figure 9: The University of Kansas PowerPlant Schematic [26].(Red Pump= Worthington D-824; Blue Pump= CRE 153; Green lines
Deaerator water supply, Light blue line= Steamline to heat exchanger Orange lines= condensate water supplied to heat exchanger and
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Chapter 2:

2.1 Setup
The steam power plant situatadthe campus of the University of Kansas wasltication at

which the comparison betweem Worthington D824 constant speed pump a&undfos
BoosterpaQ®CRE 153 variable speed punspvas made.Figure 9 shows a schematic of the

layout of thepower plantomponent$26].

When it was first built, thgpower plant was used to provide electridity the University of
Kansas. However, now the power plantds only f
hot waterfor buildings The steam is also used to provide the necestaan thathe HVAC

systemsin the buildings around therJi ver s i t yneed, and alsoprowde heat to the
buildings during the winter tmél he power pl antdés system is pr.
mainain a constant 17psi of steam pressuiie the systemTheUni ver si t yés campus
constant 9(psi of steam pressure for its HVAC systems and hot water. In order to supply that
constant demand of steam pressure to the plant and the ¢ahgphbslers need to produdeom

twenty thousand pounds per hour to sevehbusandoounds per hour afteam(depending on

the weather and time of the year) in order to maintain those required steam pre3sidies

weather and more people on campus caéluseemand o the boilers taisein order to maintain

that constant supply of steam pressiaréhe campus and tihe power plantThis requiresthat

more water be supield by the condensate pumps fiecreasedproduction of steam. Therefore,

the pumps beingampared in this thesis have their data taken mostly in cold weatdeduring

regular University operatiohours in order to compare them when they work the hardest so that

the results andlCCAs showvalues of the system during theghest demangeriodsin orderto

determine whichype ofpumpng system is the best approach for this application.

Including the variable speed pusjphere are a total dive condensate pumps thedinprovide

water to the deaerator tankhe condensate pum(eoloredin red on Fig. 9 represents the
instrumentedconstant speed pum@and the pump coloredth blue represents th&rundfos
variable speed pump system that consists of two pumps that work together. The green pipeline
provides waterfor the deaerair tank. The orange pipelin@ovides water for the heat exchanger,

i.e., thevent condenseland sendthat water back to the condensate storage taltes.purple
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pipeline is the water recirculatidme which wasoriginally identified [to this researchéasthe

only recirculatiorline existing in the system. Hendiroughout most of the projechis pipeline

was thought to be the only linbat returred excess water back to the pumps and to the storage
tanks. Finally, thelight blue pipelinecarriesthe steamfrom the deaerator tank into the heat
exchanger and any steam thatthe heat exchangecannot condenses releasedinto the
atmospherdahrough the vent showrhe lines thateceive the condensate steam thetirns
from the campus (just labeled &sondensateeturrp to the left ofthe condensate storage tanks
in the schematicand the pipelines and pumps previously identified in Figr&the only pumps

and pipelines thatre of importance tothe scope ofthis project since theserepresentthe
pipelines and devices used when the plant is in noopedation mode. The only limaissing in

the schematic is the pipelirtbat sends the stegnwhich isnot usedby the deaerator tank
directly into the atmosphere without going through the vent condenser (since that does not
happenfor the normal mode of operatiomut only happensvhen the variable speed pumps are
running in level control moder when the valve to the heat exchangetumed of). That

pipelinefollows alongthe pipelabeled inight blue on the schematic.

On the dischargside of bothtypes of pumps a Siemens magnetitow meter 3100 and a
Siemens Sitrans Mag 5000 were installedrf@asuringhe flow rates provided by both pumps

for the system The Siemens Sitrans Mag 5000 is the controller that is used to send the
information to the data loggeFhe sameaypesof flow meterand controller weralso installed in

the pipelinethat is coloregurple sahat data would be available fobow much water was being
recirculatedthrough that lindback to the pumps and storage tafitsinput to the pumpdt was
initially thought that this was the only return littetthe plantused to return the watwhich
wasnot utilized by the deaerator tabkck to the storage tanKsut this lineis only used when

thep | ant 6 sis venelowa orderto avoidfidealheadhgoin the inlet side of the pumps

The main line that returns water back into the cosd#n storage tanks is the line labeled in
orange that goes through the heat exchanger, i.e., vent condeserfossMBS 3000 pressure
transducer was installednahe outlet side of eachumpin orderto measurethe discharge
pressure of the water provided by the pumipsr the Grundfosvariable speed pumps, this
pressure transducer was used as the primary sensor connected to their contmalento make

surethatthe pumps were producing the correct pressuinen running theymps in discharge
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pressure mode. In additiothe sensowasused for data acquisition on the discharge pressure of
the water when running theariable speegumps in level control modérhe Siemens and
Danfoss sensors arebked @ the schematic in bluas Flow meterand Pessure Transducer,
respectively.So that the water pressure on thectionside of the pumpsould beknown a
Danfoss presure transducer was installed the inlet sde of the variable speed pumpsné

both theconstant sped and variable speed pumps lihd same aace of water and there was
minimal change in thgtressure, the inlet pressure was assumed to be the same ftyplestiof

pumps.

Another Danfoss pressure transdu@dBS 3000 was installed at thanlet to the control valve
located right before the basement floor deaerator iramkderto check the pressure loss in the
pipes from the outlstof the pumpg to the inlet of the conttovalve. A GrundfosDifferential
Pressure Sensor (DPIA5 bar) wasinstalled across the control valve so ttieg pressure drop
across the valve could bmeasured(also labeled inblue next to the control valve in the
schematiy. Finally, in order to be able to collect data on the power consumption of the constant
speedpump, Veris Power Monitoring H80421L.002 current transducsmwith an accuracyf

+1% of the readingvere installed in the power b@f the pump For the variable speed pumps,
their contoller automaticallyrecorded theactual power consumption of each ppntaccuracy
errors were not provided by Grundfod. Thus, an extra power monitoring sensaras not
required All sensos provided4-20 mA outpus, and required12-24 DC voltagefor operation

(with the exception of the Siemens flow meters that were powered by 120 Volt AC power
source) For this reason, two MastectCOPower Supplie@HY3003D) werepurchasedOne was
placed next to the pumps orderto power the sensors next to thesmd the dter wasplaced

next to the control valven orderto power the remaining sensoAll sensors were wired using
Belden 1120A 16 gagecables and connected to @nsetHOBO data acquisition system using 4

20 mA cables following the currémoop wiring diagranshown in kg. 10[27].
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any 4-20mA

4. 20mA CABLE-4-20MA
transducer -

{—r

-+ Ground/Masse

any DC supply in the range
of 9-36 “dc will work for .
most 4-20m&A transducers 2EVRC _—

-+

Battery 7
DC Power Supply

or battery eliminator

Figure 10: 4-20 mA Transducer Wiring Diagram [27].

The Sur&ite visual indicator and level transmitter wepeirchased from Gems Sensors &
Controls. The transmitter was powered using one of the Ma8teehlt DC power suppliesand

its 420 mA output was connected directly into one of the analog inputs of the controller of the
Grundfosvariable speed pumps using Belden 112@®Agagecables.For detailed spefications

and pictures ball of the sensors, data loggerppwer suppliesand other equipment, e.g.,

pressure transducersee Appendix C.

The hsetHOBO data loggers are able to log data from any sensor that has an outf2Q of 4
mA, and they cme withsoftware called @setHOBOware Proln the software for each sensor
that will be connected to the data loggée values that will represedt mA and 20mA can be
stipulated i.e., the minimum and maximum lugs that the sensors can outpDhce these
minimum and maximum values astipulated,the software willautomaticallycreate a linear

scaling for the given range of each sensor.
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2.2 Setup and ProjectChallenges
Throughoutthe steps of thigroject, severathallenges and problems were met and addressed.

Thesewill be explained in this documesb that future studiesantake them in consideration,

saving time aneffort, avoidingdelaysand similardifficulties.

The firstdifficulty encountered in this project was during the installation of the variable speed
pumps.Normally, when mstalling a Worthington EB24 constant speed pump, the pipe that is
connected to the header is fixed to the suction side of the gumnizontal pipewhich is right

next to its discharge sideertical pipe)asshown in Figll

.

Figure 11: Worthington D -824 Constant Speed Pump Suction and Discharge Piping Connections
However, when installing th&rundfosvariable speed pump system, the suction side (right side
of the pumps) requires its ovwrorizontalpipe as dogthe discharge side (left side of the pumps)
[which is across from both pumps in the sydtbefore it can be connected to the vertical pipes
in the power plantFigure 12 shows thigoumppiping configuration
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Figure 12: Grundfos Variable Speed Pumps Suction and Discharge Piping Connections

For this reasorthe location where the outlet of the deawas previously availabte connect to
a constant speed pump had to be closed and moved in order to fit the caofigofahe
variable speed pumps. Thielayed the installation of the pumfix two weeks. This delay
could have been avoided if this different configuraticeralknown and taken in consideration
prior to the purchase and installation of the variable speed pumps

Once the pumps were installed and functioning, another difficulty encountered was choosing the
type of data acquisition system to use inside the power plantOBvius Acquisuite Data
acquisition system had been installed for a previous projece giatrer plant, ad the first plan

was to try touse that system to log the data necessary forctineent project However, the
Acquisuite system used a ModBus communication protocol, which would require several
converters and extra wiring to read th@mA outputs from allof the sensors used. For this
reason, it was decided to purchase Onset HOBO data logger80812 hese data loggers were

less expensivehan the converters that would be necessary to convert-BendA analog
outputs to Modbugrotocol They accepted any sensor that provided an anaR@mA output,

and worked standlone since they were battery powekrén addition,the interfacewas more

user friendly tha the Acquisuite interface.
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To collect data on the power consumption and diggEharessure of theariable speed pumps
software called PC Toaqlgrovided byGrundfos was used. This software was instalied a
Gateway Netbook and used every time data logging was being made from the variable speed
pumps. However, while the Onset dédggers collected datat equaltime intervals, e.g., one

data point every minute, the PC To&dProductssoftware gathered dates fast as it couldt

random time intervals. This meant that the time betwe®ndata poing could be 1 second at

times orit could be 10 miates at other timed he software was designemigather data as fast as

it could from the pumps.e., it does not have a setup option to choose different speeds of data
acquisition but only recording data if there were significantrajesin the information chosen to

be recordedFor example, if the power consumption remained the same for 10 minutes and then
changed, one would see a gap of ten minutes between the last two recorded data points of power
consumptionEven though this wasot a difficulty encountered in the project, it is important to
mention thebasis ofthese inconsistent data taking intervals, in case future reseaglestson

these data acquisition intervals.

The nextset of difficulties were concerred with problems acountered in certain sensors
installed in the system. A couple of months after the installation o¥éhis Power Monitoring
H8044-01002 current transducsyr it was found that the data logger®r the constant speed
pumpswere gathering datthat wasvery differentfrom the datapreviously recordedor the

power consumption. The transducers wetenned to Veris Industries, whiclonfirmed that the
sensos had become faulty. Singbey werestill under warranty, a newower monitoringsystem

was prowded forthe project. This delayed data gathering on the constant speed pumps for almost
four months duringthe time offinding faulty data, shipping the item, inspiectthe faulty sensor

(by the companyVeris Industries)and shipping of the new sensdrhis happened in 2012
during the time data was being gathered for Case 1 of this project.

There was aimilar occurrence foithe GrundfosDifferential Pressure Sens¢DPI 0-2.5bar)

Unlike the current transducet$js unit was found to be faulty and not outputting accurate data
as soon as it was installed, being replaced immediately after its installation. At times when
running the variable speed pumps using level control, the new differential pressure transducer
was thought to be broken due to thedkof values it was outputting. However, after contacting

Grundfos representativesit was found that since the control valve was fully opethe
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differential pressure across the valve was so close to zero thatséddctghe sensor to display
small negative and inaccuratalues, e.g9.;0.0124 bar, which the representatives communicated
to be a normal response the sensor would havergtlow differential pressureshich were
essent i al | ySedion®.b.20bhis doaumentil providethe accuracyof this sensor

for recordng very low differential pressures.

In order to run theGrundfosvarialle speed pumps in level control modeewas necessary to
purchase and install a level sensor in the deaerator tank. Since installing a sensor mitleetly i
tank would involveshuting off the pressurized tank, afférent approach had to be found
Connected tdhe deaerator tank there deid what is called a standing pipe that has thme
height of water as the tank. The standing piyael a glasstube attached to itfor a visual
indication of the level of water inside the tank. Alsonnected to this standing pipe, therere

the high ad low water alarms to warn the power plant workers in @ater of these two
situationsoccur. Figure B shows the standing pipe and the high and low alarms next to the

deaerator tank located on the basement floor of the power plant.

Initially, a four-wire ultrasonic level transmitter LVU1506 was thought to be capable of sensing
the water level; so it was purchased and installed at the top of the standing pipe. The way this
sensor works is by creating an electronic signal that is transformed bgriker into ultrasonic

pulses that travel through the air. When these pulses hit the liquid/air interface, they reflect back
to the sensor. The reflected pulses are received by the microprocessor in the electronics, and it
calculates the level in the tankutputting the information in a-20 mA format [28]. This
information would then be sent to the variable speed pumps so that they could determine whether
to provide more or less flow into the tank. In order for this sensor to work without any problems,
the sensor located at the tip of this transmitter had to be always dry. However, since the project
was dealing with a pressurized environment which included steam in the standing pipe, after
some time, droplets of water would start to collect on the seceasing the ultrasonic pulses to

be incorrectly interpreted by the electronics of the transmitter, sending incorrect values to the
pumpso6 controller. For this reason, this | eve
since there was no way tstop droplets of water from condensing on the sensor in an

environment that included condensing steam.
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Figure 13: Standing Pipe, High and Low Water Alarms, Visual Level Indicators and Level Transmitter.

