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,&bstracÉ

The clesign of resiclenti¿rl hot-i,v¿r.ter plurnbing suirpll, systems is stucliecl using com-

pritel rnoclels. The stucly consists of the follor,ving pa.r'ts:

1. A clitical t'eview of the liter'¿r.tule was concluctecl. The objective of this palt r,vas

to pt'esent a clocuntent that reviews a,ncl evaluates the cr-itical aspects of electlical

lesiclential water heating. Filst, the phenomenon of the Legi,onella Pneu,ntoplti,Ia

bacteria was ex¿r,minecl; seconcl, the demancl patterns of electr-ical watel heating

wele leviewecl, ancl finally, culrentll' ploposecl technological improvements in

clorlestic water- heating wet-e summ¿l,rizecl.

2. A flow analysis of the hot-water supply was undertaken. lVhen several taps lun

simultaneously, it cleates a ploblem with the equal clistribution of hot water'.

This results in a recluction of hot water- flowing to the open taps. Flom this

stucly, it was found that, by incr-easing the pipe diameter-ftom 7f2 in. to 3f 4

in. we can gr-eatly improve the flow rates and temperatures at the exit points.

Also it was found that, by relocating the hot-water tanh closer to a tap, v/e can

implove the flow rates of the hot watel at the exit poini.

3. Heat losses wer-e confirmed after analysis of the distlibution pipes and the hot-

water tank. The basic aim of this resealch was to conserve energy in the hot-

water tank by using clifferent clesigns to optimize the existing systems. Flom

this part, it was found that a low-flow showerhead and the insulation of the

pipes can corlserve energy , which results in a saving of customers money. A

low-flow showerheacl gives a I4-L7 % savings in the heat losses of the hot-water

tanlç while insulation on the pipes was founcl to give another 1.5-L.7 % savings.

1\¡
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3- " l- tvervïew

The clesign of resiclential hot-water plumbing supply systems, which ale cur-rently

being used in countries such as Canada, has long been neglectecl. These systems

tend to be poorly designed fi'om an engineering point of view. Although the systems

provide their intenclecl selvice, so far as the authol is awale a design optimization of

them has never been perfolmed. The lalge networ-k of piping that delivels watel to a

house is a main engineering accomplishment, but the engineeling expertise stops at

the city water- meter, where plumbers' rules of thumb tahe over-.

The reason for this neglect is the abundance of water and electricity in Canada.

Where water ancl electlicity are scarce, plumbing and heating design is of great impor-

tance. With conservation becoming mole ancl mole important in almost evety aspect

of our- lives, the development of improvecl residential hot water heating is inevitabie.

This thesis has three rnajor areas of study. The first area of study is a literature

teview, the seconcl ar-ea of stucly is a flow analysis of plumbing systems, ancl the

final alea of stucly is the calculation of heat losses in the system. These thr-ee areas



1.2 Litc:t'¿túlu'r'r Sr,'¿r'c:Jr

zrlc' c:losel5, cottncctccl to ea,clt othcr': h.ou'errer'. ¿r clct¿riiecl irrrzrl.vsis of cr¿rch ?ì,r'(ì¿r \\¡¿ìs

csscrrti¿rl f'ol thc conpletiol of this thesis. Althorrgh n).¿ì.1ì.1' of thc firrclirigs of thr,:

litelatut'e Levicr,v h¿rve not been usecl clilectiy in the thesis , these lesults folrn ¿r. b¿rsis

f'ol conclucting futule r-esealch.

L"2 $-,itenatune Searckr

At the conìmencement of the ploject, a cletailecl literatule search was concluctecl to

assut'e that pr-evious wor-h in the m¿'r,nufactulirrg ancl utiliz¿l,tion of doinestic hot water

heatet's rvoulcl be proper-ly consiclelecl. There is culrently available a large numbel of

stuclies relatecl to hot-water heating: however, the leportecl results ar-e often contra-

clictory ancl a ci-itical r-eview of this infolmation is essential to the success of futule

work. Also, recent technological developments relatecl to hot-water residential heat-

ing ale clocumented. In adclition, usage patterns ancl peak usage clemands in homes

are examinecl ancl usecl as the basis for heat loss calculations involving resiclential hot

watel plumbing systems.

3-"S F low Analysis

The plurnbing systems that are cur-rently used, although they provicle their intendecl

function, clo not always adequately supply the daily demand of a common householcl.

Flequently, sevetal taps run simultaneously, cleating a ploblem with the equal clis-

tribrition of hot water-. This results in a reduction of hot watel being sent to some

open taps. Most people have experiencecl the discomfort of a suclclen clrop in watet'

temper-ature during a showel. This is usually the lesult of a second tap being openecl.

\,Vith the aclvance of technoiogy, this type of poor- selvice is becoming unacceptable.

2



1.4 C¿tlculations of llcat Lr¡ssrts

In this stitclt' tu'o nr¿t,.jor' ¿lr'c¿ìs \\rcr'c-- consiclelecl: fir'stlr., thcr trrp pclfblnrtrnr:c dne tcl

sizeof the pipc u'¿ts cx¿l.lttiucci, ¿l.uc1 secoircily, thc trr.p perfblrnauce clue to thc loc¿rtiou

of the hot-rv¿rter- t¿r.nli rv¿rs stucliecl.

3""4 Calculatïoyas of Fäeat l,osses

Although heat loss through the clistril¡uting plumlting systern of a resiclential home

is r.elatively smail, it is a para,meter- which was consiclet'ecl for tire project. As other

comporents of the system (eg. the hot-watel tank) ale optimizecl, losses fi'om the

plumbing system became mole significant. The plumbing system was tle¿r,tecl zrs a pipe

networlç with e¿r.ch segment of the networh clescribecl separately. The heat losses in

each segment rvere calculatecl basecl on the convective ancl concluctive losses lesr-rlting

fi'orn the transpolt of hot watel thlough the piping system, ancl cooling of the hoi

watel remaining in the clistribution pipes between usages. The losses due to cooling

between usage may be important in operating strategies that involve periods in which

the heater was not powered. However, these losses were founcl to be negligible in the

present systems, so we have not considerecl them to be par-t of oul solution. The

convective and concluctive losses were deter.rnined from the pledicted temperatules

in the distlibution pipe arlangement. These losses were relatively inclependent of

the hot water usage patteln. However, the cooling of hot water in the clistr-ibution

pipes was influenced greatly by the usage patteln ancl by the time periocl between

usages. Previotts patterns of resiclential hot watel usage in Canacla were used for the

calculation of these losses.

Also, the hot-water'-tanh losses were calculatecl. These losses were calculated

basecl on four- differ-ent cases: first, a comparison v/as macle betlveen insulated ancl

uninsulatecl pipe; seconcl, the tank \Mas operatecl at 80'C insteacl of 60"C cluling

the peah electrical usâge hour-s; thircl, a comparison w¿ìs m¿rcle between a low-florv



1. 5 Tltc: Cont ¡tutr:t' P rog'r anl

shourer'hc ¿rcl aucl a, r'c gril irl shoi,i,clhr: ¿r cl ; zrncl,

1f 2 i:;^. iril>c zrncl 3f 4 itt. pipe (thlough tiris

the ureasnle of the cli¿r,rneter in the pipes).

I

firrallr', zr cornpzrLison \\:¿rs rn¿rck: betu'ccn

thcsis thc Blitish urrits n'ill bc rrsccl fbl

3-"5 T'Ïne Cowaptaten Pn@grarm.

To examine the heat losses fì'om the pipe system ancl hot-watel tanlc, ancl calculate

the flow rates of the pipe netwolh, two computel cocles were developecl. The computel

ploglanls aLe execut¿tble on IBIVI PC ol compatible computels, a,ncl therefore are very

tlanspoltable. The programrning language wâs FORTRANTT, and tire ploglam \Mas

wlitten in a concise, logical fotm, with a genelous number of comment statements.

The plograms rely on entelecl patter.ns of resiclential hot-watel usage th¿r,t were clelivecl

from the collection of pr.evious clemancl pattelns in Canacla and USA, which wele usecl

as examples to show the optimizatíon of the control systems. The programs ale simple

to use ancl capable of hanclling several clifferent opelating par-ameters. For example,

the program can cletermine the effects of low-flow shower-heads.
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The clesign of resiclential water'-heating systems which are presently usecl in coun-

tries snch as Canada ancl the United States has long been neglectecl. Although the

systems plovicle theil intended ser.vice, a clesign optimization of them has never been

performecl. Many studies are cuLrently available that discuss electrical residential wa-

ter- heating. However, these studies ale often contlaclictory; therefole a critical review

of this information is essential to the success of futule work in the improvement of

the design of existing systems.

The main objective of this chaptel is to present a clocument that reviews ancl

evaluates the critical aspects of electrical resiclential watel heating. First, tlie health

problems that may occur fi'om hot water stolecl in heating ancl plumbing systems are

examined. The most common bacter-ia founcl in homes is Legi,onella pneu,mophi,la.

The cause of the growth of this bacteria is discussecl. In addition, proposed design

featur.es and opelating procedules of hot watel systems that will minimize the pro-

liferation of this bacteria are presentecl. Second, the clemancl patterns of electr-ical

water heating ancl factols that contribute to electrical energy consumption are I'e-

viewecl. Finallv, cur-rently proposecl technological improvernents in clomestic watel
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hcrrting ¿ì,1'c sllnìrìr¿ìr'izecl.

2"1- V{atenåals e.rid Vlethods

FoI this stucly à cotlpleheltsive leview of publishecl pairels, elrticles, r'esea¡ch r.epolts
ancl pÌoceeclings of technical confel'ences was concluctecl. This lnaterial was collectecl

over a periocl of apPt'oximatelv one ye¿ìr. The sources for this information also iri-
clucle technical reports fi-om electrical powel utilities ancl inclustrial cornpanies. The
cliscttssion that follows is basecl on infolm¿¡tion collectecl fì'om the valious sonLces ancl

sumntatizecl in a series of t¿r,bles tha,t appear in the Appenclix A. All volunetlic qlr¿ìn-

tities aÏe citecl using both IJ.S. gallons in the Inch-Pouncl (I-p) 'nit system ancl lit'es
in the SI system.

2"2 Ðíscussion

2"2.î l,egioraella Fr¡eumophila

Research over the past 15 yeals inclicates that bacteria of the family Leg,ionellaceae

can be found in both natural ancl human environments. Outbrealcs of this disease have
been reportecl in Australia, the USA, Great Britain and France. These reports, fîom
all over the world, clearly suggest that Legionellaceae is a wor-lclwicle phenomenon.

Some of tlie causes of this bacterial growth are rubbel components in water plumbing
systems (Colbour-ne et aI. 1984; States eú ø/. 1990), flee-living amoebae and other
protozoa in the watel plumbing system (Rowbotham 1g80, 1gg3, 19g6; Anand et al.

1983; Tvndall ancl Domingue 1982; Shinnel et aI. 7g8J; Fielcls et at. Igg4; Holden eú

aI' 7984; Barbaree et aI. 7986 ) ancl temperature stratification at the water tanh (Joly
1991' 1992; Dennis et at. Ig84; \,Vitherell et aI. Ig84; Arnor,v ancl lVeil 1gg4). previons



2. 2. 1 Lc: g: iolcll¿¿ Pileu ntophila. I

Lcsc¿rLclt irtclic:a.tes th¿'r,t the gt'orvtlt of L. pneurnoplt'ila c¿rn ltc lcclucccl b1'rr,pplir:zrtiou

of ttltt'aviolet (U\i) Iight (Antopol aucl Ellrrcl ig7g; Gilpiri 1984, Dritli¿r 198.1, Iinuclsoir

1985), by ¿-rcljustment of pH ievels (Flier.mzrns et al. 798I; ancl \,\rzLcloi,vslir* et at. Ig85;

States eú ¿1. 1987) ancl bl, chlolination (WithereII et al. 1984; States et ctl. 1990;

Iiricht¿r et ul. 1985).

Recommencl¿tions to r-ecluce the glowth of Leg'ionello, pnetr,mopltila arc as follows:

ø Tlre unsafe a,ncl safe tempelatures fol growth ancl plohibitation of Legi,onella

pnetrmoplti,la arc plesentecl in Table 4.1. It is cleally inclicatecl through zr,ll

tlre lesults th¿t l¡elow 50"C (I22"F) the tempelature is nnsafe; howevel five

of the seven cases inclicate ¿r,n unsafe tempelature between 50"C (122'F) zr,ncl

55'C (131'F). It is therefore recommenclecl that hot water tanlçs shoulcl operate

al¡ove 55"C (131"F) so that tlie growth of Legi,onella Ttneumoqthi.tais pr.eventecl.

ø Pr-ovisions shoulcl be macle for adjustment of the pH in orcler to maintain it

in the range 6.5 to 8.0 in both hot and cold water' (Fliermans eú ø1. 1981;

Waclowsliy et al. 7985; States et al. 7987).

ø Hot-watel tanks should l¡e cleaned using chlorination at least once a year' (With-

ercll et al. 1984; States et al. 1990; Kuchta et al. 1985).

Rubber components should be eliminated from water plumbing systems because

they have been linlced to the clevelopment of tr. Ttneumophelø (Colbou t--ne et al.

1984; States et aI. 1990).

Based on expetience gainecl in plepaling this r-epor-t, v¡e r-ecommencl that the

ttse of a multi-element watel heater shoulcl be stucliecl. This hot-water- tanlc

r,vould plovide upper, middle ancl bottom electr-ic elements. We suggest that

the lowel element woulcl have a capacity of 0.8-1.0 kW (2700-3a00 Btu/h), ancl
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opeltrte orrlv if c:onsurnptiorr is hca,r,\' ¿l,ncl thc n'¿r,ter' ¿r,t

ch'ops to zr. ternpr:L¿rtnrc f¿n'orrr'¿Jrle fbl thc plolifela,tion

8

thc bottonr of thc t¿r,nli

of l¡¿rctcrli¿r..

Finzlliy rve ¿rclvise tire str-rciy of a recilcul¿tion pump or the hot rn'ater t¿lnii,

so th¿l,t hot ll'¿-ltel c¿r,n lecirculate ¿rt peliocls of insignificant clcrn¿rncl, hence

pleverrting tempelatule stlatific¿r,tion in the tanli.

2"2.2 Etrectrical Enengy Consuffirption ar-rd Ðernand

Fatterns

Resiclential watet' heating represents the seconcl lalgest use of energy in Nolth Amer'-

ica. With steadily growing clemancl for energy, the benefits of energy conselvation

ale significant. Therefore, electrical lesiclential water- heating r-epr-esents an alea that

can yielcl significant energy savings. To recluce enel'gy consumption, it is importzr,nt

to iclentify the causes of high electrical energy consumption ancl present reasons for

demancl peal<s.

The summary that follows considers 150 and 225 L (40 and 60 gal) tanks because

most liter-atur-e lefers to those two tanlc sizes. Infbrmation fi'om the stuclied literature

legarcling energy consumption is summarized as follows:

ø Striclies concluctecl by Lambert and Choy (1986) ancl l(ay and Anaiyst (1988)

resulted in average monthly eneÌgy clemands for 150 ancl225 L (40 ancl 60 gal)

tanks (Tables 4.2 ancl 4.3). The lesults of these studies agree closely with only

percentage diffelences of 2.4% for 150 L (40 gal) tanks and 3.7% for 225 L (60

gal) tanks.

ø Januat'y through April have the highest average monthly demancl fol both 150

ancl225 L (40 ancl 60 gal) tanks (Table 4.2).
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Thc cl¿rilv electtir:¿rl consutnption of hot u'¿rtcl is ¿l,bout 26%aIcss in th<,: sunrmc'r'

th¿ru in thc u¡iritclfol boih 150 ¿rrrcl 22iL (-10 ¿nci 60 gal) t¿r,nlis (Taì;lcs 4.2).

Angust h¿rs the lowest ¿lveràge monthly clemancl for itoth 150 ancl 225L (40 ancl

60 gzil) t¿r,nlçs (Terbles ,{.2).

The ¿nnual energ-¡' consr.tmption for a 150 L (40 gal) tanli is ¿r,J¡out 4490 kWh

(1.531x107 Btu) ancl f'or a225 L (60 gal) tank about 6100 kWh (2.080x107

Btn). This inclicates that customeLs with225 L (60 gal) tanks consume 20-50%

more energy than customeLs with 150 L (40 gzrl) ta,nks (Table 4.3).

Tlre avet'¿r.ge cla.ily hot watel use per'householcl is245 L (65 gat). This is cleter-

minecl fi'orn the infolmation provided by Pelhnan et al. (1984) and Lacld ancl

H¿r,rr-ison (1985) (Table A..4).

The day of the weelc with the overall largest avelage consumption of hot watel

is N4onday (Table A.a).

Stuclies concluctecl by Stevenson (1983) and Lacld ancl Halr-ison (1985) r-epoltecl

the average claily consurnptions of hot watel per householcl in Table 4.5. The

average percent differ-ence between the results of these two studies is 54%. Ob-

viously, these two studies do not agree. This can be attributed to the fact that

the Stevenson (1983) worlç was conducted using expelimental stuclies, whereas

the Lacld and Harrisson study was conductecl thlough a survey.

Slrowers corìsume the lar.gest portion of hot water-, approximatly 40%, followecl

by washing machines which consume 18-24% (Table 4.5).

A family consisting of one pelson consumes the highest ovelall daily hot water

per pei'son. A family of three people consumes the seconcl highesst aver-age daily

hot watel usage per person. An interesting outcome fi'om the litelature is that



2. 2. 2 El e c t r i r: iil E ne r g,;,y C o n s tnn p t ir> n ¿ut d D c, t¡t ¿ut cI P ¿t"t, t r: nt s

thc ¿r'er'¿l,gc irot u'atcl us¿rge pcìr' person <lrclinc¡s in

tir¿rn threc pcoplc (Taìrlc 4.6).

The pr-esence of preschool-age chilch.en (less than

cre¿ìscs the zrvelage hot watel consurnption (Taltle

10

Itousc:ltolcls th¿rt h¿rvc nrolc-.

6 yeals olcl) in a family in-

A.7).

The pattet'ns of consumption inclicate two major peaks cluring the clay. The

fit'st pezrk is in the rnor.ning, (8-10 a.m.) witli 8 a.m. having the highest average

Ìrourly clemancl, ancl the seconcl peah is in the evening (7-10 p.m.) with 7 ancl

8 p.m. having the highest average hoully clemancl. (Tables ,d.8 zr,ncl ,A.9).

Stuclies that detelminecl the avelage hourly consumption of hot water per house-

holcl were conclucted by Merligan (1988), Laclcl ancl Harrison (1985), Perlman

et al. (L984), and Stevenson (1983) (Tables 4.9 ancl 4.10). The lesults of these

stnclies appear inconsistent, with percent cleviations langing between 70-27%.

However, if one consiclers the level of clifficulty in lelating the consumption

trencls of clifferent lifestyles, then the agreement is reasonable.

The maximum enelgy consumption for a clishwasher is usually at 8 p.m. on a

week clay ancl 10 p.m. on a weel<end day (Table ,\.10).

The maximum hour- fol energy consumption for a clothes washer is between

9-10 a.m. on a weelc day ancl 10 a.m. on a weel<end day (Table 4.10).

The use of dishwashers at 8 p.m. explains the occulrence of night power peahs

(Table 4.10).

As hot-water consumption increases, energy consumption (the energy r-equired

to r-aise the tempelature of the watel usecl ancl the ener-gy lost as heat by con-

duction from stor-age tanhs), unit procluction (the volume of hot water procluced

pel unit of energy consumecl) ancl efficiency (the enetgy output divided by the
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crr(rrgy inl;ut) iucLc¿tsc for botli 150 ar<l 225 L (-10 arrcl 60 gal) t¿rnlçs (Ta1tles

4.11 through A.14).

Unit procluction aucl efficiency iruplovc lvith incr.easing hot u'atel consunption

Jtec¿r,use stot'irge tanh enet'gy loss becomes ¿¡ sllaller- plopoltiorr of the total

energy consumption (Tables 4.11 thr-ough A.14).

Energy is consumecl even when no hot watel is being usecl clue to stolage tank

he¿r,t loss (Tables 4.11 thlough A.1a).

The storage tanh eneÌgy loss fol a 150 L (40 gal) tanh is 3.3 k\,Vh/clay (1i

000 Btu/clay) cluring the wintel comparecl with 1.4 kWh/clay (4700 Btu/ctay)

in the summer. Similally, for a 225 L (60 gal) tank the stor-age energy loss is

3.9 k\,Vlì/clay (13 000 Btu/clay) cluring the winter compalecl with 1.7 klVh/day

(5800 Btu/clay) in the sumlner-. This inclicates that the storage energy tanlc loss

in the summel is apploximately 43% less than the winter fol both lS0 ancl 225

L (40 ancl 60 gal) tanks (Tables 4.11 thlough A.la).

A slighi increase in storage tanh energy loss is seen for a 225 L (60 gal) tank

compared to a 150 L (40 gal) tanh. This causes a slight incr-ease in the energy

required by the watel heater, which corresponds to a small decr-ease in unit

ploduction and efficiency between 150 and 225 L (60 and 40 gal) tanl<s (Tables

4.11 through A.1a).

The storage-tank temperatur.e, inlet watel temperatur-e and ambient ail tem-

peratut'e all affect the unit plocluction ancl efficiency of the systern (Tables ,{.11

through 4.14).

The unit production (L/k\,Vh) is about 50% highel in the suûìmer than the

wintel for boih 150 ancl 225 L (40 ancl 60 gal) tanks. Also, the efficiency
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f'or' l.loth lir0 andirrcleast:s zr,1;plorirna,teh. 1.5% ltcturrlcu u'intcL a,trcl surnurcl

225 L (-10 anci 60 gzrl) t¿rnlis (Ta.bics 4.11 thlough A.1a).

The aver'¿rge ciailv hot-w¿rtel use pel peÌson is ¿rbout 61.5 L (16.2 gzrl) (Tabie

4.15).

The ¿lvet'age claily consumption of hot watel pel peÌsorì (Table 4.16) w¿r,s cle-

telminecl by l(ipping (1981), N4errigan (1983) ancl Pelhnan et ø/. (1984). The

lesuits of these stuclies aglee c¡rite well yielcling a, pelcent cliffer-ence between

I{ipping (1981) ¿rncl Melligan (1988) of 5%, ancl a percent clifference between

I(ipping (1981) ancl Perlma;n et al. ol only 0.6%.

À¡Iales nse 55% more water or 42.4 L (11.2 gal) compared to 2T.3 L (2.20 gzì.1)

used by a female when they shower without washing their hair' (Tabte 4.16).

Ferrales rce 45% more water or 74 L (280 gal) compalecl to 51 L (i93 gal) usecl

by a male when they shower and wash their hair' (Table 4.16).

In a hot-water tanh most of the heating is done by the bottom element, 100%,

96.8Ù/o and 81 .5% for 2000 W (6300 BtLr/h), 1500 W (5100 Btu/h) ancl 1000

W (3400 Btu/h) lowel elements, respectively. The top element turns on only

cluring major watel clraws (Table 4.17).

The age group of 25-35 years has the highest hot-water consumption (about 77

LlDay (20 satlDay)) (Table 4.18).

The age group of people 50 year-s or gr-eatel has the lowest hot-water consump-

tion (approxirnately 59 LlDay (16 gal/Day)) (Tabte 4.18).

After' 35 years of age, the hot-water consumption of a person cleclines (Table

A.18).
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2.2"3 T'echr¡.ological Ïrnpnoven-xents in Ðornestic F{ot M/ater

F{eating

Tlte usc of low-flow sltowelheacis ¿r.ncl hea,t traps replesent technological irnplovements

in the clesign and lrse of lesiclenti¿r,l hot-u'¿r,tel systerrrs. The aclclition of mole insul¿rtion

in a hot-rvatel tanh also irnproves enet'gy consumption. Nlore specificallv:

ø Foam insulation, such as polyulethane, appeals to be supelior. to fibleglass

insul¿r,tion. The savings for' 50 and 25 mm (1.97 and 0.98 in) insul¿tion thiclcness

ale abont 14-15% (Table A".19).

Heat losses can be leclucecl by a.clcling insulation. Fol exa,mple, the aclclition of

50 mm (1.97 in) of insulation to a 150 L (40 gal) tank gives approxirnately 360

kWh/yL (1.23 x 106 Btu/yr-) of energy savings. Similally, the aclclition of 50 mm

(1.97 in) of insulation to a 225 L (60 gal) tank gives about 350-460 kWh/yr

(1.19x106 - 1.57x106 Btu/yr) of energy savings (Table 4.20).

A low-flow shower-head is economically functional. This type of showerheacl

can lecluce the flowrate by approximately 5 Llmin (13 gal/min) or' 38% (Tabte

A..21).