A SureSite visual indicator and level transmitter was tr@deredandbuilt spedfically for this
application. It was installedght next to the already existirglass visial indicator as shown in
Fig. 13. The time it took from ordering to building and receivirg tlevel transmitter was

approximately three and a half months.

The SureSitsensor igpowered by one of the Mastech &dlt DC power supplies and senalgt

20 mA output to the pumps based on wherewlagerlevel of the deaeratas, being equivalent

to the height of water inside théasding pipe. This sensor functions by having a magnet inside
an aluminum casing thahoves up and down based on the level of the water in the deaerator
tank. The visual indicator consistef a g vot i ng fAf | a castwa sides mith| y
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contrasting colors. As the magraside the aluminum casing moves up and down, these flags

rotate and show the level wfater inside the casing using tbentrasting coloras shown in Fig.
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Figure 14: SureSite® Visual Level Indicator and Level Transmitter.

The samemagnet inside the casingteracs with the calibrated transmitter connected to the
casng and semsla 420 mA output to the pumps based on the level of water inside the casing
[29]. The only poblem encountered with connecting this level transmitter to the variable speed
pumps was the fact that the pump cotér did not have an option foevel control input. For

this reason, the-20 mA output of the level transmittdrad to betransformed ito a 3100%

signal forthe pump controller, i.e., the controller interpreted the data as a percentage and not a

level. Thus,the pumps had a percentage to be maintained as tpeisetind not an actual water
level.
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A couple of difficulties wereencountereavhen first starting to run the variable speed pumps in

level control mode. The first problem was thaice the level satoint that was chosen for the

pumps tomaintain was satisfied or ovachieved,instead of simply reducing pumgpeed,
maintaining a lower flow, they would enter standby mode, completely stopping the flow of water

to the deaerator tank. Since this is a pressurized system, requiring a constant flow of water, this
cause steam hammering in the systene., the back flow of presurized steam through the
pipelineswhichc an cause such pipes to break as well
For this reason, the minimum performance of the pumps had ¢tbdeedso that the pumps
werecontinuouslyrunning tokeep a minimum lbw of water constantlgoing into the deaerator

tank. Once this was adjusted, the systermdidexperience steam hammeraggin.

The controller of thevariable speed pumps was not able to provide proper signal damipary
running in level control mode. Whenever the level of water would go below thmiset the
pumps would speed up until the desireds@nht was reachedand then slow down. However,

the pumpswould always go from minimum performance settings, tximam performance
settings, e.g., 40% speed to 100% spewubt of the tim@vershooting the sgtoint. This caused

the curves of power consumption and flow rate néwvé&e dampedo become constant, even for
constant demand by the power plafguresl5and 16 show the undamped curves obtained for
flow rate and power consumption when trying to run the pumps before altering the time integral

setting n t he pumpsd computer

When trying to adjust the time integisattingthat controls the speed of respertd the pumps,
this caused the level to lower almost to the low level alarm; and once the pumps sped up, by the
time they slowed down, the level was almost in the high level alarm of the deaerator tank.

Figures 17 and 18 show the undamped curves afeirgltthe time integradetting
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Figure 16: CRE 15-3 Undamped Flow Rate Curve (February 15 2013).

One might not notice too much differentetween the two sets of graphs, however, by
comparing the two sets of graphs it can be seen that by increasing the time integral of the
controllerbés response, the time it took for

happen also increased, tstitl not causing the curves to damp.
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Figure 18: CRE 15-3 Undamped Flow RateCurve with Adjusted Time Integral Setting (February 19, 2013).

This rapid change from low flow to a very high flow of water was also not beneficial for the
pressurized deaerator tank, since by having the control valve fully open, it caused a great
temperature shock between the water already in the tank and the water coming Thie it

forcedthe amount of steam provided for the tank to rapidly increase in order to heat and deaerate
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the great flow of cooler water enteringor this reason, the mmum and maximum speeds of
the pumps had to be manually adjusiethe variable speegump® controllerwith the use of a
GrundfosR100 programmein orderto create a damped systemrve forpower consumption
and flow ratesand notcausea great temperate shock inside the deaerator taikis will be

shown when results/data are discussed.

After running the variable speed pumps in level control mode for a while, it was noticed that the
pumps were workingt higher speeds thaor some of the earlieuns After carefully analyzing

the system, it was found that the check valve in the discharge line of the constant spedaipump
not fully closing when the pump was shut off. This calbe variable speed pumps to praei

water to the system and also backflewater through thealischargepipelines of the constant
speed pumps, hence, explaining why the variable speed pumps had to workirharderto
provide water to the system. The replacement of this valve did ray tedproject; however,
datagatheredrom a couple of day&ot shown in this documerite., first week of Marci2013

had to be disregarded due to faulty check valves in the system.

Finally, when running the variable speed pumps in level contoale the control valve next to
thedeaerator tank was fully opesnd the discharge pressure which the pungesied in order to
providethe flow of water to the system was much lowemnthat ofthe constant speed purfgy
similar situations This caused the ater not tobe able toreach the vent condenser which is
located on the first floor of the power pladit this point it wasfound that not onlywerethe
variable speeg@umps in level control modeot able to do the same j@s the constant speed
pumps but alsathat the main r@rculatingpipeline that returned water back to the storage tanks
was not initially considered in the proje¢tabeled in orange in Fig. 9Yhe bypasshat was
always thought to be thenly recirculatingpipeline (labeled in ptple in Fig. 9) wasusedonly
when the demand of the plaméisvery low in order to avoid deadhead on the pump8suction
side. For this reason, three casewe added (Casel-3) to the project in ordeto equitably
compare theperformance of thearieble speed pumps tihat ofthe constant speed puniphe
data gathering for this project started in February of 2012 when running the variable speed
pumps in discharge pressure mode, and this recirculation line problem was noth@d iof
2013 when thevariable speed pumps startedwork using level control mode with the control

valve fully open.
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2.3 Test Procedure for Data Logging
For the data acquisition part of this project, different procedures were used for each of the four

previouslyoutlinedcases. For this reason, it is necessary to explain how the data was logged for

each individual case:
Case 1:

For the Worthington EB24 constant speed pump and theindfosCRE-15-3 variable speed
pumps, data logging was performed for a period of six erselaysat a time alternating the
pumps being used after this period of tirre other wordsinformation from the constant speed
pump was gathered for a week, and in the following wed&rmation was gatheredsingthe

variable speed pumps.

When gatlering data for the constant speed putipe HOBO data logger was used to log its
discharge pressure, discharge flow rate, power consumption and flow rate of recirculating water
in the bypass if any. Abf this information was gatheredintervals of one minute between each

data point for a period of six to seven days. For the variable speed pumps, the HOBO data logger
was used to record the information of discharge flow rate, water pressure in the suction side of
the pumpsand also thdlow rate in the bypass recirculation line. This information was also
stored in intervals of one minute between each data point for a period of six to severhdays.
power consumption and discharge pressure of the variable speed pump was recorde@ using th
software PC Tools froducts provided bysrundfos which was installecbn the Gateway
Netbook. As explained iection 2.2, this information was recorded as fast as possible by the
softwarewhenthereweremajor changes in the chosen data to be logded,far a period of six

to seven days. However, the datassaved and the software restarted every three to founmays
orderto ensurethat the computer would not freeze or lose data due to the amount of space

necessary to store such information.

As explained earlier, the powearlant has a total of four pump setst provided water to the
system, out of which one is the Worthington8R24 constant speed centrifugal pump being
compared to secorgkt ofpumsin the system whichrethe GrundfosCRE 153 pumps Pumps

3 and 4 which areboth constant speed centrifugal pumperenot used for the comparisons in

this project, but the rotation of usagmongthese pumps was stiplerformedby the staff of the
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power plant, iere every pumpvas runa total of one week until the next pumjas usedAlso
when the demanfibr steamwasvery high, normally o very cold days, two pumpsereturned

on in order to be able to provide the necessary watereet thedemand. Therefore, due to this
necessary pup rotation, for this casedata was gathered for two weeks, i.e., one week of
information for each pumpior a period of approximately foumonths in the gar of 2012
(February through Maykequaling eight weeks of gathered data for this case.

Case 2:

For this case, the variable speed pumps were still running in discharge pressulie orogeto

conform tothe same type of workhat the constant speed centrifugal speed pumpsirdid
providing water to the system. However, in this calseth pumps were limited to providing

water only tothe deaerator tankihe valve allowing water tthe heat exchanger was shut off.

Then after a certain amount of timéhe heat exchanger wasopenedn orderto the compare

the differencs in flow ratesand powerconsumption. Two different procedures were used to
gather data for this case. However, the equipment, set up and software used to gather the data

were the same dkosedescribed in @se 1.

The first procedure involvedunning both pump®n consecutivedays with the heat exchanger

access valve closed for a total of five houhg time periocconsideredo bethe peak hours of

demand of the power plan®he interval of data logging was still one minute for the information

stored in the HOBO datiaggers and as fast as the software could record when recording data

from the variable speed pumps using the PC ToeRrdelucs software. This procedure was

used for a total of one day footh pumps since it was established th&tr the bestomparison

the pumps should bemu and compar ed bas efdrthe samd dayandgnotant 6 s
consecutive days'his was due to the fact thétthep o we r  geinandior those daysvere

too different that changewould definitely influencehe performace and power consumption of

thetwo types ofpumps.

For this reason, the second procedure involved starting the day with thant@spsted pumps,
running for twoand a halhourswith the heat exchanger access valve shuttloén swapping to
the variabé speed pumps running for another two and alm@lfswith the same setup. After

this time, the access valve to the heat exchanger was qpemnkthe variable speed pumpsre

37



runin this setup foanother hour. Once that hoelapsed, the constant spgaanpswere runfor

another hour with the water flowing to the deaerator tank and the heat excasngsl Again,

this was done so that the project could have
performance would be on the same day whawiding water to just the deaerator tank and then

to both thedeaeratotank and the heat exchanger. The data logging intervals used were the same
asthosedescribed for the first procedure, and this method was used ta data&om the 1%’

through the 18 of April of 2013

Case 3:

For this case, th&rundfosvariable speed pumps were providing water to the systelevel
control mode. The variable speed pumps and the Worthing@24xonstant speed pumps were
limited to providing wateto the deaerator tanK he variable speed pumps were operated first
and ran for a total of three hours in level contiidie setpoint chosen for the pumps to maintain
was for the tank to be at 52% of its water capaéitydiscussed previously in Secti@rR, with
the variabl e s p &adamalpsetmgsstide pumps would dlolv elowstheir
minimum performance, i.e., both pumps running at 40% speed, when the |lgveintatas met.
And whenever the level would go below the desired 52%, thgppwould speed up, reaching
their maximum performance after a short time to meet the desirgubisét Due to the laghat

the controller hasn speeding up and slowing down the pumps, the controller would not only
overshoot the desired seoint, but also change the speed of the pump from minimum
performance to maximum performance every time the deaerator level wouldasirsipown

previously in Fig. 15 and Fig. 16

For this reason, th&rundfos R100 programmer was used so that the rabgwveen the

minimum and maximum performance of the pumps could be manually changed based on the
demandfor water that the deaerator tank requirkd.other words, so that the variable speed

pumps did not keep constantly increasing and decreasing theirsspemderto maintain the

desired sepoint, the minimum and maximum performance settings were manually changed
every few minutesuntil an optimum range was reached. This range allowed the minimum
required powenf the pumps to maintain the desired tank level for éorqeriods of time and

only small increaseand decreaséssn t he pumpsd speeds were nece:

to the desired sqioint once itvaried In order to be able to captutee data forany sudden

38



changes in the flow ratexf the variablespeed pumps when running in level control mode, the
data logging intevals of the HOBO data logger wethangel to thirty seconds, and nothing was
changed in the PC Tools-Broducts software since it recorded any changes in the power

consumption and dischge pressuras needed

After running the variable speed pumgss way for about three hours, the work of supplying
water to the deaerator tank was then taken over by the Worthing824 @onstant centrifugal

pumps. Again, these pumps ran for three hours until the access valve to the heat exchanger was
opened. Since tlse were constant speed pumps aadnajor changes in flow rates and power
consumptions would occurscompared tdhose ofthe variable speed pumps, the data logging
intervals of the HOBO data loggereweone minute between each data podata gatheringor

this case was performed for a total of two diaypril/May of 2013(April 30" and May #).
Case 4:

For this casgthe Grundfosvariable speed pumpanin level control mode anthe Worthington

D-824 constant speed pump operatedlischarge pressure mod&gth pumps in this case were
meant to supply water to the deaerator tank on the basement floor of the power plant and the heat
exchange on the first floor. However, due to the low discharge presthaethe Grundfos
variablespeed pumpgroducedwhen running in level control mode, only the Wontion D

824 constant speed pump vadse to supply water to the heat exchanger.

When running the variable speed pumps in level control mode in this case, the same @rocedur
explainedin Case 3 was usedh@& only differencavasthat the pumps worked for a total of six
hours in the day. After these six hours, the constant speed pumps took over the work for another
six hours in order to obtain data about the same day for comparisonhoploops. The data
logging interval of the HOBO data logger was still thirty seconds when obtaining data from the
variable speed pumps and one minute when gatheringrdatethe constant speed pumps. PC
Tools EProducts was still used to log data aboutgbever consumption and discharge pressure

of the variable speed pumpg=or this case, data was gathered in the manrsarided above for

a total of eighdaysin March of 201311, 12, 14, 18, 19, 20, 21, and 26)d two days in April

of 2013(1 and 2)
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2.4 Life Cycle Costs and Equations
The life cycle cost analyses for each of the four casesideredn this projectwere created

using the Building Life Cycle Cost Software provided by the U.S. Department of Efg3py

This section is dedicated showng all of the costs that were takemderconsideration for both

pump systems and the equations that the software used to calculate the present value for each
cost employing astudy period of twenty yearsll four cases followed the same procedurée

only differencewasthe energy consumption that was estimated based on the results of the data

gathered from both pump systethas r i ng each caseds runs

For a life cycle analysis, there are two dates needed to start the analysis, the Base date and the
Service dateBase dge is the time when all projectlated costs.e., investment and installation

costs, are applietb the life cycle cost analysis, which is usually the first day of the study period

of the projectThe service date is the date tHa project is expected to be implementesl, the

date which the pumps started runnisgch thatenergy and water costs only start at this date

[25]. The base date of this projesasconsidered to be same as the service date of the project
which startedon August1® of 2012.