Heat traps â.re economically feasible. A typical heat trap is shown in Figure

2.7. A heat tr-ap works by pleventing coolel denser wateL, on the pipe side,

from sinking below hotter water on the tank side. Since hot water rises, a

simple loop ot' squaÌe tnade fr-om pipe and installed at the iniet and outlet of

the tanl< will prevent convection currents in the pipe runs. For 72.7 mm (0.5

in) coppel tubing,daily energy savings relative to a vertical configuration of

appr-oximately 210-230 f(J (199-218 Btu) or 37% can be lealizecl for both inlet

ancl outlet connections (Table A.22).

t3



2.2.3 Technological Improvements in Domestic Hot Water Heating

{a} FOUND HÊAT ÎFÁP

Figure 2.1: Heat Tlap - Construction

Other technicaÌ improvements cited in the literature thar do not relate to energy

consumption include the use of powder enamels on the inside surfaces of the tank.

Traditionally, v¡ate¡ heaters in North America a¡e coated rviih enamels b¡r spraying

with lances, There is. however, a n elv process called the "eiectrostatic powder ap-
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irliczrtion tcr:httic¡tc". The porvclcl el¿rnrcl h¿rs ¿r, \\¡¿rlcl collosion rr-lsist¿r,nci,l 1.-l tirnes

sttpei'iot'to th¿rt of rvet st¿-¡ucl¿rlcl en¿lrrrcl (Lzrppellicle 1990). ¡\ scconcl cicsigrrirnirlove-

ment is the r,tse of ¿l.u insulation urateli¿ri c¿rllecl Aelogel i,vhicLr contains apploxinrateil'

5% silica anci g5% air'. When evacuatecl it h¿rs a, thelrnal resist¿r,nce 3.5 tirnes higher-

tlran rigid polyulethzrne (Perhnzrn ct r.tl. i98S). A thilcl technical irnprovernent is a

lacutlm insr-tlation system which c¿l,n be macle by encasing a v¿ìcuum within a metal

envelope. Regulally placecl glass spacers insicle the envelope keep it from collzr,psing

unclel atmosphelic pressule. This insulation system aclapts well to a broad range of

tempelatuLes, f rom extt'emely colcl to nearly 500'C (932'F) . Prototypes of a va,cullm

insnlation systetn aireacly clemonstrate an irnplessive thelmal lesistance of R-1 .74 pet

ceutimetel which cornp¿ìr-es favourably with a typical R-0.49 for' 1-centimeter'-thicli

polyurethane foam (Lappelriele 1990).

2"2"4 Surnrrrary

In this chapter, a survey of electrical residential hot-watel heating was plesentecl.

One of the most important elements of electrical resiclential hot-watel heating is the

phenomenon of leg'ionella pneumoph'ila bactelia. The factors that affect the growth of

this bacteria ale temperature stratification, rubber plumbing components, ancl free-

living amobae ancl other plotozoa. Previous resear-ch indicates that the growth of

this bacteria can be r-educecl by adjusting the pH range and by treating the hot water

with chlorine. Another impoltant factor consiclelecl in this sulvey was a r-eview of

electrical energy consumption. The numbel and age of family members, as rvell as

hot water tanh size and number-s of hot water appliances, ar-e factors affecting the hot

watel demancl patteln in a residence. A final factor examinecl in this survey is the

energy savings from the use of improvecl technological clevices. Low-flow showerheacls
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¿rucl hc¿rt t,t'ttps leirLr-sc:nt teclinologiczil inrplor.enients tli¿rt 1>r'ovicle siguificzuit savings

in b oth cìnerg)¡ aucl u'¿l.tcl r;ousr.unption. Also, the ¿iclclition of molc iltsul¿rtion il hot,

u'¿r,teL tanlis can irnplo\rc el.er'gy consnntPtion.
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This chapter will g-ive mathematical folmulations fol the evaiuation of the flow anal-

ysis in the existing pip" netwollc usecl in this investigation. Fol the analysis of the

systems consider-ecl in tliis study, the Hardy-Cross method was usecl.

&.2 T'k¡e Fïardy-Cross &fethod

This methocl iteratively determines the flow rates and head losses throughout a piping

networ-h, plovicling the pipes sizes, ihe lengths, and pipe roughnesses are known. To

outline the methocl, four impoltant terms, "loop", "nocle", "fixecl-gr-ade node" ancl

"pseucloloop" must be definecl.

I7



3.2 Tlrc Hatclt-Cttoss l-[<'t,1torl

1. ;\ "loop" is ¿t sc-'t'ics of pipcs fblming ¿r. closccl path, ¿rs shor,r'lr irr Fig. 3-i. A sigl

cotlvctttiott is rtscd to clcnotc thc clilectiou of flou' ¿l.ncl hc¿rcl loss iu thc systern.

Tlte flow, Q, ancl the he¿tcl loss, H, zr.t'e positive for'flon' in the clocliwise clilection

ancl negzrtive f'ol corintclclocliwise florv alouncl a loop.

2. A "nocle" is a point rvhele tlt¡o or rnore pipes join. A sign convention also exists

fol the anzrlysis of nocles. Flow r.ate into a nocie is clelrotecl as positive, wheleas

flow leaving z-u nocle is negative.

3. lVhen tlte hych'aulic heacl is assumecl to J¡e linown at some point, then this

location is leferlecl to as a "fixecl-grade nocle".

4. When a path connects two fixecl-glacle nocles, then such a path is sometimes

termecl a "pseucloloop", since an imaginary pipe with infinite lesistance, ol no

flow, can be consiclerecl to connect the two r-eservoirs.

Before explaining the Halcly-Cross equation, it is worthwhile to examine a specific

example of a piping network. Figure 3.1a shows a relatively simple network consisting

of seven pipes ancl two r-eservoiLs. The hydraulic heacls at A ancl I' are assumed known;

these locations ale therefor-e fixecl-gracle nocles. Outflow clemancls are presented at

nodes C ancl D. Flow clilections, even thougli not initially known, are assumecl to

tahe place as shown. The basic equation for flow between two locations a and B is

taken from Mechanics of Fluids by Potter and Wiggelt (p 519, 1991).

18

(L+') -(?+r) :Re''^l a ''l 
p

lVhere the first two telms are the heads at a ancl B, ancl the

heacl loss.

(3.1)

light hancl sicle is the

This equzr,tion rnav be written as
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H,,-ÍI'j:¡1,' (3 2)

whcre

t--T .t w:Re2 (3 3)

ancl R is the resistance coeffrcient, Q is the clischalge in the pipe, W is the heelcl loss,

H is the heacl, p is the plessure) 7 is the specific weight, z is the height.

For our example, the energy balance for each pipe we gives:

Hrt- Ho:Wt (3 4)

HB - Hn:lVz (3 5)
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H:L
'l

Hs-Hn:Wz

Hp - Hc :lVq

(3 6)

(3.7)

Hs-Hu:¡,1rt (3 8)



3. 2 Tlte' H¿trclt- Cx¡ss A,[et]tocl

Ht¡ - H, :14tu (3 s)

HP-Hn:lVz

A continuity balance fol each inter-iol nocle gives

(3.10)

Qt-Qz-Q+:o (3.11)

Qz-fQs*Qe:Qp (3.r2)

Q,t - Qz - Qs: Qc (3.13)

Qs-Qa*Qz:o (3.14)

For the system, two closed paths, or interior loops, can be iclentifiecl (see Fig 3.1b).

Arouncl a loop, the sum of the heacls must be zero; thelefore,

lVt-Wz-lWs:0 (3.15)

and

20

þVs-þVs+Wa:0 (3.16)



3.2 The Hardy-Crass Method
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Figure 3.1: Representative Pipe network: (a) assumed fl.ow direction and numbering

scheme? (b) designated interior loops? (c) path between two flxed-grade nodes.
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3.2 The Httrcl.1,-Cross À,[et]tocl

Sirnilzrlil', fbr the pst:ucloloop (see Fig 3.1c)

H,t - I,Vt - Wz +Ws +lV7 : [{o

22

These set of equations will be solvecl using the Halcly-Cr.oss methocl. The H¿rrciy-

Closs methocl is basecl on trvo concepts: (1) the law of mass conselvation zrncl (2) the

total he¿rcl ai zrny nocle is single valuecl. Ecluzr.tions 3.15 to 3.17 ¿r,re of the folrn

Ð+(wn)*atr:o (3.18)

In this case A,f;/ is the cliffelence of two fixecl-gracle nocles in the path orderecl in

a cloclcwise fashion acloss the irnaginary pipe in the pseucloloop. Fulthelmore, the

* applies fol clochwise flows ancl the - applies fol countelclockwise flows. It follows

from equations 3.2 and 3.3 that

Qs-fQ7-Qe:0 (3.20)

Ðlãal -Ðlaq"l + aH : o

wher.e C clenotes clockwise flow and CC

the loop I from Figur-e 3.1b. We want to

maintains the continuity at each junction.

denotes counterclochwise

develop a corlection term

At junction E, continuity

(3.1e)

flow. Consicler'

for a loop that

requir-es

(3 17)
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If u'c clcrrclop :r flou' coLlcc:tiorr (^f/) to zrpp11. t<r

this contiurity ¡e ltc nt¿r,iut¿rined ¿rfTel colLcction, \r'r:

to e¿rch of the florvs in the sirecifiecl loop. Tiielefole

ôo/;)

thc cntirc loolt. tlicn in olclr:r'fol

n'oulcl h¿rx: to ¿rc1cl thc collcction

(Qs+ AÇ) - (Qe + AO) + C)z:0 (3.21)

Obviously, continuity r,voulcl still lesult bec¿r,use the AÇ's in this ecluation cancel.

Norv consicler the continuity conclition at nocle C

Q"-Qt-Qs-Q.:o (3.22)

Here, for the correction in loop I, we would have to adcl the couection to Q5 but

subtract it from Qs in orcler to rnaintain continuity:

Q¿ - (Qs - LQ) - (Qs+ Aø) - Q" : o (3.23)

If the sign of Q changes dur-ing

case would be negative.

the iteration, then, for example, Qa tn the last

(3.24)(Q¡ + 
^Ç) 

+ GlQnl - 
^Q) 

- Qa :0



3.2 TIu' Ilattl.t,-Ct'oss tr [ct]rc<l

Exzrrnining thc ¿rbovc cqu¿ìtions, \\¡e see th¿rt collections ¿¡r'c ¿'Lclclecl to clochu'isc

flor,vs ¿urcl subtractecl fi'om countclclocllvise flor,vs (bzrsecl on the clilection on lvhich onr

continuity eclitations rvet'e clevelopecl). Thel'efol'e the c:ollectecl folm of the govclning

equzrtion may be written as

ÐtLA

lnto + 
^e)'l - )llalo - ^q'l* a-r¡ : o

Expancling the squarecl terms

(3 25)

Ð[R@',+zQ^Q + (^Q)')] - ÐlnlO',-zQxQ +(^Ç)',)l *af/ :0 (3.26)

If LQ is small relative to Q, then the (LQ\ terms may be clroppecl:

ÐlR(Q' +2Q^ql-Ð[,Rfq' -zqnq)]+na:o @.zT)

Collecting terms in AQ

ÐlÄ(0)'l - Ðliltq)',1 + lo(I\zfugl +lfzaql) + n¿r : o (3.28)



3.2 Tlx: Hitrcl.l,- Ct'oss \lr:thocl .l i-.:¿

LQ:
- TIit(A)'l + Itn(e)'l - ^H (3.2e)

Ðlzaql +l[z^q1

An outline of how the Halcly-Closs methocl was implementecl in an iterative so-

hition schem.e can be founcl in chtr.pter 5.
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This chaptel will give mathematical formulations for the evaluation of the heat trans-

fer in the pipe netwolk used in this investigation. This networl< contains both veltical

and hor-izontal pipes. Tlie heat-tr-ansfer correlations for. the horizontal and vertical

pipes ar-e clifferent mainly because of the gravitational folces that the vertical pipe ex-

periences. Therefore, in this investigation we analyzecl vertical ancl horizontal piping

separately.
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1.2 Fu'a Clont't'r't:iou

4"2 F nee Cosrvectiosa

In this scctiou, r,ve consiclel convective tr'¿usf'el iu fluicl flor,vs that oliginzr,te r,vhen ¿1.

bocly fblc:e acts on ¿r fluicl in which thele ¿r.re clensity glaclients. The net eff'ect is a

buoyzucy force, which incluces free convective curlents. In th.e <;ullent situation, the

clensity glaclient is clue to a tempeLa,tule clifference between the pipe of hot \MàteL,

norrnally at 60'C, ancl the sulrounclings with a t'oom tempelzrtule of 20'C.

For the horizontal piping case) \Me usecl the correl¿'rtions fol a iong holizontal cylin-

cler. We usecl the Churchill ancl Chu cor-r'elation talcen fi-om Funclamentals of Heat ancl

l\,{ass Tr.ansfel by Inclopela and DeWitt (p 551, 1990) that is goocl for a wicle

Rayleigh number r-ange; it is given by
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Nup:[ 
"_,

I
0.387 Rapa

(4 1)

('.(H)*) 
*

and is valicl fol tlie Rayleigh numbel i'ange of 10-5 1 Rap < 1012. The cases stucliecl

fell within the range of application of the above equation.

Fol a vertical cylinder, normally it is very difficult to obt¿r,in correlations. Howev-

er, in most cases the veltical plate equation is appliecl to veltical cylinders of height

L, if the boundary layer thickness á is much less than the cylinder diameter- D. This

conclition is lcnown to be satisfied when 3 - -9. In the plesent stucly, this con-L Gr ¡.i
dition was satisfiecl because we used pipe diameters of I 12 in. ancl 3 f 4 in. ancl smali

lengths. The correlation that is sr.ritable for most engineedng calculations ancl the



1.2 Free C'ou,ection

oire lh¿rl rve usecl irr the pleseut stucl1' rvas fblinul¿rte'cl

eu fì'orn Funcl¿rtneutals of He¿rt ancl \f ass Tr'¿rusfet' b1'

1990), ancl is of the form
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lx' Chulchill ¿rrrcl Chu. lr'¿'rs t¿rli-

Incr-opela ancl De\\¡itt (p õ43.

/¿ rlñuL -0.68 + o'670 A¿¿å 
-

('.(H)*) '

In an insulated pipe, the derivation of the heat-transfer coefficients is much more

complex. However, we can treat the insulated pipe and the free air stream ¿ìs one

s¡rstem, and we can find an effective heat-transfer coefficient. h"¡¡, that acconnts for

both the insulation and the fluid boundary laver. Once the h"¡¡ is founcl. the problem

rnay'be solved in the same manner as for *" unro.rrlated case, but with å"¡¡ replacing

h. Figure 4.1 illustrates the effective heat transfer coefficient.

l{qt llu.¡d

/rt '"c

\-.'/
keÇÇ

Figr,rle 4.1: The effective lteat transfer coefficient (inciudes effect of both,b¡,, and h,")



4. 3 Tt ¿utsir,'nt Conclttc:t icnt

The cffcctir.e |¡ç¿¡1 tr-¿lnsfcl cocfficicut is givcn b1'

r--1,,t J.t - --- lt ---f r l-r \='ul
Ln( --: ) +

' ?'l ' A j,," t'2 lt.

The above ecluation is clelivecl in Appenclix 8.1.1

From the above ecluation, \,ve can obtain the lt"¡¡ of ¿ horizontal ancl veltical pipe

if we substitute either the /2., fol a holizontal pipe:

tc|

t" 
:.0.60.0.52,sl(?="-&),¿,,,"'¡'It": 

ff(0.602 +, 
\ Ë" )

+0.527521(4r'" - zk) ¡o'"'¡ +',rs'\ffi)) (44)

or substitute the /2" for a vertical pipe:

(4 5)

4"& T\"ansiem.t Cosadeectior¡

So far- we have consiilerecl steady, natulal-convective flows, in which velocity ancl

temper.zrtule fielcls clo not valy with time. The stat.tup ancl shutclor,vn of systems,

h":y: (o ur + 1 082
Ls

ua
)
)

Too

T;+
( (r,,,"
\@; ),)



4. 3 Tr¿utsient Cot¡cluc'tion

siir;lt ¿rs ltot u'¿rt,el t,¿rrtlis, leacls to tr'¿rnsient n¿rttr'¿ll corrr;ectiorr. Irr onr' 1;r'escnt s1.stctn,

thc sut'fã,ce tctrtpcr.eltnle of the pipirrg systcrn il'ill ch'op ¿rftel thc: shutclou'u of tirc

flou'. Thus the tetnpelature a,t each point in the systen n'ill also Ìtegin to chzrnge.

The chzr,nges rvill continue to occur until ¿r stezr,cly-state temperatule clistlibution is

reachecl.

In the plesent stucly, we moclel the system using the lurnpecl capacitance methocl.

The essence of the lumpecl-capacitance methocl is the assumption that the tempera-

tnle of the water- insicle of the system is unifolm at any instant cluling the tlansient

plocess. This assumption implies that temperatuLe graclients within the pipes ale

negligible. Because the temperatule of the pipe sulface is very close to the mean

temperature of the hot water in ihe pipe, this assurnption is reasonable.

The lurnpecl-czr,pacitance methocl is preferably used because it is simpie and con-

venient. However, it is important to cletelmine unclel what conclition it may be usecl

with reasonable t'esults. If the Biot number, Bi: *, is much less than 1, the re-

sistance to concluction within the fluicl is much less than the resistance to convection

act'oss the fluid boundary layer. Hence, the assumption of a unifolm temperature

clistlibution is reasonable. The criterion fol using the lumpecl-capacitance methocl is
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un:'+ < 0.1 (4 6)

In our plesent study the Biot numbel is always less than

for using the lumped-capacitance ruethocl. To fincl the

the pipe at any time, ú, we use the following equation

0.1 so it satisfies the criterion

tempelature of the sur-face of



.1. 3 Tr¿tnsient Condur:tion 31

r:l:'l) (1 7)

In the above equation * :3!-+ where T-¡ isthe initial tempelatule of the wall0¿ T-¡ -T-
(where the r,vall ancl the bulk are assumecl to have the same temperature),7,, is the

temper.atur-e of the wall, ancl 7"" is the temperatuLe of the air'. A" is the surface ¿lrea

of the pipe, p is the clensity of the fluicl in the pipe, V is the volume of the pipe, ancl

h is the convective heat tlansfer coefficient.

The convective heat-tr-ansfer coefficient is given for the horizontal pipe by equation

8.11 ancl for the ver-tical pipe by equation 8.16

The derivations of the above convective heat transfel coefficients ale given in

Appendix B.

For the case of insulation, the insulation material will contlibute to the heat-

tlansfel coefficient. The ternpelature clistribution through an insulated pipe is given

in Figule 4.2, the heat tlansfel through the pipe is given by

cfi : hf 2rrlL(76 - T-) (4 8)

(:#)

-, kin"2r L(7. - T¡,")
n.rrzns-T

t"(i)'rl

'lI

0

0¡

(4 e)

1s,,r: 142rt'2L(T¡,,, - 7k) (4.10)



1. 3 Tt'¿tnsienf, C' oncluc tion

Het'e fl, is the temperzrture of the fluicl, ancl 7,
wall, 7¡,r, is the temperatule of insulation, anci ft is

is the tempela,tule of the pipe

the tempelatLrre of the air.

tl')::

l5

hF

LI

Figure 4.2: Temperature Distribution THrough an Insulated Pipe

l'i

The temperature at the surface of the pipe is given

this case f,, is given in the form below

0b\'--"0¡
T* -T*
T . _'ltu)z ¿æ

in

"/,/t/.
./t

/i
//.

Tì^s

However



4.4 He¿tt Tr¿tnsfer Lossr:s ft'ot¡t l;lte ÍIot \Ãr¿ttr:t' ?¿nJi tÐ
'JJ

lt"2r r'2 LT¡,lt¡ t'y lrr(2¡
't'1

Tru :

,tr)u0,,"('n '"

,)(,.,,

I(r.,, L r¿" t

2r t'2 L 14lL¡ t'1ht(21
L lt., I -12 r h,¡

1,toins

lt,"2r 12 LToo
-I

I

T,. Llz"*
2 r t'2 L lt." h¡ r'y tnç2¡

l'1

i.,tuins

I't,¡2rr¡LT¡,

*2rl'r,¡r'1

+ (4 11)

t^
toirr s

2r t'¿ Ll¿"1¿t t'tlt¿(2)
t-
tozì¡ s

'l2rlt¡ry

The above equz'r,tion is clelived in Appenclix 8.1.

4"4 Ëäeat ß'raxesfen F,osses fro¡sn the FSot Water

ß'aslk

This section will consicler the heat losses from the hot water tank Figure 4.3 indicates

the heat transfer- mocles in a water heater-. Thele are two major losses fi-om the

hot water tank: firstly, the losses fi'om the convection and concluction between the

tempelature of the air in the room ancl the tempelature inside the tank, and seconclly,

the losses from the withch'awl of the hot water ancl r-eplacement by cold water.

Convective heat losses clesclibe the enelgy transfer- between a surface and a fluicl

moving ovel the surface. The heat transfer clue to convection may be expressecl as



4.4 He¿tt Tr¿tnsfr.tLossr:s fron¡ the Ifot \\I¿ttct'T¿ntk

(l : lt, A(Tt, - T,-) (+.12)

r,vhere h is the overall heat transfel coefficient ancl !, is the bulh ternpelatule of

the lvater in the t¿¡nlc. In this case the heat tr-ansfel coefficient is vely clifflcult to

cletermine thlough a numerical proceclure. Therefole, experimental heat losses fi-orn

clocumentecl sources were taken fol a hnown tempelatures in the tank. Then using a

curve fitting technique, the valne of h A w¿rs c¿-llculatecl fol the hot water ta.nlç.

The seconcl loss that occurs in the tanh is clue to the hot water withclrawal. When

¿1, witirdrawal occnLs, hot water leaves the tanlç from one encl ancl colcl water leplaces

it flom the other-. The heat loss due to this process is

J+

Q : n¿ Cr6T

where riz is the mass flow rate of the hot water,

ancl ó7 is the temper-ature difference between the

water enteling the tanlç.

co is the specific heat of the water

water- leaving the tanlc ancl the colcl

(4.13)
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5,1- Ger¡.eral

To ex¿rmine the flow rates in a pipe networh ancl calculate the heat losses from the pipe

system ancl hot water tank, two computer codes were cleveloped. Listings of these

progt'âms is given in Appendix D. The fir'st pl'ogram assumes no insulation exists

in the pipe networ-k, whereas the seconcl pr-ogram assumes insulation is incorporated

into the existing system. A detailed analysis of the progÌam and input ancl output

file information is presented in this chapter-.

In Section 5.2 the structure of the program is described. Sections 5.3 ancl 5.4

clescr.ibe the input ancl output files. Section 5.5 explains the subloutines ancl functions

that were usecl in the programs and finally Section 5.6 illustrates the bisection rnethod.

&.2 Stnucttåre

The plograms aÌe set up to leacl clata fi'om a data file ancl write relevant clata to an

output file. Following the reacl statements, the minor' loss coefficients r,vere entered



5.2 Sttuc'tux:

fol t:¿l.clt cliff'eleut cronclition. Ili tliis pzrrticr-rlzrl problenr rvc consiclcl livc r,ouclitiolis.

Filst, u'lleu thc sltorvcl is operr ìry itsclf; secoucl, u'hen the iv¿rshloour sinli tzil-l is o1;c.rr

by itself; thircl, rvhen the l¿ninch'y is open by itself; fbrirth, ivhen the liitchen sinic is

open b5' itself; ancl finally, u'helÌ the clishw¿rshel is open by itself.

The rnain palt of the ploglam consists of the c¿lcul¿tion of the flow ¿l,t the tzr,ps. For

the c¿,l,lculations of the flow rates ¿r,t the taps of the netwolh system, the Har-cly-Closs

methocl was usecl. This methocl has been expla,inecl in cletail in a previous chaptel of

this thesis. The Halcly-Closs itelative solution is a simplified velsion of the itelative

lineal analysis. We can outline the application of the Halcly-Closs itelative solution

bv the following steps:

ø Assume an initial estimate of the flow distlibution in the netwolh that satisfies

the continuity equation. The closer the initial estimates is to the corr-ect values,

the fewer will be the iteration steps necessaty for conver*gence.

ø Fol each loop ol path, evaluate AQ in the systern.

ø Update the flows in each pipe in all loops ancl paths.

ø Repeat steps 2 and 3 until a clesir-ed accuracy is attainecl.

Ð:
.) f

Besides the calculations of the flow rates

the demancl for hot-water cluring a celtain

mass flow rate at the exit of the hot water

from the withch'awal ancl convective effects.

in the main pr-ogram) \Me also cietelmine

peliocl of time. We also calculated the

tanh, and finally the losses in the tank

The final part of the main program simply outputs the relevant clata to an output

file.