Following the Federal Energy Management Program rules for life cycle cost analysis, all
annually recurring costserediscounted from the end of the yesrraes of 3.0% realdiscount
(interest rates not including inflatiprand 3.5% nominatliscounts (interest rate that includes
inflation) provided by the Department of Energy (DQHp other words, thesdiscount rates
were the rates used to transform the future wahieghe annually recurring costs into present
value costs Also, the analysis information is based on Current Dollar Analysis, which includes
general inflation of 0.5% for current dollar amounts, nominal discOnta@rest rate that includes

inflation) and escalation raté€the rate of change over timeaWalue such as energy co$&].

Table 1 shows thiermulasthat the software used to calculate the present values of all costs used

to calculate the total life cycle costs for both pump systems considered in this project as well as a
visual representation of what eadimulais trying to achieve [25]For both pmmp systemghe

energy and water costs were determined by contacting local energy cespan, Westar

Energy and the City of Lawrence water servigespectively Since the power plant follows an
industrial rate schedule, it was determined tWasta chargesUS$0.079 per kWh and a
US$480.0 Annual Demand Charg@he City of Lawrencec har ges t he Uni ver si
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Power PlantS$0.0028 per gallonofwat er consumed a sdustrialdMing i n t h
rates table [30, 31JThis document assursdhatthe power plant has no watesplosal costs as
stipulated bylie City of LawrenceT he ener gy cost I s EepireskEoqt ed2
and the present value of this cost is calculated by the BLC@a@ftusing the fourth formula in
Tabl e 1. The water costWd si melpgesearedamg i ths

calculated by the software using the third formula in Table 1.

The next values to be input in the software were the initial investment costs for each pump
sydem The initial investment costs were calculated as one time occurring amountareand
represent ed IbipnEq @)dor whechrthe areésene valdie cost for the twenty years
study period is calculated by the BLCC software using the first flarslobown in Table 1For

the Worthington B824 constant speed centrifugal pump, the cost of the pump and the control
valve were considered to be investment costs, since the pump is not able to provide water to the
system without having the control valve tontrol the flow of waterThe pump costwas
determined to be U$00.00 and theFishercontrol valve to be US$4,000.00 [282. The
Grundfosvariable speed pump system installed at the power plant was determined to have an
initial investment cost of US$15,000.00, which included both pumps and the CR Monitoring
controller [3]. It was assumed that both pump systems will have no residual athe @nd of

the study period of twenty years.

The next set of costs includegplacement cossuch as seald)S$200.00 for both pump#hat

are normally replaced every two yeaaadreplacement of motors or impellgiidS$1000.00 for
Worthington D824 and US$2000.00 for CRE 13%) changedas necessary, but averaged to be
replacedeveryten years fromt h e piostalatios date for the sake of this projethe seals

and motor and i mpel | ertsi mee reanimdwsassatgsacethaly t o b €
are coststhat occur one time every two years for the seals and every ten years for the
motor/impellery . These costs are ReplbriesmebBqed( dy, tard v
values (for every time they occur) are calculated by the B&@f@vare using the first formula in

Table 1since theformulatakes in account the year of the study period that the cost oédiurs

operating (down time), and maintenance (e.g., labor necessary to change seals/impellers) were
considered undehé cost ofabor, whichwas assumed to ten fiannually recurring coétwith a

labor costvalue of US$1,00(being usedfor both pumps every yeaiThe labor costs are
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represent ed GWR® hien v, Bng its arbskrg valiie is calculated by the BLCC

software using the second formula presented in Tapgb]L

All of the formulasshown in Table 1 use inflation, price escalation rates, and discount rates
determined by DOEThese rateare uploaded into the software and updated at the end of every
federal fiscal yeawhich ends September®0To obtain the updated software, one simply has to
register and download it from the DOE website for filegbles Bal through Béb cited in Tabé

1 can be found in Reference.25

Once the software calculates gvandividual cost using the formulahownin Table 1 it uses
the following simple equation to determine the total presahte life cycle cost for the two

pump system alternatives dissed in thislocument

LCC =1+ Repl i Res + E + W + OM&R (2)

(Terms are defined in the Nomenclature)

A life cycle cost analysis was performed for each of the four cases discussed in this document
(see Section 2.3), where the only costs that were changed in the software from case to case was
the energy consumption of each pump for each case and the sagerin the 12 month period

being discussed in each case, since energy costs/savings and water usage are the highest costs the
power plant has and were the primary focus of this project. The annual energy consumption
given in kilowatt hours for each caseasvestimated based on the power consumption data
gathered in kilowatts for each case. Most of the data obtained was during the months that the
power plant had its highest demand due to the cold weather and the amount of buildings
requiring steam, i.e., wiar. The estimates of energy consumption made for the months in which
data was not gat hered were based on these col
annual energy consumption. Tables of the outside temperatures and the steam produced by the

power plant for when the data was taken are shown in Appendices D and E, respectively.
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Table 1: PresentValue Formulas and Discount Factors for Life Cycle Cost Analysis [Reproduced from Ref. 25]

Present-Value Formulas and Discount Factors for Life-Cycle Cost Analysis.

PV formula for one-time amounts

The Single Present Value (SPV) factor is used to calculate
the present value, PV, of a future cash amount occurring at
the end of year t, F,, given a discount rate, d.

1
(1 +d)'

PV = F, %

PV = F, x SPV,, Iﬂ

E,
BV SPV

i <

The SPV factor ford = 3% and
t = 15 years is 0.642.

—

PV formula for annually recurring uniform
amounts

Tile Uniform Present Value (UPV) factor is used to
calculate the PV of a series of equal cash amounts, A,, that
recur annually over a period of n years, given d.

n
e i (1 +d)*-1

PV = A  x
t=1 (1 +d) daa +"

PV = A, x UPV, | i

PV UPV A, A, A

N <mmm

The UPYV factor ford = 3% and
n = 15 years is 11.94.

PV formula for annually recurring non-uniform
amounts

o (1) . Ao(1+e)L_( 1]]
e @d-e)| (1+d

The Modified Uniform Present Value (UPV") factor is
used to calculate the PV recurring annual amounts that
change from year to year at a constant escalation rate, e
(i.e., A..; = A, x (1+e)), over n years, given d. The
escalation rate can be positive or negative.

BV = AO X UPV*(n.d.e)

PV UPV*A A, A

<

The UPV* factor fore = 2%,
d = 3%, and n = 15 years is 13.89.

PV formula for annually recurring energy costs
(FEMP LCCA)

The FEMP UPV* factor is used to calculate the PV of
annually recurring energy costs over n years, which are
assumed to change from year to year at a non-constant
escalation rate, based on DOE projections. FEMP UPV*
factors are precalculated for the current DOE discount rate
and published in tables Ba-1 through Ba-5 of the Annual
Supplement to Handbook 135.

PV = Ay x UPV*(reg. ft, rt, d.n)

PV UPV* 4, A, A,
B <mlEm

The FEMP UPV* factor for region
(reg) = 3, fuel type (ft) = electricity,
rate type (rt) = commercial, d = 3%,
and n = 15 is 12.12 (1995).
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In order to have a better estite of the annual energy demand of the povwaertpestimates were

made for every month of the year based on the information gathered from Cases 1 through 4.
Since the monthly energy consumption is directly related to the monthly steam production,
energyestimates for the months in which information was not gathered were estimated based on
the comparison of those monthsd steam product
which data was obtained. For example, the energy consumptidarch wascalculated based

onthe data collected for certain days of that month, p@wer consumption data. If one wanted

to estimate the energy consumption of the plant during the month ofaulyhich just the total

steam produced by the pladtrring that month is known, the energy consumption of March
could be multiplied by the ratio of the total steam producelliipand the total steam produced

in March in order to havean estimate of the energy consumption hfly based on steam
production.Therebre, this was the approach uded all four cases in this projeah order to

have a better estimate of the annual energy consumption of the PowersPleatsummer
months are expected to have a much lower steam demand than winter iBeatAppendiceB
throughJ for the power and energy consumption hand calculations made to obtain the annual

energy consumption for Cases 1 through 4.
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2.5 Data Logging Error Analysis
Since multiple sensors of differemodelswere used to measure afithe necessary data in this

project, it isimportantto provide their rangs of accuracy in order to properly evaluate the
quality of the resultsFor this reasonan error analysis for eagbiece ofequipment used in this

projectfollows.

2.5.1 Data Logge
The data loggers used in this projegreHOBO U12006 Data Loggers. They have an accuracy

level of +2.5% of the reading being receiviedm eachindividual sensor used to acquire data
from both pump systems, i.e., pressure, flow raig @owerconsumption [27](Specifications

for all equipnent can be found in Append®). The CU351 controller of th&rundfosvariable
speed pumpwasused to receive the analog ingrdm the leel transmitter when the pumpara

in level control mode. This contier has an accuracy of £0.5% of the full scedadingof the

input [34]. Since the data loggeand the sensors have their own Iewaf accuracy, this thes

will be usingEq. (3) in order to determine the total error of the readings acquired by the sensors

anddatastored in thedata logges [35]

0 Q

(Terms are defined in the Nomenclature)

2.5.2Flow Meters
When dealing with the Siemens magnetic floweter 3100 and its controlleiemens Sitrans

Mag 5000, the company provides a flow sizing program that allows the udeteioninethe
accuracy of thélow meter, given the pipe diameter in which the sensor was installed as well as
the minimum and maximum flow ragéor the application. For every flow ratthe sensor has a
differentlevel of accuracy, where the greater the flow thtlower the error. The flometers
installed on the discharge side of the constant speed pump and the variable speedgremps
both four inch diameter magnetic sensors. By analyzing the data obtained from them, it was
established that the minum flow rate was never lower thad0 GPM and that the maximum

flow rate never exceedeg8DO GPM. Thereforethese were the values used in the program to
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establish the accuracy lesalf these two sensor3able 2 shows the different maximum error

valuesof these sesorsfor different flow ratedased ominimum and maximum flow ratexf 40

GPM and 300 GPM

Table 2: Level of Accuracy of Siemens Magneti¢-low meter MAG3100 with a Four Inch Diameter Sensor [Reproduced

from Ref. 36]

= "
Calculations on MAG3100 DN 100 / 4" sensor SIEMENS
e @
Back Print
table
Selected flow range Low flow range
Flowrate Flow velocity Max. error *) Flowrate Flow velocity Max. error *)
[Gal(US)/min] [ft/s] [% of Flowrate] [Gal(US)/min] [ft/s] [% of Flowrate]
40 1.05 +0.71 12 0.33 +140
83 220 +0.55 21 0.55 +1.00
127 3.34 +0.50 124 3.28 +0.50
170 448 +047 Maxi fl t
213 5.62 +0.46 aximum Tiow rate
257 6.76 +0.45 Flowrate Flow velocity Max. error *)
300 7.91 +0.44 [Gal{US)/min] [ft/s] [% of Flowrate]
1,245 32.81 +0.41
Select flowrate function: ||l RV T LR VEENT R (R EE 3
Accuracy: 0.4% + 1.0 mm/s
The following data are used for the calculation:
Transmitter choice: MAG5000
Sensor choice: MAG3100
Minimum flow rate: 40 Gal(US)/min

Maximum flow rate: 300 Gal(US)/min

® Copyright 2009 Siemens A/S, Flow Instruments
Thelogotype of Siemens A/S, Flow Instruments are registrated trademarks of Siemens A/S, Flow Instruments. All rights reserved.

By using Eq. (3) t@wombinethe error of the data logger (+2.5% of the reading) with the @&ror

the minimum and maximum flow rates shown on Tablth@,range of the total error that could
be encountered when reading the data recorded by the HOBCOodgtd would be +2.599%

for 40 GPMto +2.538%for 300 GPM

The same program was used to determine the range of error frdlovwh@eterusingthe one
inch diameter sensor installed in the bypass marked in purple on the power plant scfieégatic
9). Again, by analyzing the data acquired by thiav meter, it was determined that the lowest
possibleflow rate recorded by it was 1 GPWith the maximum being 20 GPMust so that a
range of errorcould be calculatedbr this flow meter Using these values, b 3 shows the

range of erra forthe Siemenflow meterthatused a one inch diameter sensor.
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Table 3: Level of Accuracy of Siemens Magnetid-low meter MAG3100 with a One Inch Diameter Sensor [Reproduced

from Ref. 36]

= "
Calculations on MAG3100 DN 25/ 1" sensor SIEMENS
e @
ack rint
table
Selected flow range Low flow range
Flowrate Flow velocity Max. error *) Flowrate Flow velocity Max. error *)
[Gal(US)/min] [ft/s] [% of Flowrate] [Gal(US)/min] [ft/s] [% of Flowrate]
1.00 0.42 +1.18 0.78 0.33 +1.40
417 1.76 +0.59 1.30 0.55 +1.00
7.33 3.09 +0.51 7.78 3.28 +0.50
10.50 443 +047 Maxi fl t
13.67 5.76 +0.46 e e
16.83 7.10 +045 Flowrate Flow velocity Max. error *)
20.00 8.43 +044 [Gal(US)/min] [ft/s] [% of Flowrate]
77.81 32.81 + 041
Select flowrate function: [[FeatE RN ER iA=L ER R EET §2
Accuracy: 0.4% + 1.0 mm/s
The following data are used for the calculation:
Transmitter choice: MAG5000
Sensor choice: MAG3100
Minimum flow rate: 1 Gal(US)/min
Maximum flow rate: 20 Gal(US)/min
® Copyright 2009 Siemens A/S, Flow Instruments
Thelogotype of Siemens A/S, Flow Instruments are registrated trademarks of Siemens A/S, Flow Instruments. All rights reserved.