5.3 Input File:

5.S ïnput F ile

The irrput file contains all the lelev¿r,nt inf'olrr¿r.tion clesclil¡ing the plumbing system

in clitestiort. A szrtlplc of ¿rn input file is containccl in Appenclix 8.1. The input va,lues

¿r,t'e clescliJ¡ecl so tha,t the loc¿ttion of each input c¿r,n l:e cleter-minecl easiiy.

The first line in the input file is tlte number of pipc segnents in the system. The

nurnber of junctions and number. of pumps are the next inputs in the clat¿r, file. The

viscosity, the specific glavity ancl the convelge cr-iteria f'ollow the nurnbel of inputs.

Next we entet'the pipe infolmation. Fol each pipe in the system, the pipe length,

pipe cliarneter-, r'oughness, elncl a flow r.ate guess ale given. At this point we select a

point in the system to act as a reference point. Then we entel the piezornetric heacl

at this location.

The next set of values enteled lepresents the infor.mation about the clata fol the

pipes between the joints. Filst the r-eference point to the junction, then first to

seconcl junction, ancl so on. Fol each path we enter the number of pipes between the

junctions, then the label number for these pipes. These label numbers are signecl to

give the direction of flow.

The next set of data shows the information for the loops ancl pseudoloops. Fol

each ioop we enter the piezometric pressure difference between the start ancl the end

of the loop, then the number of pipes in the loop, then the label number for each

pipe. These label number-s are signed to give the initially assumecl dilection of flow.

The following set of values gives the information for- the pipes that meet at the

junctions. For each junction, we enter the numbel of tubes entering ancl the numbel

of each tube. Each tube is signecl sucli that inflow is positive and outflow is negative.

Lastly in this progi-am, one more input file was usecl. It contains the clemancl

irattern of each clely of the week. For evely clay zr, cìifferent clernancl patter-n r'vzrs
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5.4 Outpttt File

rtsecl. Irlcvior,ts pil,ttelns of l'csicLt:ntial hot n'¿rtel usi¿ìg(ì in C¿rn¿rcl¿r arrcl LiSA, 1,h¿rt u'elc:

collectccl ciuling the liter'¿r,tLrLc scalcir of tliis thesis, rvcLc usccl. Fol r:¿rch clz4' zr, 2-l-hour

clocli scheclule rv¿rs usecl lvith peliocis of clemancl rvhen a tap was open, ¿l.ncl ¿ peliocl

of no clem¿r,ncl r,vhen zr,ll taps u'ere closecl. Duling tlie night l¡etr,veen 12 a.m. ancl 7

¿ì.m. we shorv vely little clem¿'r,ncl in the scheclule of oul pzr,ttern, while zr gr.eat clern¿r,ncl

occnllecl in the tnolniug between 7 a.m. ancl 9 a.m. rnostly clue to showelirrg. Also

a seconcl peah was input in oul scheclule. It occnllecl in the evening between 7 p.-.
ancl 8 p.m. when the clishwa,sher was in operation.

5.4 tutput F íTe

The outprit file contains infor-mation of intelest to the solution of the pipe network

ancl to the solution of the sample problems. All inform¿r.tion is labellecl in the output

file. A sarnple of an output file is containecl in Appenclix Ð.2.

The output file consists of two diff'elent sets of information. The fir'st set contains

information when a withdrawal occurs in the tank and hot water is cilculated thr-ough

the pipe networlc. The second set consists of infolrnation when no withclrawal is taken

fi'om the hot water tanh and the flow is zelo.

The output of the first case inclucles the temperatule at the wall ancl heat loss of

each pipe. It also contains the length (m), the cliameter ("-), the Reynolds number

and the flow late of each nipe (It¡.'sec'

The next lines consist of the outlet temperatule of the taps, followecl by the mass

fl.ow rate at the output of the hot water tanh, the instantaneous clemand. ancl the total

clemancl through the clay. Finally the instantaneous heat loss fi'oil the withdlawal

and instantaneous heat loss from the convective effect are pr-esented togethel with the

total withch-awal ancl total convective heat losses. All heat losses are given in (kJ).
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5.5 Sul.n'otrúirrr:s ¿tncl Fnnctions

Tltc output, u'llcn thi: q¡¿rtel is st¿l.tion¿ilv in the pil-rc system, inc:hiclc.s thc tcln-

pclatule of the u'¿rll of the pipc ancl tltc tcrnper-zltule of tlre r¡¿r,teL irr tllc 1-rii;e zrflcr z-r.

periocl of time ú. Finally the he¿r,t losses fï'om the convective effèct in the hot u'¿rtcl

t¿l,nh ¿re pleseutecl.

5"5 St¡.hroutir¡es an'Ïd F*uructiorls

The subroutines ancl functions contain FORTRAN statements which ale usecl repeat-

eclly in the ploglam.

The subloutines fol the plogr'¿ìns for insulatecl ancl uninsulatecl cases of pipe

consist of:

1. A subroutine that calculates the temper'¿¡tule at the wall ancl the mean ternper-

ature of the flow in the pipe (FLOW).

2. A subloutine that calculates the tempelatule of the wall when the flow is zelo

in the pipe ancl a transient is in effect (NOFLOW).

The functions of the proglam for the insulated pipe case consist of:

1. A function that computes the temper-ature reached by a hor-izontal pipe at some

time ú(TRANS). The equation used is tlie following:
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5. 5,5¿r 1¡'oi tl,it¡r:s ¿utcl Func: t ir¡tts

2. -\ lìrrr<:tiol th¿rt cotil;ritcs thc terrrpcr'¿rtnlr:

tirnc 1 (TR,ANS2). Thc bclow c'cluzrtiou rvzrs

1I

vcltir:¿rl ltipc at sonrcrc¿rchccl

usccl:

Jry ¿r

A,
e

-:0¿

, ,'t'2, ?'1 ?'1
llrl-l--L

' ?'t ' ki,," T2 l'Lur,.¡

ó.

erp
pV cp

(5 2)

A function that cletermines

The ecluation usecl is:

the fluicl heat tlansfer coefficient in the pipes (F).

h¡: 0.023 Re¡rë Pro'y k
(5.3)

The subroutine also gives an equation for a horizontal pipe with an unhnown

temperature at the wall. The subroutine FLOW will solve this equation. The

equation used is 4.11 with h" : hho,

A function that detelmines the fluicl heat-transfer coefficient in the pipes (F1).

The equation usecl is equation 5.3. The subloutine also gives an equation fol

the a vertical pipe with an unknown temperatur.e at the wall. The subroutine

FLOW will solve this equation. The equation usecl is 4.11 witli h" : h,,u,t

A function that calculates the heat-transfer coefficient of the air arouncl a hor-

izontal pipe (FHS1). The equation usecl is 8.11.

D

4.

5.
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6. A fiurcl,iou til¿rt c:¿l.lcui¿rtcrs the he¿r.t-tr'¿rnsf'el cocfficiclt of the ¿rir ¿rlorurcl ¿ì vel'-

ticai pipc (FHS2). Tìrt cc¡ration risecl is 8.i6.

The fiurctions of the ploglarn f'ol uninsulated pipe c¿rse consist of:

1. A function th¿r,t computes the tempelatule r.eachecl by a horizontal pipe ¿r.t some

time ú (TRANS). The ecluation usecl is the following:

erp

A function that computes the temperatule reached

time ú (TRANS2). The below equation was used:

(5.4)

by a ver.tical pipe at some

(5 5)

(
0

0; (w)

- "rI, ( (H+),)

I

2.

0

0,

tJ. A function (F) that gives

temperature at the wall.

given is the following:

an equation fol

The subloutine

a horizontal pipe

FLOW will solve

with an unl<nown

(F). The equation



5.5 Sul trot¿liilrcrs ¿uxl Func:tir¡ns

(T,u-7-) :0

4. A function (F1) that gives an equation for a vertic¿rl pipe with an unknown-

tempelature at the wall. The subroutine FLOW will solve (F1). The equation

given is the following:

0.023 Rept Pro'3 k
(To -T"u) -

(T*-7""):0 (5 7)

5. A function that calculates the heat-tr-ansfer coefficient of the air. alouncl a hor'-

izontal pipe (FHS1). The equation used is 8.11.

6. A function that calculates the heat-transfel coefficient of the air alouncl a ver'-

tical pipe (FHS2). The equation usecl is 8.16.

.13
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5. 6 B isect icnt iv-[r: t]to cl

5.6 Båsectiom Vletlaod

The bisection rnethoci u'¿r.s nsecl fbr tlie loot se¿l,r'cli th¿r,t f'orincl the teurper'¿r,triLe of the

rv¿ril of tlie pipe f'ol both subroutines F LO\\¡ ancl NOFLOW. The clescliption given

below is tahen flom Nnmelical Recipes in Foltran Ìty Pless et al. (p 346-347,1992).

"Once we lçnow th¿t ¿l,n inter-v¿rl contains a Loot, sevclal classical ploceclures zrrt:

available to r-efine it. These pr-oceecl with varying clegrees of speecl ancl suLeness tow¿r,rcl

the answer. Unfoltunzr,tely, the rnethocls that ale guat'anteecl to converge plocl along

most slowly, while those that msh to the solution in the best cases can also clash

lapiclly to infinity without walning if measures are not talcen to avoicl such behavior.

The bisectiou methocl is one that cannot fail. It is thus not to be sneelecl at as a

methocl for othelwise baclly behaveci ploblems. The idea is simple. Ovel some intelval

the function is known to pass through zelo because it changes sign. lVe evaluate the

function at the interval's miclpoint and examine the sign. Use the miclpoint to leplace

whichever limit has the same sign. After each iteration the bound containing the loot

decrease by a factor of two. If after- n iteration the r-oot is known to be within an

interval of size e,, , then after the next iteration it will be blacl<etecl within an interval

of size

Ltla

€n*.I

Neither more or less. Thus we know in aclvance the

to achieve a given tolelance in the solution,

number of iterations rec¡rit'ed

€r,:-
2

(5 8)



5. 6 Bisrx:tiot¡ ltlethocl

n. : logz
€o

€
(5 e)

where eo is the size of the initially bleahing intelval, e is the clesilecl encling toler-

ânce.

It r.ernains to cliscuss irlactical criteria for- conver-gence. It is cmcial to keep in

mincl that computeLs use a fixecl nurnber of binaly digits to represent floating-point

nnmbers. lVhile the function rnight analyticaily pass thlough zero,it is possible that

its computecl value is nevel zero, fol any floating point algument. So we hacl to clecicle

what acculacy on the loot is attainable. To be most general, the loutine we usecl

requires you to specify an absolute tolerance, such that iter'¿r,iions continue until the

iuterval becomes smaller than this in absolute tolerance".
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6.X- F low ,&malysis Ðisc¡.¡.ssi.or¡ of ffi,esults

For this stucly, we chose three clifferent types of homes: a small bungalow house of

1400 sq. ft., a large bungalow house of 1700 sq. ft., ancl a lalge two stoly house of

2124 sq. ft. The main objective of this palt was to stucly ways that could pr-event the

sudden recluction in flow of hot water, and the cor^responding clrop in temperature,

when several taps r-un simultaneously.

6.f-.1 T'*p Ferforrnance knproverner¡t Ðue to Ïr¡creasing the

tripe Ðiarr¡eten

In this section, we analyze the tap perfor-mance of hot water in pipes of I l|in. ancl 3/4

in. cliameter. The perforrnance of each tap is 100 % when operatecl autonomously.

This performance corresponds to the maximum flow rate at the tap. This study

fonncl that increasing the pipe cliametel from Il2in. fo 314 in. in a medium two-

story honse that contains 47.7 n of plurnbirrg, imploves the the flow rate of hot r,vatel
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in thc'taps n1t to 38.8 /ç u'ltt:n thc sirou'er'hcacl opelzrtes ltt'itsclf. This corlespoucis

to a tcrnper'¿-r,tulc intplovcitient of 6.6'C'. Also increasing the pipc cli¿rrnctcl fì'om 1/2

irr. to 3f 4in. in a, bungalow house th¿lt cont¿rins 31.5 nl of plumbing, implovcs thc

flou' r'¿rte up to 28.8 % rvhen the shorverheacl mrrs by itself. This corlesponcls to zr

tenrpelzr,ture implovement of 4.6"C. Firrally, incleasing the pipe cliameter ftorn tf 2

in. to 314. in a large house th¿rt cont¿r,ins 34 rn of plumbing, irnproves the flow late

of the hot watel in the taps up to 29.I % when the shou'erhe¿rcl runs autonomously.