Whentaking in consideration the reading accuracy of the HOBO data I¢g8&1%) the range
of the total errofor the data taking using the one inch diaméter meteris between 2.764%
for 1 GPMto £2.538%for 20 GPM

2.53 Pressure Transducers
All pressuretransducersised to gather data for this project waradeby Danfossfor industrial

applications(type MBS 300Q. They were used to measure the disghapressure and the
pressure otthe suction sideof the Worthington B824 constant speeeiatrifugal pump and the
GrundfosCRE 153 variable speed pumps. One of these sensors was also used to measure the
pressure right before the control valeeated athe deaerator tank. The measunentrange of
thesetransducersvas from 0 to 4 bar. Accordig to thetechnical datgdsee AppendixC), the

t r a n s naccuracg whiths includes notlinearity, hysteresis, and repeatabilitg typically

+0.5% of full scalereading but having a maximum error of no more than +&#dull scale
reading. For this resmn,it was assumed that thesansducersiave an accuracy of +1% of full
scalereading This means that for every pressure data point acquired by tta@seucersthe

error was considered to k.04 bar [37]. The data logger accuracy must alsothken in

consideration for the data obtathtfom the pressure transmitt&o a range of accuracy must be
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established from the lowest values recorded to the maximum readingtcdribmitter since the
error of thetransmitteris based o the full scalereadingandthe data logger error ia fixed
percentage oéveryreadingreceived from the transmitte€onsidering that the lowest value ever
recorded by theseansducers this project wa$.1 bar and the maximum readimgs4 bar, the
total error of the recorded values of the data logger and the pressure transastbetween
+40.078% (at 0.1 barand £2.693%at 4 bar) Since most of the data thatsrecorded by these
transducersvere rot lower than 0.8bar,the range of eor for the great majorityover 90%)of

recorded valugfrom thesedransducersvasbetween £5.59%0.8 bar)and +2.693%0f reading

2.54 Differential Pressure Sensor
In order to obtain and record the pressure drop that the Fisher control valve created before the

water went into the deaerator taqundfosprovided a differential pressure sensor for industrial
applications(type DPI 02.5). As themodel number indicage the range of differential pressure
that this sensor read was from 0 to 2.5 e accuracy of its readings was £2% of its full scale.
Again, this means that for every differential pressure measurement gathered from thigtsensor
error wast0.05 bar[38]. Assumingthatthe lowest recorded value by thigferential pressure
transducemwas 0.1 bar, our range of error between the lowest recorded value and maximum
possible reading of the senseas between +50.063%0.1 bar)and +£3.20%(2.5 bar)of the

actual recordedalue Thelow pressureerrorshi gh b e ¢ a u saecurachissbasedeon s or 6 s
full scale.Most of the data recorded by this sengmrer 90%)was above 1 bar since it was
mainly used when the control valve next to the deaerator tank was iThusge.most ofthe
values recorded by this sensor and used impttoecthaderrors between £5.59%nd+3.20%o0f

the actual reading.

2.55 Power Monitoring Transducer
The energy consumption of the Worthingtor8P4 constant centrifugal pump was recorded

using Veris Power Monitoring H804@1002 current transducers The current tr
information was used by a computgtached tadhe sensorand to the voltage supply of the
pumpswhich then calculated the power consumptidrne accuracyf the calculated power

consumptionwas given ag1% of the readingrom 10% to 100% of the rated current of the
current transducerg¢see AppendixC). Since hese transdiers were rated at a maximum

amperage of 100 arepss, as long as the current going through the power cables of the pumps
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was between 10 and 100 amps, dglceuracy of thealculatedoower consumptioralueswould
be within £1% of the actuakadng [39]. Since the amperage did not go below 10 amps or above
100 ampswhen the pump was in servicie data gathered in this project wasthin this 1%
error.In this case, since both the sensor and the data logger hagtaalished accacy for the
actual reading, theombinederror for this sensor and the HOBO data loggas +2.693% of

eachvaluerecorded.

The Grundfosvariable speed pumps system controller is capable of displaying and recording the
instantaneous power consumptiontteé pumps. HowevelGrundfoswas unable to provide the
accuracy of the controlldor its measurements-or this reason, the powaccuracy levelgor

these pumps wenrenknown.However, based on the accuracy of similar devices, a conservative

estimate wold place these measurements at +5% ordéssading

2.5.6 SureSit® Level Transducer
The Sur&ite® level transmitted accuracy is £0.4% of its full scale, while tBeundfosCU351

controller has an accuracy of £0.5% of the full scale of its analog [gpuB4] Using Eq (3),
this gives a total error of £0.640% of the full scale of the transmitter. Since the maximum height
of waterthat the transmitter measured wais.5 indes,for every level measuremettat the
controller of the variable speed pumps receives, the errbre height of the watewaswithin
+0.24 inchesThe lowest level measured was approximately 18 inches (read as 48% level by the
pumps o6 ¢ o nsinceobbth the pumps @nd tthe transmitter had an accuracy based on the

signal 6s full scale, the er 0dinchesor such readi

2.5.7Error Analysis Summary
Having establishethe error analysis for each sensor aatadoggerused in this projecthis

informationshould be taken to consideratiorfor the analysgof the resultdrom this project.
Representative errors will be plotted with some of the data presented in order to provide a visual
representat i onuraayinh this beetiondsa that denders @ke such erumder
consideration when looking at the data presented in the rgdditise detailed specifications for

all instrumentation used in this projestavailable in AppendixC.)
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Figure 19: Representative Error Bars for Power Consumption Readings (April 18, 2013).

Figure 19 shows the errors that should be takdn aonsideration for the power consumption
results obtainedor the Worthington EB24 pump (£2.693%f reading and theGrundfosCRE
15-3 pumps (x5%f reading assumed error).
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Figure 20: Representative Error Bars for Flow Rate Readings (April 18, 2013).

The expected errors for the flow rate readings in this prejegtre®ented in Fig 20, where the
average errowasapproximately £50% of every value obtained ftie discharge flow rate of
both pumps systems.
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Figure 21. Representative Error Bars for High Discharge Pressure Readings (April 1&013).
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Figure 22: Representative Error Bars for Low and High Discharge Pressure Readings (May 1, 2013).
Examples of the representative errors for high and low discharge pressures are show2in Fig
and 22. The average error ftire higher discharge pressureadings, i.e., above 40 PSI, was
approximately +2.75%f reading while, for thelower discharge pressure readintse errorwas
approximately £5.7% of the value recorded by the data logger.
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Figure 23: Representative Error Bars for High and Low Differential Pressure Readings across Control Valve (March 12,
2013).

Figure 23 shows the repsentative error for the values obtained for thierential pressure

across th control valvewhen the valvewas flono and fioffo, i.e., iond meaning in use when

running the constant speed pumps and variable speed pumps in discharge pressure mode, and
fioffd meaning fully open when running the variable speed pumps in level control fMiode

error of the values recorded while the control vatason was approximately +5.3%f reading

while the error for the values recorded while the valve wfisvas approximately +45%f

reading

All errors presenteth this sectiorshould be takemto consideration when reading the results of
this document, since these representative errors will not be prdsenthe graphs in the results

section.
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Chapter 3: Results
3.1Casel

3.1.1 February 11 throughFebruary 23,2012
The following graphs stw a comp@rison between the Worthington824 constant speepump

and theGrundfosCRE 153 variable speed pum@gower consumption, flow rates and discharge

pressure while both were runing in discharge pressure mofftem February 11 (Saturday)
through February 23 (Thursdagf) 2012.
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Figure 24: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumptiorfor February 11- 23, 2012
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Figure 24a Daily Maximum and Minimum Ambient Temperatures for February 11-23, 2012
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Figure 24 shows acomparison of the power consumption between @GnendfosCRE 153
variable speed pumps running in discharge pressure mode and Worthing@h dnstant
speed pump. The variable speed pumps ran from February 11 hhifebguary 17 while the
constant speed pump ran frofebruary 17 through February .23he average power
consumption of th&rundfos pumps was.280kW while the average power consumption of the
Worthington D824 pump was 6.11KW. As Fig. 24 shows, the poer consumption for the
Worthington D824 pump was higher from February 21 through February 23, which caused the
average power consumption to be higher as well. This was due to the power plant requiring a
higher steam demand as the flow rates shown inZ5lsodemonstrateThe same increase

steam demand can be seen when runningGhmdfosCRE 153 from February 16 through
Februaryl7. However, since that period ohte was smaller than theeriod forthe Worthington

D-824, the average power consution was not affected as much.

Figure 24a showghe maximum and minimum outside temperatures for the tlzgithe pump
systems operateld5]. Based on the fact that one thie power plari s s js @ Iprovide steam

for the heating system of the camplasyer outside temperatusecancauset he power pl a
demand for wateto become higheln other words, the flow rates and power consumption of the
pumps would be highethe lower the outside temperate was. The fluctuations of power based on
temperature&ehanges are a lot more noticeable during the days in which the Grundfos ERE 15
pumpswere running. That is because of the increase and decrease of their speeds in order to
satisfy the demantbr waterthatthe power plant requice Since the WorthingtoB-824 pump is

a constant speed pump, gewer consumption changegsre minimal when comparetb those

of the Grundfos CRE 18 pumps. There reason for that is ttie control valve is doing all the

work of increasing and decreasing the demand of wattdret deaerator tanlkigure24a shows

an increase in temperature for the period of February 21 through February 23, which should
indicate a decrease in power constiompfor the Worthington E824. However, Fig. 24 shows a
slightincrease in poweduring that time frameThe reader shouldisokeep in mind the fact that

the power planhas other duties thabuld require higher steam production other than just heat

supply, e.g., supply steam for humidity in HVAC systems around campus.

In later sections these average power consumption results will be compared to the pump curves

and to hydraulic powecalculations (using the averafjew rates and discharge pressures from
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each pump systemj orderto ensure that the obtained values for both pump systems

reasonable, i.e., fit the physics of flogqg that a fair comparison can be made.
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Figure 25: Grundfos CRE 15-3 vs. Worthington D-824 Flow Ratefor February 11- 23, 2012

The average flow ratef the CRE 153 pumps from February 11 through February 17 was
145.86 GPM and the average flow rate of the Worthingte®2® pumps from February 15

throughFebruary 24 was 187.80 GPM. Thesdues show how the demand was higher during

the week in which the Worthington-824 punp was running, explaining the higher power

consumption mentioned previously.

50

48
46

44 -
42

40

P (PSI)

38
36

CRFE

152

34

onE

——\Northington D-824

LITI

32
30

02/11/12

02/13/12

02/15/12

02/17/12

02/19/12
T (days)

02/21/12

02/23/12

Figure 26: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressuréor February 11- 23, 2012

As Fig. 26 shows, the discharge pressure of the CREdmps did not fluctuate as much when

compared to the discharge pressure of the Worthingt@&248Dpump. That is becaysehen
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running the CRE 183 in discharge pressuraode a setpoint had to be chosen, which was 44
PSI. This means that the pumps trisdmaintaina discharge pressumef 44 PSI at all timess
guided bytheir controller, while the Worthington -B240 glischarge pressure was mainly
influenced by the control valve regulating the flow of water into the deaerator tank. The average
dischargepressures for the CRE 4Bbpumps andhe Worthington B824 pump werel4.06 PSI

and 42.33 PSI, respectively.

The pump curvesf both pumpsystemsare available in AppendiB ( Not e t hat APO i n
B for Pump Curves is Power and naeBsure)lt should be noted that the pump curves for both

pump systems provadtheir pressure information as head in.f&mce the informatiogathered

in this projectused PSI as the unit of pressure, Equation (4) [40], was used to convert the known

pressure ifPSI to head in order to use the pump cudirg@ermation.

8

T (4)

(Terms are defined in the Nomenclature SG for this projectis equalto0. 979 due t o t htempevaureeof 6 s aver
16C°F [40])

When usinghe Grind f o s & pump curves t hat(WBCAPSH4llovi ded
this versionallows the user to manually input values for flow rate and discharge pregdire

Once these values are entered, the power consumption of the pump as weadffecseisy are
automatically calculated and displayed to the uséatls why the values obtained from the

pump curves for the CRE iHpumps have more significant figures than the values found for the
Worthington D824 pump.

Whenapplyingthe averageldéw rate and discharge pressui@ato the CRE 153 pump curve,

the paver consumption of the pump wapproximately4.9 kW, beingclose to the recorded

value of 5.28 kW, the difference between the curve value andmeesuredvalue was
approximately7.2%. The value used is referencedthe pump curve as Pwvhich is the power

input that the consumer has to pay f@refer to Appendix B.2 horsepower curvg33]. (Note

that this is not the fpr egsskeePtiothacsrveipessentsound i
horsepowe) By following the same procedure with the Worthingtor8 4 pump, the power
consumption of the pump using the curve values apasoximately 7.6HP, which is equivalent

to 5.67 kW. Theaverage power consumption from the recorded dam®117 kW which gives
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approximately7.31% difference betweethe twovalues.Therefore, since the recorded power
consumption results have small differemaghen compared to the pump curve values, it is
reasonableo say that the data gathered in this document is consistent with the pump curves for
both pump systems.