Tlris collesponds to a temper-atur-e irnplovement of 4.7"C. When several taps lun

simult¿rneously, a problem is cleatecl rvith the equal clistlibution of hot water. This

t'esults in ¿r, rechtction of hot watel being sent to the open taps. It is useful to mention

that for both 7f 2 in. ancl 314 in. piping, we experience clecreases in the flow r¿l,tes

as soon as a second tap opens. The only tirne when the pipe will have I00 % output

will be as already mentioned, when a tap opelates alone. The cleclease in flow tate

results in a clecle¿lse of the temperature at the outlet of the tap. Therefore, in this

section when we talli about, fol example, a 20.3 % implovement, this numbel will

correspond to the difference of the decreases in the flow rates, between aL12 in. ancl

aSla in. pipe. Also, fol example, a 3.0'C temperature change will cor.lesponcl to the

clifference in temperature at the exit of the tap between aIf 2 in. and aSl  in. pipe.

Fol the cletelmination of the temperature, two folmulas wele used. The first one is

the mixing folmula that states:

mnTn + rn.T.: ri¿tTt (6.1)

ancl the second folmula is tlie conservation of mass that states:
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ttl,¡, ltti,,.-tti¿ (6 2)

In these two ec¡ratiols, ?7i,¡, corresponds to the mass flow r'¿¡te of the hot wateL, ni" lo

the mass of tlie colcl water', ancl rn¿ to the total mass flow r-ate. Also, fr, collesponcls

to tire temperatur.e of the hot water, I to the temperatule of the colcl water, ancl 7¿

to the outlet temperatule of the tap. In solving these ecluations, Tn, T" ancl nï" were

lrelcl constant, rn¡, was fonncl from the computel moclel ancl rn¿ ancl 7¿ rvere found

using the equations.

The 712 in. pipe cliameter- is the most common pipe size usecl in resiclential

plumbing systems. Thelefore, compadson of the existing Il2 in. pipe diameter- to a

314 in. pipe cliameter is performecl to cletermine if any improvements in pei'for.mance

can be gainecl by using the 314 in. pipe. Detailed r-esults of the compar-isons may be

founcl in Appenclix C.

This study found that increasing the pipe cliametei-fi-om Il2in. to 314 in. in a

medinm two-story house that contains 47.7 m of plumbing, improves the flow rate

of the hot water in the taps in a range ftom 20.3Y0 when the showerheacl is opened

simultaneously with the washroom sink, to 72.9% when the kitchen sinlc is openecl

simultaneously with the clishwasher-. This corresponds to a temperature improvement

of 3.0"C to 1.6'C. Also incleasing the pipe diametel from 1/2 in. to 314 ín. in a

bungalow house that contains 31.5 meters of plumbing, improves the flow rate of

the hot water in the taps in a range fr-om 15.1% when the showerheatl is openecl

simtrltaneously with the washroom sink, to 4.6% when the washloom sinlc opelates

simultaneously with the clishwasher. This corresponcls to a temperature improvement

of 2.0'Cto0.27'C. Finally,increasingthepipediameterftonlf2in. to3/4in. ina,
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la,rgc ltoitsc that c:ont¿r,ins 34 rn of plunrlling, irnplorres thc flr¡lv r¿rte of thc ho1, u¡¿rteL

irr tlie tups fï'onr I2.9%, rvh<:n the liitchen sinli is opetccl sinmlt¿r,neously 1yi¡11 ¡h"

clislrrv¿rsher , t,o 7.5% u'lien the iaunch'y opelzrtes sirnulta,neoLrsly rvith thcr clishr,v¿rsher'.

This collesponcls to er temper-¿r.tur-e implovernent of 1.6oC to 0.9'C. The cxpenclitur-e

to trpgrzr,cle the above systems fi'om 1/2 in. plumbing to 3f 4 in. is $35 Cclri for a

two-stot'1, house that contains 47 nr.etel of plumbing, $23.5 Ccln fol a, large bungalow

house that contains 31.8 rneter- of plurnbing arrcl $25 Ccln fol a small bungalou' house

that contains 31.5 meters of plumbing.

Fol a cletailecl cliscussion of the lesults of this section, a two-stor-y house (FigLrle

6.1) is usecl. (Fol the othel two homes, the output cl¿r,ta ale olganizecl ancl plesentecl

in the fblm of taltles found in Appenclix C.) Flom the two stoly house results, we will

examine two clifferent taps, the shower-heacl on the seconcl level ancl the launclry tzr,p.

Tables C.3 ancl C.4 present performance values for all of the taps for' 112 in. piping.

Tables C.5 ancl C.6 present similar-informationfor 3f 4 in. pipe.

The pelformance of a single tap, such as the showerheacl, significantly decr-eases

as other taps are opened simultaneously (Figurc 6.2). However, these performance

clrops can be reclucecl by increasing the piping diameter-. By using 3la ín. pipe insteacl

of aIl2 in. pipe, the performance of the shower-head impr-oves by as much as 40%

(Fignre 6.3). Consequently the watel temper-atule improves by approximately 6.6"C.

Similarly, the per-formance of the laundry tap significantly decleases as other taps

are openecl simultaneously (Figure 6.4). These pelformance drops can again be i'e-

dncecl by inci'easing the piping cliameter. By using Sla in. pipe insteacl of 7f2 in.

pipe, the performance of the launch'y tap irnpr-oves by as much as 20ù/o (Figure 6.5).

Consequently, the water tempelatule improves by approximately 2.0"C.
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Si:oweäearl;1

Wa-sh¡oon Sn-k #L

Figure 6.1: Schematic of a Two-Story House Piping System
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Figure 6.3: Showerhead fI Performance for 314ín,. Pipe Diemeter
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6.L.2 T.ap Ferforrn.ance lrnproverri.er].t Ðue to the T,ocation

of the F{ot \Mater Tank

Tlre influence of u'¿l,ter-t¿-r,nli loc¿rtion on tap pelfolmernce of ¿r, 1l2in. cii¿rmetel plurnb-

ing systerrl \/¿ìs ex¿ìrninecl. A nreclinrn-sizecl bungalow was usecl for this analysis (Fig-

ule 6.6). Fol convenicnce, the shower-heacl was usecl ¿rs the lefer-ence point becatise it
places the highest clemarrcl on the wa,ter tanlc ancl because a clrop in watel tempera,-

tut'e cluling a showel is the most ir"r-itating ploblem r-el¿r,tecl to simultaneously openecl

taps. The watel tanlc was locatecl at clist¿r,nces of 0.3 m, 1.8 m,4.3 m ancl 7.3 m from

this lefelence point ancl the pelformzrnces of the taps were computecl (Tables C.11 -

C.16). These clist¿rnces ale the holizonta,l length of piping connecting the watel tanh

to the shower-heacl.

The r-esults indicate that when the clistance of the watel tank fi'om the shower-

head incleases, the performance of the shower-heacl clecreases (Figules 6.7-6.10). Con-

sequently, as the pelfolmance clecreases, the watel tempelatule clecleases. It seems

iogical then to locate the hot water tanlc as close to the showerheacl as possible. Re-

locating the hot watel tank from 7.3 m to 0.3 m horizontally flom the showerhe¿rcl

showecl an improvement in the flow rate of the hot ¡¡'ater- of the showerhead up to

78.2% which colr-esponcls in a temperatur-e improvement of 2.7.C.
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Disirwasher Showerhead S2

I(itdren Sink Wasitroorn Sink #1
Showerhead f1

I{ob Water Tank

Washroorn Siuk f,2

Figure 6.6: Schematic of a Medium-Sized Bungalow Piping System
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ffi.2 F{eat Tlrauasfer Ðiscr¡.ssior'¡ of ï?,es¡.rlts

In this sectiott ¿r, snrall bunga.lot' housc (1400 sq. fT.) u'as usecl fol the zr,nalS'sis of the

lteat losses through the clistlibni,iou systeur ancl the he¿rt losses fi'orn the hot rv¿rtel

tanli. The main objective of this pzrr.t of the lesearch w¿rs to fincl ¿r nay to optimize

the existirrg hot-watel plumbing system ancl hot-w¿ter. tanl<.

6"2.n Ðistribution T,osses

DistliJrution losses occLrl fi'om the piping when it cleliver.s hot watel to the ter.rninal-

usage clevices. In this reseaLch, these losses wer-e calculatecl with insulation in the

system and when no insulation \Mas plesent.

IJninsulated Piping System

For a 112 in. (7.27 cm) pipe cliametel, the losses from the holizontal pipes were

approximately 95 W/- and for the vertical pipes 20 W lm. The above results were

comparecl with a cliagram fi-orn the electlic water heating manual written in 1988 by

Perlman, iVI. ancl N.H. Milligan.The diagram given by Perlman ancl Milligan estimates

a heat loss of about 53 W/m. The r-eason for compalison was because this was the only

information that was founcl in the literature, and the only source that we coulcl use to

valiclate our culrent findings. In this manual, a diagram is given for an estimation of

heat losses fi'orn the pipes if the temperature of the flow and the diarnetel of the pipe

ale hnown. The horizontal pipes yielcl more heat losses than the vertical. This occur-s

because the thermal boundar-y layer has no opportunity to clevelop and is therefor.e

much thinner in the horizontal pipe than in the ver-tical. In this ca,se) \Me see, that

the cliffelence in the veltical ancl horizontal pipes is larger'. For a 3l4in. pipe (1.905

cm) the heat losses from the vertical pipes u'er-e 30 !V/rn ancl fbl the horizontal 125
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1;11/tn. Thc <liaglzrtn esl,int¿¡tes à he¿ìt ioss of 68 U¡/rn ivhi<:h is ¿rltout thc znclzrge for

tirc vcltic¿-r.l a.lrcl irolizoltrrl piping.

lnsulation in the Fiping System

In the "insulatecl" segment of the plogram, the thelm¿rl concluctivity of the insLrlation

was Är¿,," :0.057(+) . Fol a1l2in. (1 .27 cm)pipe cliameter', the lossesfi-om the

horizontal pipes were appr-oximertely 13 W/rn ¿r,ncl fol the veltical pipes 11 W/m. The

holizontal pipes yielcl rnore heat losses than the ver.tical. In this case? \Ã,c see that the

thelmal boundat'y layel on the outsicle of the pipe has ahnost no eff'ect on the heat

transfer. For both horizontal ancl ver-tical pipes, the heat tr.ansfer- loss is vely close

to each other, and the insulation has the rnajol effect in this case for the heat losses.

In this case the r-esults of Perlman ancl Ndilligan (i988) agree vely closely with our

findings, as their- diagram gives zr, hea,t ioss of approximately I2.3 W lm. For a 3la in.

pipe (1.905 cm) the heat losses fi"om the vertical pipes were 8.15 W/- ancl fi'om the

horizontal pipes 9.2 W lm. The cliagr-am estimates a heat loss of 8.5 W/rn. Fr-om the

computer results, we found that the temperatule at the wall for a horizontal insulatecl

pipe compared to uninsulated pipe drops ¿bout I2oC, whereas in the vertic¿rl pipe, the

temperatule differential between an insulated and uninsulateclpipe is only 4'C. \Ye

alreacly discussecl in the previous chapter that flee convection occurs due to clensity

gladients that, in this case, ale caused by temperature gladients. In the case of the

horizontal pipe, we found that the temperatule gr.aclient between the insulated and

uninsulatecl pipes is much greater; therefole, a much greater clifference in heat loss

occurrecl.
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6"2"2 E{ot \Mater T'ank l,osses

One of t,he tu¿rjor'¿l.Le¿rs of ¿ru¿thrsis itt this rcse¿rLch tl¡¿ts to fi.ucl rv¿rl's to optinrize tltc

hot rv¿tel ta.nli ancì., if fezrsible, to conselve enet-gy. In this anzrllrsis, we usecl foul

cliffelent cases to anzrlyzc oul system. These foul cases wete:

1. Compzr,r'e insulation in the clistribrition pipes ver-sus uninsnlatecl pipes.

2. Operate the hot wa,tel tanlç at 80"C insteacl of 60"C cluling the peali houls

3. Compare a legular-flow showelheacl velsus a, low-flow shorverheacl.

4. Comparc 7 f 2 in. pipe with 3/4 in. pipe.

The rnost common coûr.ponents founcl in resiclential hot-water- plumbing systems

werc 1f2 in. cliameter uninsulated pipes with a legulal showerhe¿r,cl ancl the tank

oper-ating constantly at 60'C. Thei-efole, for the analysis of the existing system, the

above f¿rctor-s will plovicle a base point for compalison.