Another way to checkhat the power consumption data is consistent with the flow rate and
discharge pressure information is by calculating the hydraower of the pump in HP using
Eq. (5) [42] (SeeAppendixF for the derivation of E((5).)

EE ; (5)

(Terms are defined in theNomenclature)

Normally, the pressure used in Eq. (5) is the
pressue and t he pumpldveverj sméeehe inlgt pressusedor th pump systems

in this project was so low, i.e., an averagjet pressure ot PSl,the average discharge pressure

was used in Eq. (5By enteringthe average flow rate and discharge pressure values of the CRE

153 pumpsystemmn i ts pump c ur v dahatfhe pumps Wweve am éfficiencytof s h o w
approximagly 72%. When using abf these valuesh Eqg. ), the hydraulic power of the pym

was5.206 HR which is 3.88 kW. This power consumption is ab26t3% less than what was
obtainedusingthe recorded valueslowever, according to Grundfos, in order to obtain the true

power consumption of the pumping system, one must use the efficiency of the pump and the
motor combinedthe WEBCAPS pump curvprovides a efficiency only considering the pump

as well as a combad efficiency of the pump and motdg1]. The pump curve shows this
efficiency to be 58.7%When using the pump and motor combined efficiency (58.7%), the
hydraulic power of the pump w&376 HP, 04.754 kW. This value i9.96% higher thanthe

value obained through data gathering, which is closer tharvéthee obtained when just using

the pump efficiencyTherefore, these values not only show that the data gathered for the power
consumption is fairly close to the two types of calculated power consamiit also thathe
combined pump and motor efficiency must be wu
hydraulic powerSince the comparison of the recorded power consumption values to the pump
curve power consumption valuégiven the flow rate andischarge pressuyevas close, it is

assumd that the calculated hydraulic power is different due to the efficiency of the pump not
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being as high as expected. Thiiss assumd that the pumpsvererunning ata lower efficiency
so that the calculategower consumptiorwould be closer to the power consumption value

recorded.

When using Eq.5) to calculate the power consumption of the Worthingte®@22 pump (using

an estimatedpump efficiency of69% obtained from the pump curie Appendix B.}, the

power obtained is 6.72 HP which is equivalent to k@4 This value is about8.1% lower than

the recorded valueAgain, this could be due to the fact that the curve is only considering the
pump efficiency and not theombinedoump and motor efficiency. &te the Worthington 324

pump curve does not provide a combined efficiency like the Grundfos pump curve, it must be
estimated through calculationhis new efficiency value can be obtained by multiplying the
ratio of the calculated power consumpti®01 kW) and the recorded power consumption
(6.117 kW)by the efficiency found in the pump curn@ds). By usingthis processin order to

have the calculated powequalto the recorded power consumption value, the pamg motor
combinedefficiency shald be 56.8%. This value is lower than the one found in the pump
curve, however, the CRE i%efficiency also dramatically dropped (from 72% to 58.7%) when
the pump and motor efficiencies were combined. Hence, this calculation could be considered a

fair estimate for what th&/orthington D824 combinedoump and motoefficiencyshould be.

These two different approacheshich wereused toverify how closethe power consumption
obtained via data gatheringgas when compared to thealuesobtained fromt he pumps o
performances (flondischarge pressure and efficiency) and their pump cuwittsye employed

in all of the results included in Chapter 3.
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3.1.2 March 1 through March 14 2012
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Figure 27: Grundfos CRE 15-3 vs.Worthington D-824 Power Consumption for March 114, 2012
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Figure 27a Daily Maximum and Minimum Ambient Temperatures for March 1 -14, 2012

For the period of March [Thursdaythrough March 14Wednesdaydf 2012,Fig. 27 shows the
power consumption othe Grundfos CRE 13 and tle Worthington B824 pumps, where the
Grundfos CRE 18 ran from March 1 through March 7 and the Worthingte824 ran from
March 7 through March 14.HE average power consumption tbe periodthat the Grundfos
CRE 153 pumpsranwas 6.64&KW while the power consumption for the Worthingtor824 was
6.14 kW. Figure 27 shows he Grundfospumps had a greater power consumptitran the

Worthingtonconstant speed punturing its first four days of operation that weélkis was due

59




tot he pl ant 6s HhMVarghhlethrough darehrb s Hgo28 shoflesv rates higher

than 200 GPM for most dhose dates due to colder weather.

The minimum and maximum outsidemperaturemeasurement$or the period of March 1
through March 14f 2012are shown in Fig. 27p15]. Justasin Section 3.1.1the increase and
decrease in power consumption based on outside temperiatartt more noticeable during the
daysthatthe Grundfos CRE 13 pumps were in operation, whichdssumed to bdue to their

variable speed capability. Even though these changes are more noticeable for the variable speed
pump, one can notice how the flow rate and power consumption of both pump syistenes!

an increaseas the outside temperatures decreased, andveisa; hence, showing the

relationship between the power plantés water

As shown in Fig. 28 he average flow rate of the CRE-3%umps from March 1 through March

7 was 179.1 GPM and the average flow rate of the Wagthn D-824 from March 7 through

March 14 was 160.3 GPM. These values show tha
the periodhatthe CRE 183 pumpsran, explaining why this time the variable speed pumps had

higher power consumption when compatedhe Worthington E824.
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Figure 28. Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for March +14, 2012

Since the Grundfos CRE 45 pumpsstill had a fixed set point of 443P for its discharge
pressure, there was not much fluctuatwamen compared to the Worthington824 discharge
pressureasis shownin Fig. 29. The average discharge pressure for the Grundfos CRE 15
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pumps was 44.07 PSvhile the average discharge presstdior the Worthington EB24 pump
was 43.55 PSI.

By using the CRE 18 p u mpgefage flow rate and discharge pressure thigpump curve,

the power consumption of the system was 5.98 kW, being approxin®a®&@® lower than the
recorded average power cumption.When following the same process with the Worthington
D-824 pump curve, theower consumption obtained was 7.2 HP which is equivalent to 5.37 kW.
The power consumption obtained from the Worthingte822 pump curve is approximately
12.3% lower than the average recorded power consumption. These values show that the recorded
power consumption for bothariable speed and constant speed pump systassomparable to

the theoretical values obtained from their respective pump curves.

The pump and motor efficiency for the CRE-35ump system at its recorded average flow rate
and discharge pressujgrovided by theVEBCAPSpump curvg41]) was 58.6%. The hydraulic
power obtained for this pump system through the use of Eq. (5) was 7.8tidR isvequivalent

to 5.86 kW, being approximately 11.7% lower than the average recorded value. The difference
between the recordezhd calculateghower consumptionaluesobtained from Eq. (5) is higher
thanthe difference between the recorded power@wder conamptionvaluefound in the pump

curve. However, the recorded power is still comparable tose¢hevo theoretical power

consumptiorvalues
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Figure 29: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for Marci-14, 2012
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According to its pump curve, the Worthingtor8246 sstimatecpump efficiency at 160.3 GPM

is about63% (the reader should note that these efficiencies were estimates obtained by referring
to the pump curves in Appendix B.1Combining these Vaes wih the average discharge
pressure of 43.55 P81 Eq. 6), the hydraulic power of this pump system was 6.46 HP, or 4.82
kW, which is approximately21.3% lower than the recorded power consumption. Again, as
discussed in the results of the previous secfionthe most partit seems the constant speed
pump is running at a lower efficiency shown in its pump curves sircefficiency usedppears

to takeinto consideratioronly the pump and not the pump and motor combim&the Grundfos
pump curve doesTo obtaina valuecomparabldo therecorded power consumption through the
use of EqQ. %), the pump and motor efficiency for this systesrestimated tde approximately
49.5% (The methodor calculatingthis efficiencyis explained in Section 3.1.1Again, this
showsthat the pump system is running at a lower efficiency than the one shown in its theoretical
data since it seentbatthe pump curve doeohtake iro consideration the combined pump and

motor efficiency.
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3.1.3 April 10 through April 23, 2012

10
9
o B8 CRE 15-3
w —\Northington D-824
—
O
X

W"

04/10/12 04/12/12 04/14/12 04/16/12 04/18/12 04/20/12 04/22/12
T (days)

Figure 30: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 1623, 2012
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Figure 30a Daily Maximum and Minimum Ambient Temperatures for April 10 -23, 2012

With respect to the power consumption during the period of AprfTL@sdayxhrough April 23
(Monday),shown in Fig. 30the average power consumption of the Grundfos CRE g&mps

from April 10 through April 17 was 5.18 kW, and the average power consumption of the
Worthington B824 pump from April 17 through April 23 was 5.81 kWhich shows thatfor

this period both pump systems had fairly comparable power consumpies, these power

consumptionvalueswere lower than the ones discussed in the previous results, which can be
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explained by thehigher temperatureswhich varied between high 40s to low 80 degrees
Fahrenhejt shown in Fig. 3@[45]. Since the steam demand of the plant l@ager during this
periodbecause of warmer weathéehis caused the flow rate afater supplied to the systetn
alsobesmaller(shown in Fig. 31)making both pump systerhave smaller power consumption.

The average flow rates of the Grundfos CRE31&rd the Worthington EB24 pumps for the
period shown in Fig. 31 were 141.77 GPM and 138.89 GPM, respectiVbby.average
discharge pressure from the data found in Fig. 32 was 45.57 PSI for the Worthinrg2gnabd
44.09 PSI for the Grundfos CRE-B5

The values of the average flow rate and discharge pressure of each pump system can be used
with their respective pump curves to obtain the theoretical power consumption values for
comparison with the values obtained via data gathering. The power consurutral from
examiningthe CRE 183 pump curveof App. B.2was 4.73 kW. This value is very close to the
average power consumption obtained through data gathering, since it is 8.69% lower than the
recorded 5.18 kW.
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Figure 31: Grundfos CRE 153 vs. Worthington D-824 Flow Rate for April 10-23, 2012

The power consumption taken from the Worthington pump curve &@sHP, which is
equivalent to 5.07 kW. Ais theoretical value i%2.72%6 lower thanthe recoreéd value, showing
how the \alue obtainedthroughthe data gathering system is stdbmparableo the theoretical

pump data.
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The pump and motor efficiency found in the Grundfos CREB YBEBCAPSpump curve at the
average flow rate 141.77 GPM and discharge pressure 44.08 PS8w&s41]. Inputting these
values into Eq(5), the calculated power consumption was 6.21 HP which is equivale€né3
kW. This value is10.6% lower thanthe experimentally determinedalue, which agairshows

thatthe gathered data ssill close to ths theoretical value

According to the Worthington 824 pump curve, itestimatedefficiency at 138.89 GPM is
approximately 57%refer tothefirst plots in Appendix B.1)Usingthese values with Eq. (She
hydraulic power was 6.47 HP, or 4.83 kW, whish16.9% lower than thexperimentally
determinedoower. This means thajiven the average recorded flow rate and discharge pressure
of the Worthington BEB824, to get an estimated hydraulic powssm Eq. (5) equal to the
recorded power, the pump effic@nshould be 47.4% instead of 57%. Akperimentally
determinedpower consumption values discussed soafar fairly close to the values fourmsh

their respective pump curves. For this reason, it is believed that gufficsent proof that this
projectcan use thexperimentally determineplower consumption values for comparison of the
CRE 153 and Worthington E824 pump systems.
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Figure 32: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 123, 2012

Figure 33 is an example of the differential pressure across the control valve when the

Worthington D824 is operating and when the Grundfos CRE318ystem is running in
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discharge pressure mode. For this specific period of time, the average differessalrpracross

the control valve when running the CRE-3%vas 32 PSI, and when running the Worthingten D

824 it was 34.15 PSI. This shows that the control valve belsavelgrly for both pumps when

the CRE 183 is running in discharge pressure mode. Titesgure in the outlet side of the valve,

i.e., inside the deaerator tank, is approximately 9 PSI. Hence, the control valve drops whatever
pressure itreceives aits inlet to 9 PSland that pressurdrop is recorded as the differential
pressure shown inig: 33. This differential pressure data is not crudigfiormation given the

scope of this projedthence, just a few resulfsr each case wilthowthis differential pressure
information) but it is necessary just to show the&icha pressure drop existghen running the
pumps in discharge pressumeode,and that the control valvhelpsto maintain the pressure
before the deaerator tank so that the water has enough pressure to reach the heat exchanger
located on the first floor of the power plant (the thexechanger will be takeimto consideration

in Section 3.2).
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Figure 33: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 1023, 2012
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3.1.4April 24 through May 8, 2012
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Figure 34: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 24May 8, 2012
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Figure 34a Daily Maximum and Minimum Ambient Temperatures for April 24 through May 14, 2012

In the period of April 24Tuesday)through May 8(Tuesday) the Grundfos CRE 18 pumps

ran from April 24 through May,Jhaving an average recad power consumption of 4.86 kW,

and the Worthington 824 pumpran from May 1 through May 8 with an average recorded
power consumption of 5.67 k\&s shown irFig. 34 Again, the warmer weather helped reduce

the steam demand of the power plant, consequently reducing the power consumption of the
pumps providing water to the systefigure 34a showghe minimum and maximum outside
temperature and fluctuationdor the period of April 24, 2012 through May 8, 20[45]; from
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which one can notice a relationship between warmer weather and lower power consumptions and

flow rates (For moredata on the average temperature for the periods desttisse Appendix

D)

The average flow rate for the CRE-2%ump system for the period shown in Fig. 35 was 132.28

GPM, and the average flow rate for the Worthingtoi822 pump system was 130.72 GPM.
These averages show thiatr this period of timgboth pumps system providedry similar flow
rates of water to the system.oMever, the CRE 18 pumpsconsumed a smaller amount of
power when compared to the Worthingtor824 constant speed pump.

The average discharge pressure of the Grundfos CREpLps(from Fig. 3§ was 4407 PSI,
while the discharge pressure for the Worthingte824 pumpwas 46.19 PSI. Using these values

i n each

CRE 153 pumps and 4.87 kW for the Worthington824 pump (The extra significantdigits
were obtained by using the WEBCAPS pump curves for the Grundfos pumps [41byand
converting horsepower information into kW for the Worthington PJirAgain, this shows that
the recorded power conspition values were close to thigeoretical values, being within67%
(for the CRE 183 pumps) and 4.1% (for the Worthington EB24 pump) of each other.
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Figure 35: Grundfos CRE 15-3 vs. Worthington D-824 Flow Ratefor April 24 -May 8, 2012
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The pump and motafficiency of the Grundfos CRE 1% pump system at a 132.28 GPM flow

rate and a 44.07 PSI discharge pressure was 58.0% t ai ned f r o EBGAR® Gr un
pump curveg$41l]). The calculated hydraulic powesrfthis pump system using Eq.) (vas 4.36

kW (5.85 HP), which i40.32% lower than the recorded average power consumption. According

to its curve the Worthington B824 pump has an approximate pump efficiency of 55% at a
130.72 GPM flow rateUsing this information, Eq. [®ives a hydralic power of4.77 kW (6.40

HP), which is 15.9 lower than the recorded power consumptibdience, for the calculated

hydraulic power to be the same as the recorded power consumption, the pump and motor

efficiency for the Worthington E324 should be appraxiately 45.5%.
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Figure 36: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 24May 8, 2012

As Fig. 37 shows, the differential pressure across the control valve was lower for the period
when the CRE 18 pumps were running; however, the pressure remained fairly consistent for
the entire period of operation of both pumps. The average differprésgure for the period that

the CRE 153 pumps ran was 31.48 PSI, and for the period that the Worthing&#% pump

ran, it was 34.07 PSI.
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3.2 Case 2
3.2.1April 15, 2013
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Figure 38: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 15, 2013.

For this set of results, each set of pumps rampproximatelytwo and a half hours with the heat
exchangewalve (located in the first floor of the power plant) closed and dygoroximatelyone
hour with the heat exchangealve opened.This was done in order to check how the power
consumption, flow rate and disalge pressure of each pump diffen@tien excludingthe heat

exchanger from the system.

Figure38 shows how both pump systems consumed muchnesgyewhen they did not provide
water to the heat exchangéthen the valve to the heat exchanger was closed average
recorded power consumptiamas4.03 kW for the Worthington 824 pump and 2.74 kW for
the Grundfos CRE 18 pumps.Even thoughFig. 39 showshatthe Worthington B824 pump

had a lower average flow rate when compared to the Grundfos CREpWSps (69.19 GPM
versus 78.08 GPM), the constant speed pump still consuBf&d more energy than the
Grundfos variable speed pumfFigure39 shows that the discharge pressure for the Worthington
D-824 was much higher when the valve to the heat exchanger was asessgdpared to when it

was open
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The pressure increase happened becawsee water was no longer able to reach the heat
exchamer, allof the water was now supplied to the deaerator tank. This caused the control valve
to close more, creating more resistance in the system that forced the constant speed pump to
increase its discharge pressurerderto provide the required flonate to the systenit must be
remembered that the Grundfos CRE3Lpumpswere configured to run in discharge pressure
mode witha set point of 43 PSI for Case 2, so its discharge pressure did not fluctuate as much
again since it just maintained its setirgovalue by reducing its speadhen the control valve
restricted the flow into the dedor tank.The average discharge pressure for the period with the
heat exchanger valve closad Fig. 40was 49.25 PSI for the Worthington-&4 pump and

42.99 PSI fothe Grundfos CRE 13 pumps

Given the averagflow rate and discharge pressudoe both pump systemshe Grundfos CRE
15-3 pump curveheoretical power consumption was 2.53,kWing abou?.68% lower than the
recorded valueThe Worthington B824 pump curve theoretical power wagproximately 4.10
kW (5.5 HP), being approximately 1.74% higher than the recarekdts Therefore, this shows
how the gathered values are still comparable to the theoretical pump curve valuesvathe h
constant speed pumps consumed more power than the variable speed pumps while the heat

exchanger was natsed.
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Figure 39: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 15, 2013.

The Grundfos CRE 18 pump and motoefficiencyat a 78.08 GPM flow rate is approximately
58.9%[41]. The calculated hydraulic power foutittough Eq. (b was 2.48 kW (3.326 HP),
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which was abou®.4%6 lower than the recorded value. The WorthingteBZ4 pump efficiency

at a 6919 GPM flowratewas approximately 35%, resulting in a calculated hydraulic power of
4.23 kW (5.67 HP), approximate#yy9%6% higher than the recorded power consumptidence,

the recorded power consumptsofor the periodthat the heat exchanger valve wel®sed for
both pump systems were very close to their theoretical and calculated \al@gsse 1, the
theoretical power consumption values for the Worthingte®2® pump were all lower than the
recorded results. possiblereason whythe calculated theatical values for the Worthington
pump in Case Zfor the times when the heat exchanger valve was clasedhigher than the
recorced power consumptioreould be thecombination oflower estimated pump efficiencies at
lower flow ratesand the higher diseige pressure being used in Eq.\When the heat exchanger

valve was closeddowever, all theoretical values are still comparable to the recorded values.
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Figure 40: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure foApril 15, 2013.

For the period in which the heat exchanger valve was,dperaverage power consumption was

6.07 kW for the Grundfos CRE 45and 5.43 kW for the Worthington-824. The average flow

rate for the CRE 18 and the Worthington 824 pumps we 171.2 GPM at an average 92.

PSI discharge pressure and 152.2 GPM at an averagkR2l discharge pressure, respectively.

In this set of resulighe variable speed pump had to provide a higher flow rate, and consequently

a higher power consumption,o fif eedo t he heat exchanger when
pump.This also shows how the heat exchanger causes the pumps to consume a lot more power
when compared to the period which the heat excharahee wasclosed.
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The CRE 183 pump curvé theoretical power consumption value at the average flow rate and
discharge pressure was 5.57 kW, beiagout 8.24% lower than the recorded power
consumption. The theoretical power consumption value from the Worthingt®24Dpump

curves was approximatey.22 kW (7 HP), abous.8®6 lower than the recorded consumption.
Hence, the theoretical values obtained from the pump curves of both pump systems were very

comparable to the power consumption values obtained via data gathering.

The calculated pump hydraalipower for the CRE 13 pump system with pump and motor
efficiency of 58.7%( o bt ai ned f r o mWEBCAPS\eErsionpdl])cauthevl€éld2d
GPM flow rate was 5.45 kW (7.31 HP), abdlQ.26 lower than the recorded consumption.
Regarding the Worthingtoid-824 pump its theoretical pump efficiency at 152.2 GPM is
approximately 60%, resulting in a calculated pump hydraulic power of 4.69 kW (6.29 HP), about
13.6 % lower than the recorded consumption. Therefme, that the calculated power
consumptiorbe similar to the recordedVorthington D824 power consumption, the pump and

motor efficiency should be approximately 51.8 % instead of a pump efficiency of 60%.

3.2.2April 16, 2013

7
6.5 1
6 -
o | |
55 o\
N 5 :
— === \\Orthington D-824 w/ Heat
© 45 Exchanger Valve Closed
x L“ o/ == CRE 15-3 w/ Heat Exchanger Ve
4 Closed
3.5 | CRE15-3 w/ Heat Exchanger Ve
Open
3 =
== \\Orthington D-824 w/ Heat
25 Exchanger Valve Open
2
9:00 10:30 12:00 13:30 15:00 16:30 18:00
T (hh:min)

Figure 41. Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 16, 2013.
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The averageecordedpower consumption for the period shown in Fig. 41 in which the heat
exchangeacceswalve was closed was 4.14 kW for the Worthingto822 pump and 3.09 kW
for the Grundfos CRE 13 pumps With respect to the period in which the heat exchanger
access valve was open, the CRE-31@mnd Worthington E824 p u mprecorded power
consumptios were6.21 kW and 5.45 kW, respectiveljgain, these results show how the
variable speed pumps consume less pdivn the constant speed pump when the watgrst
deliveredto the deaerator tank (which was the primary focus in the begimfitiys project).
However, the Grundfos pumpsnd to consume more energy when water is supplied to both the
deaerator tank ahthe heat exchangéerhis could bealue to the fact thahe variable speed pump
system has a high head capacity bubva flow capacity, which causeid to woik harder than
usual and consunmauch more power wheihneeadto provide greater flow rates to the system;

and when the flowequirementswvere small it was able fulfill that demandwith much less

power.
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Figure 42: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 16, 2013.

Given the flow rates displayed in Fig. 4/jring the period in which the access valve to the heat

exchanger was closethe Worthington B824 pump provided an average 79.5 GPM to the
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system, while the Grundfos CRE-Bjpumpsprovided an average 86.1 GPM. The corresponding
average discharge pressures shown on Fig. 43 were 48.8 PSI for the Worthir@drpDmp

and 43 PSI for the Grundfos CRE-35%umps. When the access valve to the heat exchanger was
openedthose average flw rates changed to 159.3 GPM with a discharge pressure of 42.2 PSI
for the Worthington pump and 175.6 GRiith a 42.99 PSI discharge pressure for the Grundfos

pumgs.
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Figure 43: Grundfos CRE 15-3 vs. Worthington D-824 DischargePressure for April 16, 2013.
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Figure 44: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 16, 2013.

Figure 44 shows the differential pressure across the control valve for bothgyataps when

they are running with the heat exchanger access valve open and closed. One can notice that
when the heat exchanger valve is cloaedthe Worthington 824 pumpis in operationthe
differential pressure is slightly higher than when the valve is open. This correlates to the higher
discharge pressutbatthis pump hd when running with the heat exchanger valve closed, where
the average differential pressure across the valve &dsFSI. When the heat exchanger access
valve wasopened, the differential pressure across the control valve dropped to an average 27.45
PSI while the Wotiington D824 pumpwas in operationbecausdts discharge pressure also
dropped. Since the GrundfdSRE 153 pumps havea setpoint pressure when running in
discharge pressure mode, i.e., independently of the heat exchanger valve being open,or closed
the pumps maintain the same discharge pressure. Flgusbows how the differential pressure
across theontrol valve remaied nearlythe same when the CRE-B3pumps weren operation.

The average differential pressure for the titm&tthe Grundfos CRE 13 pumps wereperating

with the heat exchanger access valve closed was 30.1amVvas27.88 PSI wmen the access

valve was open.

The theoretical power consumption value obtained from the Grundfos CRBEplibp curves
using the previously mentioned flow rates and discharge pressas?.8 kW for the period

when the heat exchanger was unuseding jus under 9.3%c of the recorded power
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consumption. Forthe period when the heat exchanger was in, tise theoretical power
consumption was 5.71 kW, whiatasabout8.05% lower that the recorded power consumption.
With the use of Eq. (band a pump and mot@&fficiency of 58.7%[41], the calculated pump
hydraulic power for the Grundfos CRE -B5pumps during the period with no heat exchanger
was 2.74 kW 11.3% lower than the recorded vajyandfor the period when the heat exchanger
was in use, using a pummadmotor efficiency of 58.5941], the calculatd pump hydraulic

power wa.62 kW 0.5% lower than the recorded power consumption

The Worthington B824 pumpcurve showed rm approximate 5.5 HP, at.10 kW, theoretical
powerfor the period with the he&xchanger access valve closed., approximately 1% lower

than the recorded value, and approximately 7.1 HP, or 5.29 kW, theoretical power when the heat
exchanger access valve was op2r®b6 lower than the recorded power consumptidre

pump efficienges shown in the Worthington-B24 horsepowecurve (Appendix B.1)for when

the heat exchanger access valve was closed and openedppeoximately 38% and 61%,
respectively. Using these efficiencies and their respective flow rates and discharge pressures
Eq. (5) the average calculated pump hydraulic power for the Worthingt824Dwvas about 5.65

HP, i.e.,about4.21 kW (about 1.7% higher than the recorded consumpti@n)the @riod with

the heat exchanger nosed and about 6.43 HP, or 4.79 KKWeaty 12.1% lower than the

recorded consumptiofdr the period with the heat exchanger in ofiera

It seemedhat the efficiency of the Worthington-824 pumpwhen the heat exchanger was not

in operation was low enotgto have the hydraulic powe&omparable to the recordgubwer
consumption. However, when the heater exchangeiin operationthe difference between the
recorded and calculated power increased about 12.1%. This could mean that the combined pump
and motor efficiency (not shown indlpump curves) is similar to just the pump efficiency at
lower flow rates, but at higher flow ratasplays a bigger role since the motor is having to do
more work with the pump, dropping the system overall efficieRoy.this reason, in order for

the @alculated average hydraulic power be the same as the average recorded power, given the
average flow rates and discharge pressures, the pump and motor efficiency should be
approximately 53.6% for the perioduring which the heat exchanger was operation.
Neverthel ess, even wit h darthe Wolthingtonii82épurap tlleu | at e d

different power values described in this set of results are still comparable to eacghthather
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showng how the equipment used in this project provided reshhs were very similar to the

theoretical informatioffior the two different pump systems.

3.2.3April 17, 2013
For the April 17, 2013 data set shown in Fig.,4the average power consumption during the

period that the heat exchanger was not in operation was 4.01 kW for the Worthing&24 D
pump and 2.74 kW for the Grundfos CRE-3%umps.Once the access valve of the heat
exchanger was oped those average power consumptions changed to 5.39 kW and 5.83 kW,
respetively. The Grundfos CRE 18 pumps consumenhuch less energy (aboGtl.®% less)
when compared to the Worthington824 pumpduring the peod thatthe heat exchanger was
out of action However, when the heat exchanger was in operation, just like adisbks in Case

2, the GrundfoCRE 153 pumpshad higher (but still fairly similar) power consumption when
compared to the Worthington-824 pump.
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Figure 45. Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 17, 2013.