6"2"3 Tnsutrated Vens¡rs Clnir¡sulated Pipireg

Systerns

By using insulation in the plumbing system, a energy savings of 1.5 - 1.8 percent can

be achieved and a savings in water clemand of approxim ately 2 per-cent was caiculatecl.

(Tables 6.1-6.4).

6.2"4 l,ow-Flow Showenhead Versus Regulan Flow

A low-flow showelheacl can significantly leduce the energy of the overall hot-water

plumbing supply system. It was found that a low-flow showerheacl gives a 14 - 77

percent savings, with 14 - 28 percent savings in the water clem¿rnd (Tables 6.1-6.4 ).
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w"Å"Ð

\r'r,'.l:srrs 80 Dr:,gler:s in tlte Pe¿th Hottt's

6û Vensus 8t Ðegrees in the Feak F{otrrs

60

\\¡hcn rvc nsecl 80"C inste¿rci of 60oC' ck:glecs in thc pcali dcm¿urcl houls that usuzrlll'

occul in the morniugs betwecn B-10 a.m. ancl ¿r,fiernoons betrveen 7-8 p.m., it u'as

founcl that an incle¿rse of about 0.35 percent occuLr-ecl in the over'¿r,ll enelgy usage but

¿r,r-ecluction of.72- 16 pelcent in the hot rvatel clem¿rncl rvas achievecl (Taltles 6.1-6.4).

6.2.6 L/2 ixt. Fipe Versus 3/a i:rl." Fipe

A 3/4 in. pipe gives a fulther 15 - 18 pei'cent energy clemancl ancl also gives an

aclclitional 16 - 19 pet'cent of watel clemand. It was founcl that, while a 314 in. pipe

showecl a bettel quality of hot water, a highel withcilawal heat loss occurled in the

tank ( Tables 6.1-6.4 ).

6.2"7 General Ðiscussion

From this analysis, it was founcl that the best savings in energy and water demand

fi'orn the hot water tank can be achieved r,vhen the piping system is insulatecl ancl a

low-flow showerhead is plesent. The combination of the two previously mentionecl

components can achieve a 15 - 17 per-cent savings in heat losses and a 15 - 19 percent

reclnction in water demand. For a 3lain. pipe, the energy losses are too high for'

the use of this system ancl the only time that some savings were shown \Mas when

a low-flow shower-head was in use. In this case, 0.5 - 5 pelcent savings in the heat

losses was achievecl ancl 0.5 - 17 percent r-eduction in the watel demand. A system

iike this can be usecl only if the low-flow showerhead is accepted by the population.

In this case, a low-flow showelheacl with 3l4in. pipe may be the best way to satisfy

l¡oth the customeL, ancl the quality of showering, as well as the utilities because the

combination conserves some energy. Finally, the use of 80"C at peah hours gave lts a



6.2.î Geuc:t'itl Disc:ttssiot¡

0.3 pet'c.:crnt ¿rclclition¿rl hc¿rt loss. \\ie do not rcconÌrnelrcl tirc uscr of this stlzrteg-v in oul

ltlcseut system; lÌo'nvi')\'et', thc inc:re¿rse of tcrnper¿r,tu-t..es cloes z'¡llou' thc t¿rnli to rlcct,

the cleur¿'incl ovel tire irezrli peliocl. Tlierefble, this str'¿'itcgv coulcl be risecl fbr "pezrli

sharring".
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6.2.7 Gr:nr.r'a,J Disc'rrssioii

T¿il;lt: 6.2: \\¡eeli<l¿u' R.csnlts of Hc¿rt Lossc¡s ¿rucl Dcm¿rucl of the Hot W¿r,tel T¿rnlç

(Continuccl)

UJ

Dilfelcnt

Cases sturlies

'Iotal Ileat Loss

[:)'om the 1'ank (kJ)

'Ibtal I)emand of

lVater (L)

Percent I)iflercnce

of IÌeat Loss

Percent Diflèlence

of lVatel IJemantl

3/4 in. Pipe Diametcl rvith

Tempelatule lìisc to 600C

at the Hot lVater 'lanli

and Regular Shorverheacl

rvith lnsulation

166,760 777 rtÁ at + 15.99

3/4 in. Pipe f)iametel rvith

'Iempelature lìise to 600C

at the IIot Water Tanlr

ancl Regulal Showerhead

rvith No Insulation

170,000 793 + 17.15 +18.38

3/4 in. Pipe Diameter rvith

Temperature Rise to B0oC

at the Hot lVatel Tank

ancl Regulal Shorvelhead

with Insulation

767,0r7 683 +15.09 +1.97

3/4 in. Pipe Diametel with

Temperature Rise to 80o(1

at the Hot Water Tank

ancl Regular Showerhead

rvith No Insulation

170,525 698 +t7.52 +4.19

3/4 in. Pipe Diameter with

Temperature Rise to 60oC

at the Hot Water Tanl<

and Lorv-Flow Shorverhead

with Insulation

r41 651 -2.70 -2.94

3/4 in. Pipe Diameter with

Temperature Rise to 600C.'

at the Hot Water Tank

and Lorv-Florv shorverhead

ivith No Insulation

144,398 t)l) 1 -0.49 -0.53

3/4 in. Pipe l)iameter rvitlr

Temperature Rise to 80oC

at the Hot Watel Tanlr

and Lorv-Flow Shorverhead

rvith Insr¡lation

141,389 585 -2.57 12.67

3/4 in. Pipe Di¿rmeter rvil;lr

1ì:upelaturc R.isc to 80oC

at the Hot W¿i.te¡: '-f¿rnli

an<l Lorr'-F lorv Shorvclhe¿rd

rvitll No lnsrrla.t.ion

1,1,1,920 600 -0.13 I0.43



6.2.7 Gcnr.t'ttl Discussion

Table 6.3: \\iccliencl Resirlts of He¿r.t Losses ¿mcl Deur¿rricl of the Hot \\4r,tcl T¿r.nli

ri4

l) i llclcnt

Cases stuclies

ilbtal HcaÍ Loss

Irlorn the Tanl< (liJ)

llbtal I)enr¿ur<l of

lVater'(L)

Percent I)iffercncc

of Ileat Loss

Perccnt l)illelence

of lVatcl De¡¡talid

I/2 in. Pipe Diarnetel rvith

1ì:mpelatule Rise to 600C

at the FIot lVater Tanl<

a.nd lìegulal Shorverhead

rvith No Insulation

126,42r 578

1/2 in. Pipe Diameter rvith

Temperaturc Rise to 600C

at the IIot lVater Tanl<

ar.rd Regulal Showelheacl

rvith Insulation

I24,150 566 1..79 1.94

I 12 in. Pipe Diametel rvith

Temperatule Rise to 80oC

at the l{ot Watel Tanlr

and Regular Shorverheacl

rvith lnsulation

r24,4I4 488 1.59 15.60

1/2 in. Pipe Diameter rvith

Tempera,ture Rise to 80oC

at the l{ot Water 'Ianl<

and Regular Showerhead

with No Insulation

126,867 498 +0.35 13.82

1/2 in. Pipe Diameter with

Ternperature Rise to 600C

at the Hot Water Tank

and Lorv-FIow Shorverhead

rvith lnsulation

r04,427 469 17.40 18.83

1/2 in. Pipe Diameter rvith

Temperature Rise to 600C

at the IIot lVater Tank

and Lorv-Florv Shorverlieacl

rvith No Insulation

106,698 480 15.60 16.89

1/2 in. Pipe Diarneter rvith

Temperature Rise to 80oC

at the Hot Water Tank

and Lorv-Florv Shorverhead

rvith Insulation

i04,682 412 t7.19 -28.79

1/2 in. Pipe Diamcter rvith

Temperature Rise to 80oC

at tlie Hot Water 'lh.nk

ancl Lorv-Florv Shorvelhea.rl

rvith No Iusulatiolt

107,14¿1 422.62 r5.25 -26.88



6.2.7 Grttt:ral Disr:ussirn¡

T¿rble 6.-l: \\rbclierrcl R,esrrlts of He¿r.t Losses ¿r,ncl Dcrilr¿rrrri of thc Hot \\,¿tcl T¿nli

(Clontinucrì)

65

Difl'clcnt

Cases stLrdies

'lbtal IIe¿ìt Loss

Flom the thnh (h,I)

'Iotai ì)emancl of

Water (L)

Pcrcent I)iffelcncc

of lIeat Loss

Pcrcent Difl'erence

of Water Dema¡rd

3/4 in. Pipe Di¿¡.rnetet rvith

Tempelatule Rise to 600C

at the Hot lVater Tanìi

ancl Iìegular Sliowelheacl

rvith lnsulation

r45,632 673.05 +15.2 +16.45

3/4 in. Pipe Diamete¡: ivith

Tempelature Rise to 600C

at the IIot Water Tanlr

ancl Regular Shorvelhead

rvith No Insulation

148,729 688 + 17 .64 +19.10

3/4 in. Pipe Diaureter rvith

Temperatute Rise to 80oC

at the l{ot lVater Tanlç

ancl Regulal Shorverhead

rvith Insulation

145,887.7 575 +15.4 +0.2

3/4 in. Pipe Diarneter rvith

Temperature Rise to 80oC

at the Hot Water Tank

and Regulal Shorvelheacl

rvith No I¡rsulation

r49,249.49 593 +18.06 +2.6

3/4 in. Pipe Diameter rvith

Temperature Rise to 600C

at the Hot Water Tank

and Lorv-Florv Showerhead

rvith lnsulation

r20,025 546 -5.43 -5.47

3/4 in. Pipe Diameter rvith

lfemperatr"rre Rise to 600C

at the I{ot Water Tank

and Lorv-lrloiv Showerhead

with No Insulation

124,397.9 524.74 -7.67 -7.71

3/4 in. Pipe Diameter rvith

Tempelature Rise to 80oC

at the I'Iot Water Tank

ancl Lorv-Florv Shorve¡head

rvith Insulation

120,281 481 -4.86 16.76

3/,1 in. Pipe Diametel rvith

lbrnperature Rise to 80oC

at the IIot lVater' 'Ibnl<

an<l Lorv- I,'lot, Sholverheacl

rvith No Insulation

t2:J,644 ,195 1/1.31
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This chapter- pt'esents the conclusions of the present stucly on residential hot water

heating systems. Recommenclations for futule wor-k are also given.

7 "3"

1.

Comclusíoras

Previous resealch shows that the factors that affect the growth of Legi,onella

Pneumophil¿ bactelia are temperature stratification, r'ubber components, and

fi'ee-living amoebae and other Protozoa. Previous research further indicates

that the growth of this bacteria can be reduced by adjusting the pH range and

by treating the hot water with chloline.

Previotls resealch shows that the major factols affecting the hot-rvatel clemancl

patteln in a residence are: the numbel a,ncl age of family members, the hot-water.

tank size ancl number of hot-water appliances.

2.

tltl



7.1 Conc:lttsicyts [rr

If 2 rn. to 314 ilr. in a ìrurrgalou' house tllat

iuiplot cs tlic flon' r'¿rtc of tllr: hot r,r'¿ltcl iu

43%, which cor'r'esponcls to a ternpera,ttile

3. Iucle¿rsing thc pipc clizrrnc.tel fi'oru

colit¿r,ins 31.5 rrretcls of pluml;irrg,

the ta.ps in a lzrnge fi'om 28.8% to

inrpLovernent of .1.6oC to 0.2"C.

Inct'ezrsitrg the pipe cliametet'fi'orn 1/2 in. lo 3f 4 in. in ¿r rneclium trvo-stor.y

house that contains 47.1 m of plumbing incleases the florv r'¿lte of the hot watel

in tlre ta,ps in a lange fi'om 38.8% to L2.7%, which colresponcls to ¿r temperatule

impr-overnent of 6.6'C to 1.6"C.

Increasing the pipe cliameter fi'orn 1/2 in. to 314 in. in a lalge house that

cont¿ins 34 m of plumbing incr-eases the flow r.ate of the hot w¿'r,tel in the tzr,ps

in a range ftom 29.Lt/o No g%, which corresponcls to a ternpelatur-e improvement

of 4.7'C to 1.0"C.

Relocating the hot water tanlc fi-om 7.3 m to 0.3 m hor-izontally from the show-

erhead, v/e can improve the flow rate of the hot water of the showelheacl up to

LB.z%, which corresponds to a temperature improvement of 2J'C.

Using insulation, it was founcl that for a I l2 in. pipe diameter the losses from

the horizontal pipes \Mere approximately 13 W/m and fol the vertical pipes 11

W l^, while for a 3f 4 in. pipe the heat losses from the veltical pipes were 8.15

W/* ancl from the horizontal pipes 9.2 W lm.