The correspondinfiow ratesfor the power consumptiomapril 17, 2013 are showmiFig. 46

The average flow rate for the periatiring which the heat exchangelid not have water
suppliedwas 70.7 GPM for the Worthington-84 pump and 76.6 GPkr the Grundfos CRE

153 pumps.Once the pumps were allowed to provide water to the heat exchanger, the average
flow rates became 151.5 GPM (Worthingtor8P4) and 167.2 GPNCRE 153).
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Figure 46: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 17, 2013.

Looking at Fig. 47one carseethat except for the period duringhich the Worthington EB24

pump ran with the heat exchanger access valve closed, both pump sy&ptvery similar

discharge presswsealuringtheir hours of operation. When the heat exchanger access valve was

closed the Worthington B824 pump had a 49.2 PSI average discharge pressure and the

Grundfos CRE 18 pumps had a 43.0 PSI average discharge pressure. Once the access valve

was opened, th€ERE 153 pumpscontinued with a 43.0 PSI average discharge pressure, while

the Worthington B824 pumpdropped its average discharge pressure to 42.98 PSI.
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Figure 47: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressuréor April 17, 2013.
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When the heat exchanger access valve was closed, using the pump tbertlesoretical power
consumption foundi s i ng t h eVEBZTABS[4lfpwre Gurvewas 2.4KW for the CRE

153 pump systemi.e., 9.126 lower than the recorded powgrith a 58.9% pump and motor
efficiency[41]), and4.10 kW (5.5 HPJor the Worthington B824 pump (35% pump efficiengy)

i.e., 2.24%higher than the recorded powghe higher value is again, assumed to be due to the
lower pump efficiencies at lower flow rat@sd higher discharge pressure being used in EQ. (5)
For the period with the heat exchanger access valve open, the theoretical power for the3CRE 15
pumps wa 5.44 kW 6.6%6 lower than the recorded powetith a 58.8% pump and motor
efficiency [41]); and for the Worthington 8824 pump it was 5.07 kW %.94% lower than the
recorded powewith a60% pump efficiency

For the period when no water was supplied to the heat exchangeraltulatecdverage pump
hydraulic power using Eq. (5) wds31 kW 6.79 HP) for the Worthington 824 pump and 2.43
kW (3.26 HP) for the Grundfos CRE -Bpumps. The calculated power was jugt8 % higher
than the actual recorded power consumption for the Worthingt824) while the calculated
power for the CRE 18 was11.3% lower than the recorded consumption value. Hetleese
results showa reasonableonsistency between calculatadd measured values for the period

duringwhich the heat exchanger was not in operation.

Using the flow rate and discharge pressure valdesing which the heat exchanger was
operational, Eq. (®) bBydraulic power results werke72 kW (6.33 HP) for the Worthington pump
and 5.31 kW (7.13 HP) for the Grundfos pumps. This time the calculated hydrawler was
12.%% lower than the measuredresumption for the WorthingtoD-824 pump, which could be
due to the fact that the motor efficienplays a bigger role in higher flow ratdsowever, this
issueis not taken ito consideration by tap u mp 0 ss. Foruhisweason, evethough these
valueswerenot toofar apart from each othem order to have the calculated average hydraulic
power to be the same as the measured average power consumption, given the average flow rates
and discharge pressure, thatimated combined motor and pump efficiency for the Worthington
D-824 pump shouldhave beerapproximately 52.5%. With respect to the Grundfos pumps, the
calculated average hydraulic power was 08l926 lower than the measurexveragepower

consunption. Therefore, this set of results shows how the recoatettheoreticalalues from
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both pump system$or this periodof Case 2are also consistenenough to establish a fair

comparison betweethe power consumptiovaluesof thesewo pump systems.

3.2.4April 18, 2013
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Figure 48. Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 18, 2013.

The variation inpower consumptiofor seven hours on April 18, 2013 isostn in Fig. 48with

the heat exchanger access vatl@sed. The average power consumptisas 4.29 kW for the
Worthington D824 pump and 3.47 kW for the Grundfos CRE3Lpumps.When considering

the time when the heat exchanger access valve was open, the WorthirggdrhBd a 5.59 kW
average power consption while the CRE 18 pumps average was 8.6Again, these results
show that a lot more worlwas done by these pump systems when having to provide water to
both the deaerator tank and the heat exchafger.data on the averagenbient/environmental

temperature for thperiods discussed see Appendiy D

As Fig. 49shows, the Grundfos CRE -Bspumps had a higher flow rate for both periods of time,

i.e., when the heat exchanger access valve was open and elesatpared to the Worthington

D-824 constant speed pump. However, the only period that it consumed more power was when
the access valve was open. That could be due to the fact that variable speed pumps are normally
more energyefficient when operatingt lower flow ratesascompared to constant speed pumps

that are more energy efficient at higher flow rates [5]. The average flow rates for the period with
the heat exchanger not operational was 86.2 GRtkl an average 48.4 PSI disrge pressure
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(shown inFig. 50 for the Worthington 824 pump and 95.7 GPMwith an average 43 PSI
discharge pressuréor the Grundfos CRE 18 pumps. Once the heat exchanger became
operational those average flow rates changed to 166.5 GR®M 1.4 PSI dischargior the
Worthingon pump and 184.8 GP#t 43.0 PSI discharder the Grundfos pumps.
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Figure 49: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 18, 2013.

Using the average flow rates and discharge presduwesthe pump curves oéach pump
system, when the heat exchanger access valve was closed, the theoretical power consumptions
for the Worthington 824 and Grundfos CRE 1% pumps weret.25 kW (5.7 HPwith an
approximate 41% pump efficiencyand 3.16 kW (57.8% pump and motor efficiengy)
respectively. The Worthington-B24p u m gh&wetical average consumption vie83% lower

than the recorded power and the CRE3l® u m ghedyetical value was 8.93% lower than the
recorded power consumption. Regardihg period when the heat exchanger access valve was
open, the theoretical power consumption was 5.37 kW (7.@vithlPa 63% pump efficiengyfor

the Worthington BE824 pump and 6.05 kW{68.1% pump and motor efficiencigr the Grundfos

CRE 153 pumps Thesevalues were 3.93% (Worthington-84) and 8.75% (Grundfos CRE

15-3) lower thanthe recorded power consumption valudsnce these comparisons shdvow
consistent the values obtained with the sensors used in this project were when compared to the

theoreti@l values found in the pump curves of each system.
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Using Eq. (5) to calculate the pump hydraulic power for the Grundfos CREpLfnp system,

the values obtained were 3.10 kW (4.153 HP) for the period with the heat exchanger access valve
closed and 5.95W (7.98 HP)for the periodduring whichwater was supplied to the heat
exchanger. These calculated values were 10.7% (access valve closed) and 10.3% (access valve
open) lower than the recorded power consumption values. The Worthing824 pu mp 6 s
calculaed hydraulic power was 4.42 kW (5.93 HP) for when the heat exchanger access valve
was closed and 4.76 kW (6.38 HP) for the period with the acadgs vpen. The calculated
hydraulic power for the period with the access valve closed was 2.94% high#retmatorded

power consumptionand for the period with the access valve op#re hydraulic power was

28.2% lower than the recorded power consumption. This greater difference when the access
valve was open could be due to the fact that the motor efficigmd taken ito consideration in

the Worthington B824 pump curvesplays a bigger roletahigher flow ratesThus for the
hydraulic power to be the same as the recorded power consungiviem the used average flow

rate and discharge pressure, it sswamed the Worthington-B24 pump and motor efficiency
should be approximately 45.2%.
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Figure 50: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 18, 2013.

Figure51 is another example of how the differential pressure across the control valve changed

during the operation of the Worthington824 pump when the heat exchanger valve was open
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and closedWhile the Worthington EB24 pumpwas in operation with the accesalve closed,

the average differential pressunas 34.25 PSland when the access valve was opéme

average differential pressure dropped to 27.34 HS8is difference was due to the higher
discharge pressure of the constant speed pump when thexbleamger valve was closed. When
observing the differential pressucturing the periodhatthe Grundfos CRE 13 pumps weren
operation, there was not much difference between the times when the heat exchanger valve was
open and closed. The average defaial pressure across the valve was 29.85 PSI when valve
was closed and 27.09 PSI during the titihat the valve was operAgain, this was due to the
discharge pressure sabint of the CRE 153 pumps sothat theycouldincrease or increasbeir

speed in order to maintain the same discharge pressure based on the supply tifaividier

system neeghl
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Figure 51. Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 18, 2013
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3.3 Case 3

3.3.1 April 30, 2013
For Case 3, th&rundfos CRE 18 pumpsanin level control modevith the control valve fully

opensi nce it was the pumpdés speed that controll
tank The Gr un d ponsforpisuenep corirol sx@de was 52%, i.e., the pumps tried to
provide a supply of water to maintain that deaerator tank water level at approximately 52% of its
capacity, a | evel t hat wa s. When tuaning theswoehgionby t h e
D-824 pump, the control valve still controlled the supply of water going into the deaerator tank

since this pump always worked in tkhéscharge pressunmode Eachset of pumpgan for a

period of approximately 3 hours each daya total of two dagwith the heat exchanger access

valve closed. Thiprovideda fair comparisofor the power consumption of each pumbile the

variable speed pumps ran in level control meiteg in this casethey were both just supplying

water to the deaerator tank
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Figure 52: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 30, 2013.
As Fig. 52shows, when the heat exchanger access valve was closed and the Grundfos3CRE 15
pumps rann level control modethey consumed a lot less power than the Worthingte82D
pumps. The average power consumption for the CRB f6mps was 0.80 kW whildor the
Worthington D824 pump it was 3.84 kW.In terms of percentageshis means thatfor
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approximately the samarmunt of operatingime, the Grundfos pumps consumed about 79.2%

less energy than the Worthington pump.

Whenlooking at the flow rates in Fig. 5doth sets of pumps seemed to have provided fairly
similar flow rates.However, Fig. 54hows how the constaspeed centrifugal pump discharge
pressure was much higher thidmat ofthe variable speed pumps. That difference in pressure was

due to the fact that the control valve was fully open when the Grundfos pumps were in operation,
and while the Worthington pumwas runningthe control valve was in operation orderto

manage the water supplied to the deaerator tank. The average flow rate for the Worthington D
824 pumpwasapproximately56.7 GPM with a49.7 PSI discharge pressuesd the Grundfos
CRE153punps 6 average fl ow rate was 56.1 GPM with
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Figure 53: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 30, 2013.

When plotting the average flow rate and discharge pressure vaingghe Grundfos CRE 18
WEBCAPSpump curvanformation the theoretical power obtained was 0.687 kW with a pump
and motor efficiency of 47.5%#1]. Following the same procedure with the averages for the
Worthington D824 pump, theestimatedheoretical poweobtained was$.80 kW (5.1 HP) with

an approximate 30% pump efficiency. For the Grundfos CRE dsmps the theoretical power
was about 14.1% lower than the recorded power, while for the Worthing&2v[pump, the

theoretical power was 1.04% lower théme recorded power. The difference between the
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theoreticalandrecorded powevalues for the Grundfgsumps seem high when compared to the
Worthington D824 numbersdue to the fact that the values being dealt with are so small that
minor differences suchs0.15 kW leado higher percentage differencé¢owever,the recorded
power consumption valuesan still be considered comparable to the theoretical values found in

the pump curves.
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Figure 54: Grundfos CRE 15-3 vs.Worthington D-824 Discharge Pressure for April 30, 2013.

The calculated average hydraulic power using Eq. (5) for the Grundfos CREpdfmps was
0.673 kW (0.903 HP), being 15.9% lower than the recorded power consumption. With respect to
the Worthington B824 pump, the calculated average hydraulic power was 4.08 kW (5.48 HP),
6.25% higher than the recorded power consumpfidgain, it was assumed that the calculated
hydraulic power was higher than the recorded value due to the lower pump efficiencyrat lowe
flow rates as well as the higher discharge pressure used in EdV@&h)hough thetheoretical

and calculatedata ha&e a higher difference from the recorded data when compared to the results
of previous cases, this set wdlues still showshat lesspowerwas consumed bythe variable
speed pumps in level control modscompared to the Worthington-824 power consumption

when the two pump systemsereonly supplying water to the deaerator tank.
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Figure 55: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 30, 2013

Figure55 shows the differential pressure across the control valve thile¢reat exchanger valve
was closed anthe Grundfos CRE 18 pumps wereunning in level control mde ascompared

to the Worthington B824 pumpresults Whenever the Grundfos CRE-B5umps rann level
control mode, the control valwgasmanually set to be fully open. For this reason, Fig. 55 shows
how the differential pressure across the vaieesso low during the time the CRE i5pumps
werein operation. The average differential pressure across the valve when the GRErhps
wererunning was 6.64 PSI. Even though the pressure was expected to be very closemceaero

the valvewasfully open, the valve still provida small pressure drop in the system

Theinitial part of the blue line with the negative slope represents the amount of time it took the
pneumatic system that controls the valve to completely get rid of the aiotitadls the opening

and closing of the valvelhe same idea followfr theinitial part of the red line with a positive
slope, which represents the pneumatic system slowly providing air back to the control valve until
it wasfully operational. The averaghfferential pressure across the valve when the Worthington
D-824 pump wasin operation was 34.91 PSI, which is very close todlfferential pressure
measuredn Case 2. Hence this shows how the control valvegglayminor role when the CRE

15-3 pumpsranin level control mode.
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3.3.2 May 1, 2013
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Figure 56: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for May 1, 2013.

For the data shown in Fig. 5the average power consumption of the Grundfos CRE& dmps
was0.876 kW, while the average power consumption for the Worthingt8@Dpump was 3.64
kW.
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Figure 57: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for May 1, 2013.

90



The four large peaks present in the period between 9:000@3@ in both Fig. 56 and ¥
represent a time duringhich the level of the deadaa tank dropped belothe set point of 52%
water capacity andhe pumps hado increasethe flow rate (and consequentiyower
consumption) taeachthe chosen set poinThe rapid increasein flow rates were manually
adjusted by thigesearcher in attempt to bring the level of water back to the desirpaiset
since the previously used lower flow rates were not enough to maih&asetpoint However,
asonecan sean Fig. 3, the discharge pressure of the Grundfos pumps wasigwiticantly
affected by thostarge changem flow rate. Having that explained, the average flow rate for the
Grundfos CRE 18 pumps was 59.7 GPM with a 13.3 PSI average discharge igeasad the
Worthington D824 pump had a 47.9 GPM average fi@atewith an average 49.9 PSI discharge

pressure.
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Figure 58: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for May 1, 2013.

The Grundfos CRE 13 pump$averageheoretical poweobtained from th&VEBCAPSpump
curve basednthe average flow rate and discharge presswes0.746kW (with a 47.3% pump

and motor efficiency41]), about 14.8% lower than the recorded power consumption. Using Eg.
(5) the catulaed average hydraulic power was730 kW (0.979 HP), 16.6% lower than the
recorded power consumptiofhe Worthington EB24 theoretical powewas 3.73 kW (25%

pump efficiency),2.47% higher than the average recorded power consumptnencalculated
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awverage hydraulic power for this pump was 4.16 kW (5.575 HP), 14.3% higher than the recorded
power consumption.Hence, these values still show thathen these two sets gbumps just
supplied water to the deaerator tatile Grundfos CRE 18 pumps consumertbnsiderably less
powerthan the Worthington £24 pump wherthe Grundfos pumpsan in level control mode

rather than discharge pressure mddi@wever, by having the heat exchanger valve closed, one is
not considering the amount of steam that is being lost into the air instead of being reused by the

power plant as condensed water, which in the

3.4Case 4

3.4.1 March 11, 2013
The next series of resultsasobtained following the procedures for Case 4 explained in Section

2.3. The Grundfos CRE 18 pumps ran in level control mode with the control valve by the
deaerator tank fully opened, while the Mfongton D824 constant speed pump still worked
together with the control valve to limit the flow of water going into the deaerator Eah

pump ran for a total of approximately five hours every day for a total of ten days (data of only 3
days is shown this section) This information was gathered befarealizing that the variable

speed pumps were not able to provide water to the heat exchanger on the first floor of the power
plantdue to their low discharge pressure when runmrgvel controlmode(as the dates shown

in this section predate the results obtained for Cas8idge the Worthington 824 pumpwas

still supplying water to both the deaerator tank and the heat exchamjerthe Grundfos CRE

153 pumps wergust supplying water to thdeaerator tank, this set of resudie nota fair
comparison of power consumption valuesbe used in a life cycle cost analysis between these
two sets of pumpddowever, based on the results from Case 2, very rough estimates can be made
to approximatethe power consumption and flow rates in Case 4 if the heat exchaeger

excluded.

Between having the heat exchanger access valve closed and agehph althe dates that data

was gathered fahe Worthington BE824 pump inCase 2the average diffence in flow rate was

80 GPMlowerwhenever the access valve was cloa@tl an average 6.6BSIhigherdischarge
pressureAlso, comparing the power consumption values, every time the heat exchanger valve
was closed, the Worthington-824 pump consumed average 1.35 kW legsower than when

the access ve¢ was open. Since this average wassistent for albf the data recorded in Case
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2, in order to have rough estimates for Case 4 when comparing Grundfos CRENtbH
Worthington D824 p u mp s 6 p o wion andflown ratesr.35 kwand 80 GPM were
deducted fron the average power consumptiand flow rates respectively, while increasing
6.63 PSI in the averagischarge pressure. Again, thesey rough estimatesave beemade as
anattempt tofairly compare the two sets of pumps by trying to exclude the heat exchanger from

the work done by the Worthington-&4 pump.
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Figure 59: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for March 11, 2013.

Based on theinformation presented in Fig.95 the average power consumption for the
Worthington D824 pump during March 11, 2013 was 5.82.kMéwever, by using estimates
from Case 2,and subtracting 1.35kW from that value, thisshould represent a rough
approximatiornof the constant speed pudspower consumption if the heat exchanger was taken
out of considerationSothe average power consumption for the Worttongd-824 pump would

be 4.47 kW.However, no matter what power consumption from the Worthingté&24Dpump
thatthe Grundfos resudtare compared tdhe Grundfos powetonsumption is still significantly

smaller by running in level control mode.

The curve representing the power consumption of the Grundfos CREpUips show large
changes in power consumptiam the beginningand as time passed, the curve became fairly
dampel. This is present in the graph, showthg damping that was manually performedtiug

authorusing the R100 remote control. This was done by simultaneohalyging the minimum
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and maxnum speeds that the pumps could reach until a small difference between minimum and
maximum allowable speeds was reached based on the demand of water necessary to keep the
level of the deaerator tank at the desired set point; increasing or decreasingitiieaen and
maximum speed boundaries depending how the demand of the power plant changed throughout
the day.This is the kind of dampinghatt h e p u npllerévascerpected to perform

automatically; but unfortunately damping had to be manually pegdhlythis author

Having that explained, the Grundfos CREE35 pumps 6 average polder cor
kW. This shows how both pumps for this period consumed more power than when compared to

the periods shown for Case 3. This was due to the coldahereduring the ays data was

gathered for Case.4{For data on the average temperature for pleeiods discussedsee

Appendix D)
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Figure 60: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for March 11, 2013.

The average flow ratior the Worthington E824 pumpbased on the data shown in Fé@, was

194.1 GPM, while the average flow rate for the Grundfos CREB pomps was 134.3 GPM.

Agai n, these higher flow rates s bhegthagantthet hat
previous cases, so the subtraction of 80 GPM from the constant speed pump flow rate (to attempt

to remove the extra work done for the heat exchanger)vexy rough estimate, sincepart of

that could be going into the deaerator tank thuéhe higher deman®y fAexcl udi ngo t

exchanger,hte Worthington B8 2 4  p @avanagefiow rate would be approximately 114.1
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GPM if 80 GPM was subtracted from the average recorded ffoom Fig. 61, the average
discharge pressure for the WorthiogtD-824 pump was 38.4 PSI (estimatedbe 45 PSI if
excluding the heat exchanger by adding 6.63 PSI), and an aw#rage3 PSI for the Grundfos
CRE 153 pumps.

When plotting the average flow rate and discharge pres$tine &Grundfos CRE 13 pumpson

their pump curve, the theoretical power obtained was 2.02 kW (with a 49.7% pump and motor
efficiency [41]), which is5.6% lower than the recorded power consumptidhe theoretical

power consumption for the Worthington-824 when using the actual aveeafiow rate and
discharge pressure wasé kW ©68% pump efficiency), about 2.75% lower than the recorded
power. When using the altered flow rate and discharge pressure, the theoretical power was 4.70

kW (50% pump efficiency), about 5.15% higher than tsteveated power consumption.
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Figure 61. Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for March 11, 2013.

The Grundfos CRE 13 p u mxalddlated average hydraulic power (using Eq. (5)) was 1.97
kW (2.64 HP), 7.9%% lower than the recorded power consumption. With respect to the
Worthington D824 punp, the average hydraulic powsas 4.77 kW (6.39 HP) when using the
actual recorded values, which is about 18% lower than the average recorded power consumption.
This meanghat, for the calculated average hydraulic power to be the same as the recorded

power, the motor and pump combined efficiency should be approximately 55.7% instead of 68%.
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When using the estimated flow rate and discharge pressure, the calculated aydragkch

power was 4.46 kW (5.99 HP), whiokas within 7.62% of the modifiedecorded power
consumption. Hencea f t er accounting for t heordedkvaliesferx c han
this set of results have differendesmt he pump s 60 ueswidch are dimilar # khosg a |

seen in Cases 1 through 3

3.4.2 March 19, 2013
Based on the informatidior the periodshown in Fig62, the average power consumption for the

Grundfos CRE 18 variable speegpumps was approximately.44 kW, while the Worthngton
D-824 constant speed putmmverage poweconsumption wa$.47 kW, Once the power that
was assumed to be required to syppater to the heat exchanger wamovedabout 1.35 kW)

the estimated average power somption becamé.12 kW.
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Figure 62: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for March 19, 2013.

The average flow rate fdhe Grundfos CRE 13 pumps duringhe period shown in Fig.3was

96.4 GPM, and the average recorded discharge pressuhefdata presented in Figd tr this

set of pumps was 15.6 PSI. The Worthingtos8@2 4 pumpds average recor
discharge pressure were 158.4 GPM and 41.8 PSI, respeciikelpverage estimated flow rates

and discharge pressure, i.e., tl@ues that were estimated if the constant speed pump was just

supplying water to the deaerator tank, were 78.4 GPM and 48.4 PSI.
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The Grundfos CRE 23 pumps6 theoretical 849.¥4 pugpeandp o we r
motor efficiency) which is 6.94% lower than theveragerecorded valueThe theoretical power
consumption for the Worthington-B24 pump using the average recorded values was 5.29 kW
(62% pump efficiency), approximately 3.29% lower than the recorded value; and whethasing
estimated valuesbtained by not considering the heat exchanger while the Worthing&2% D

pump was running, the calculatédeoretical power was 4.17 kWB8% pump efficiency),
approximately 1.21% higher than the estimated 4.12 kW power consungtii@imed from

measurements
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Figure 63: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for March 19, 2013.
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Figure 64: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for March 19, 2013.
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Using Eq. (5) the average calculated hydraulic power obtained for the Grundfos CRE 15
pumps was approximately 1.30 kW (1.75 HP), about 9.72% lower than the recorded power
consumption. The average calculated hydraulic power for the Worthingi®24 Dpumpwas
approximately 4.65 kW (6.23 HP) when using the average recorded flow rate and discharge
pressure (about 15% lower than the recorded power consumption); and 4.30 kW (5.77 HP) when

using the estimated flow rate and discharge pressure (about 4.37% thighehe estimated

power consumption).
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Figure 65: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for March 19, 2013

Based on the data shown in Fig. 65, when operating the Grundfos GRpubapsin level

control mode with the control valve fully open, the average differential pressure across the valve
was 3.37 PSI. This just shows how the control valve did notgtagjor role in controlling the

supply of waterthatthe CRE 153 pumpsprovided to the deaerator tanKhis is becaus¢he

CRE 153 pumps wee increasing and decreasing the flow based on the level of water in the
deaerator tankHence, this shows that a control valsenot necessary when the Grundfos pump

is supplying water to theystem in level control modélowever, as observed in Fig. 64, due to

the CRE 1583 p u mposv @ischarge pressure when supplying this fltveycould only supply

water to the deaerator tank and not the heat exchanger. On the other hand, once the Worthington

D-824 pump was in operation and the control valve was turned on, the average differential
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pressure was 27 PSI, controlling the supply of wai@ng into the deaerator tank and also

allowing water to be provided to the heat exchangence these figures and values shothat,

even though the Grundfos CRE-2pumpsconsumed less energy to supply water to the system,
while in level control modethey could not supply water to the heat exchanger like the

Worthington D824 pump

3.4.3 April 2, 2013

6
A —M‘ N
5
\: 4
O
= CRE 15-3

=

X
N) w
SS—

L1

ARSI,

0

9:00:00

10:30:00

12:00:00  13:30:00 15:00:00 16:30:00  18:00:00 19:30:00 21:00:00

T (hh:min)

Vorthington D-824

Figure 66: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 2, 2013.

Given the datgresentedn Fig. 66, the average power consumption for the approximate five

hour periodhatthe Grundfos CRE 13 pumps ran wagboutl1.22 kW, while theaveragegower

consumption for the Worthington-B24 pump was about 5.43 kW. By using the sagdkiction

as applied tdhe previous two sets of results, itestimated thathe power consumption for the

Worthington D824 pumpwould have been 4.08 kWif no water was being supplied to the heat

exchanger.

For the GrundfosCRE 15 pumpso f | ow r af,¢he aleeageavassda.o GPM,
andthe Worthington B8 2 4

rate if the Worthington EB24 pump was not supplying water to the heat exchanger would be

p averpgélew ratewas 155.9 GPM. The estimate for the flow

approximately 75.9 GPMThe average discharge pressufor the Grundfos CRE 4% pumps

99

n
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and the Worthington 824 pump obtained for the data presented in RBgvére 14.9 PSI and
42.5 PSI, respectively. Again, assuming no water was supplied to the heat exchanger while the
Worthington D824 pump operated, ¢h estimated discharge pressure wolldve been

approximately 49.13 PSI.
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Figure 67: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 2, 2013.

When plotting the average recorded flow rate and discharge pressine Grundfos CRE 18
WEBCAPSpump curve, the obtained theoretical power was 1.21(48\0% pump and motor
efficiency[41]), just 0.82% lower than the recorded average consumption. With respect to the
Worthington D824 pump, when using the actual averageorded flow rate and discharge
pressureon its pump curve, the theoretical average power was 5.226d% pump efficiency)

about 3.87% lower than the average recorded power consumption. The average theoretical power
obtained when using the estimatedues was 4.18 kW37% pump efficiency)approximately

2.45% higher than the estimated power consumption if no water was being supplied to the heat

exchanger.

Finally, the calculatecverage hydraulic power found for the Grundfos CRE3 J&umps by

using Eq.(5) was 1.18 kW (1.59 HP), approximately 3.28% lower than the average recorded
power consumptionWhen using the actual recorded flow rate and discharge pressure, the
Worthington D8 24 pump 6 s aver agepoweraMas 473 kW g634 HB),dr a u |
approxmately 12.9% lower than the average recorded power. By using the estimated values in
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