Using an uninsulated piping system it was found that for aI12 in. pipe diameter-

the losses flom the horizontal pipes were approxirnately 95 W/m ancl fol the

veltical pipes 20 W f m, while for a 3 f 4 in. pipe the heat losses from the veltical

pipes wer-e 30 \,V/m ancl from the horizontal pipes 125 \Y lm

9. Using insulation in the plumbing system, a savings of 7.5-L7% can be achievecl

in the he¿r,t losses of the hot w¿rter t¿l.nk.

4.

J.

o.

7.

8.



7. 2 R.u' ot¡urlr,:lc1¿¿ úioris

¡\ loir-florl'slt<¡u'elltc'zrcl givc-s ¿t L4-I7% savings in thc he¿l.t losscs of the hot-u'¿rtcl

t¿rnli.

The use of 80"C inste¿-¡cl of 60"C' f'ol the pea,k clenrancl houls shor,r' no szr,vings iu

tlre lre¿'r,t losses of the hot u¡¿tel tanli. Hoq¡ever) ¿r,r'ecliiction of 72-16 pelcent rver"s

¿rchievecl in the watel clernancl. Although thele \,v¿ìs an inclea,se irr heat losses

r,rsing titis str¿l,tegy, the hot water clemancl fol the peak peliocl was satisfiecl.

This strategv is thelefore feasil¡le for peali shaving.

Tlre trse oT 3la in. pipe insteacl or Il2 in. pipe gave an extra 15-18 pelcent in

enelgy g-ains.

E?,e co rrrrm.en d at io uns

Basecl on the findings of the liter-atule Leview, v/e recommencl that electi'ical

utilities perfor-m research to confirm the statements containecl in this palt.

The hot-water tank should be locatecl as close to the showerheacl as possible.

Based on the findings of the heat-tlansfel analysis, rve recommend the use of

a low-flow showerhead, ancl the use of insulation in the hot water distlibution

lines.

Experimental analyses should be per-formed to verify the computel lesults of

the flow analysis section.

For the analysis of the heat losses in the hot-water tank, \Me r-ecommencl that

more computer runs shoulcl be macle with more patterns ancl clifferent house

sizes. Also other factols should be examinecl such as booster heaters and heat

traps.

68
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APPEI\DI.X A, TAßLES Otr TI-IE LITERATLTRE R,E\iIE\\i tl

Talrl<r 4.1: Lirrs¿rfc ¿rircl Szrfe TcnrpcL¿r,tulr:s f'<l'Glou'th ¿r,ucl Plohibit¿rtiorr <f Lcqionr:ll,u

Pnctnnoph;ila

¡\utLor Saurph: Sizc U n safe

'fcrnpcrâturc
oc (o F)

S afc

'l'enrperatu
oc (o1')

Wadosl<y ct al. ( 1982) I
Sevc¡¿rl

Ilospitõls ard

Irstitùtio¡ìs
30-5.I

(86-r2e)
70

(1s8)

Plorrlfe ancl

Corvorkers (1983) I
6 Buiìdings .13-,15

(109-r 13)

58-60

(r36-140)
¡\rnorv and Weil (t98.f) 52 ¡\partûrents out

of 37 Buildings

Bclorv 55

( 131) ( 131)

\Vitlrercll ct al. (1984) 2
Nleclical Certc¡

Ilospital of
Vc¡rrrol t

37-46

(es- 1 1 5) ( 171)

Dcnnis et al. (r98a) 148 Watcr Samples 5U

(r22)

No Sludy l{as

Beerr Do¡re

Joly (1sel) 3

Trvo lìxperìmental

Dlectric W¿ter

Ëlcatcrs

50

r22)
60

(r4o)
Joly (lcs2)'1 44 houseìrolds

(r32)
Above 56

(133)

Remallcs:

1. Tlre above information is talçen fi'om State s et al., Canadian Electrical Associ-

ation (CEA) Research Repolt 808 U SOA, "Legionella Bacteria in Potable Hot

Water Systems" (1990).

2. Some studies show that chlolination can effectively recluce levels of L.pneu,mophi,la,

also mentionecl by States et al., (1990); Kuchta et al., (19S5).

3. Temperature stratification at the bottom of the tank is the most impoltant

factor that accounts for the rnultiplication of L.Ttneumoph,ila in electric water-

heater.s.

4. L.pneumophi,la is more likely to be present in olclel heaters.
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T¿rJtlcr 4.2: Avct'¿rgc À{onthl}. Ener'gt' Dcru¿rricl for' -{0 ¿rud 60 gzrllon T¿rnli Sizc

A u thor

Siulple

Sìze [1]

1'¿n li

Sizc"

L (gal)

Daily (.\r.g) h\\¡h (Iltu) Cìousurn¡:tion

,J a.n Feb ùlal r\ ¡rl Ill ay ,Jun

Lambcrt and

Choy (1986)

t70 150

(40)

13.9

(47 400)

14.2

(48 400)

L4.3

(48 800)

14.0

(47 700)

13.r

(44 700)

t 2.0

(40s00)
I(ay ancl

Analyst (1988)

7 150

(40)

r4.2

(48 400) (46 700)

I ó.J

(45 300)

13.1

(44 700)

12.2

(41 600)

11.i

(37 800)

Lambert ancl

Chov (i986)

80 225

(60)

19.1

(6s 100)

18.8

(6zl 100)

18.6

(63 400)

19.1

(6s 100)

17.4

(se 300)

14.5

( 4e 400)

I(ay and

Analyst (1988)

21

(60) (72 600)

20.1

(68 500)

20.3

(6e 200)

21.t

(71 e00)

19.2

(65 500)

17.5

(5e 700)

Author

Sarnple

size [1]

Tanl<

Size

L (ral)

Daily Avg) kWh Btu) Consumption

Jul Aug sup Oct Nov Dec

Laml¡elt ancl

Choy (1986)

t70 150

(40)

10

(34 100)

9.3

(31 700)

r0.4

(35 5oo)

11

(37 500)

i 1.8

(40 200)

13.6

(46 400)

Kay ancl

Analyst (1988)

7 150

(40)

r0.7

(36 5oo)

8.5

(2e 000)

9.8

(33 400)

11.4

(38 e00)

12.2

(41 600)

74.r

(48 100)

Lambert and

Choy (1986)

80 225

(60)

12.6

(43 000)

12.3

(41 e00)

13.7

(46 700)

i5.1

(51 500)

16.1

(54 eOo)

17.L

(58 3oo)

I(ay and

Analyst (1988)

21 225

(60)

16.3

(55 600)

r4.7

(48 100)

15.9

(54 200)

17.3

(5e 000)

19.1

(65 100)

19.9

(67 800)

Remarhs:

1. This entry i-eplesents the number of water heaters they used for each test.
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T¿.¡ltlc 4.3: .\r,ct'¿r,gc Anulrzrl Energl' Dcrnaucl lbr' 40 ¿lncl 60 gallon Tarrli Sizcr

¿\ u t hor'

Sa r.n ¡r lc

Size

'l'a.nli

Sizc L (gal)

;\r,g r\rrnrrzrl

Consunrptiorr

hWh ( l07xl3tu )
L¿¡.mbelt alid

Chov (1986)

t70 150

(40)

4 496

( r.533)

I(ay ancl

r\nalyst (1988)

7 150

(40)

4 400

( 1.500)

LamLrert and

Choy (1986)

80 225

(60)

5 961

(2.032)

I{ay ancl

¡\nalyst (1988)

2I

(60)

6 785

(2.313)



6.2.7 Gut<:t'¿l Disc:ttssicnt

T¿r,ble 6.1: \\rccli<l¿lv Results of He¿rt Losses ¿r,ncl Dertr¿r,rlrl of the Ho1, \\i¿rtel Taulc

62

l) ifl'clcnt

Cases stuclies

'Ibta.l f'lt--a.l; Loss

from [ho'lhnk (kJ)

'I'ota.l Dcnralrrl of

Watel(L)

Pelccut l)iflclcrrr:c

of l-leal; Loss

Pot'conl Dill'crcncc

of lVatel l)cnrancl

1/2 in. Pipe Diamctel rvith

Tenrpelature Rise to 600C

at the IIot \,Vatel Ta.nk

and Regulal Shorvelhead

rvith No Insulatiolt

r45,108 670

1/2 in. Pipe Diameter rvith

Temperatule Rise to 600C'

at the flot Water' 1'anl<

and Regulal Shorverhead

rvith lnsulation

t42,744 659 1.63 1.75

1/2 in. Pipe Dianreter rvith

Tem¡relature Rise to 80oC

at the FIot Water Tanl<

ancl Regular Shorverliead

rvitli Insulation

I42,g7r 579 r.47 13.55

1/2 in. Pipe Diameter with

Tempelatule Rise to 80oC

at the Hot Water Tanli

and Regular Showerhead

rvith No Insulation

t45,554 590 +0.31 11.92

1/2 in. Pipe Diameter rvitl.r

Temperature Rise to 600C

at the IIot Wate¡ Tank

and Low-Flow Showerheacl

rvith Insulation

t22,994 561 t5.24 16.33

1/2 in. Pipe Diametel with

Temperature Rise to 600C

at the Hot Watel Tanlt

and Lorv-Florv Showerhead

rvith No Insulation

125,385 573 13.59 14.56

1/2 in. Pipe Diameter with

Temperature Rise to 80oC

at the Hot Watel Tank

and Lorv-Flow Shorverhead

rvith lnsulation

123,250 504 15.06 -24.8r

1/2 in. Pipe Diameter rvitlr

Terl¡relatule Rise to 80oC

at the IIot Watcr Tanli

ancl Lou,- Florv Shorvelhead

rvith No Insulation

125,832 515 13.28 -23.18
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Tablo A.-l: Ax:i¿¡ge Dzr,ilv Consrunptiorr of Hot \\''¿r.tcl pcl Honseholcl

Remarlçs:

1. Based on 600 single family homes across Canada.

2. Five lesiclences in the Toronto area ancl fifty more residences locatecl throughout

the plovince of Ontario.

3. Based on 110 single family lesidances by 11 utilities scattered throughout the

continental United States.
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Author Sarnple

Sizc

Overall i\vg

Daily llot

Water pel

Ilousehol d

L (gal)

I)aily ConsLrurption L (gal)

lVIon Trre lVed 1'ìru [¡ri Sat Sun

Stevenson (1983) 600 1 159

(42.0)

183

(48.3)

156

(4r.2)

150

(3e.6)

i55

(40.e)

155

(40.e)

r70

(44.e)

145

(38.3)

Perlman et al. (198'\) 236

(62.3)

Ladcl ancl

I'Iallison (1985) 110 3 249

(65.7)

260

(68.6)

240

(63.3) (62.6)

240.5

(63.5)

230

(60.7)

260.3

(68.7)

247.7

(65.4)



APPEIYDI,f, A. TAßLES OF THE LITERATLIR,E REVIE\T/

Tablc 4.5: Pclccnt of Total Litles Cionsrunc:ci lrv E¿rch \,la.iol Uszrgc

¡\utlror

Szrr tt ¡r lc

S izt:

B¿rths

()/
/()

Shorvc¡s

0/
/L

!\¡ars h ing

NI:rch i ¡res

%

r\ rr tol n¿rt i<:

D ishn'a.shels

%

X'l ¿ul u ¿rl

I) ishrvashcls

o/

Stevenson (1983) 600 I 16.5 40.7 24.2 o7 8.8

Lacld and

Ilarrison (1985) 110 2 i8.8

Remar'lçs:

1. Based on 600 single family homes across Canada.

2. Basecl on 110 single family lesiclences by 11 utilities scatterecl thloughout the

continental Unitecl States.

81
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T¿lJ;lc 4.6: Avclage Daily Hot-\\i¿¡tel Usc b.v F¿'rnrilv Sizc

r\uthor Sarnple

Size

I)¿ril.v Consun'rption l,( g:rl)/pcrson

1 Pclsolr 2 Persorrs 3 Pelsons 4 Persons ) 5 Pclsons

Stevcnson (1983) 600 I 77.7

(20.5)

4ð.t)

(12.s)

l¡0

(13)

44

(12)

38.6

(t0.2)

Perlman et al. (1984) 68.5

(i8.1)

85.7

(22.6)

62.8

( 16.6)

46.4

(12.2)

Remarlçs:

1. Basecl on 600 single family homes across Can¿rda.

2. Five resiclences in the Toronto area ancl fifty mole lesiclences located throughout

the province of Ontalio.

Table 4.7: Average Daily Hot-Water Use by Presence and Age of Children

Author'

Sanrple

Size

No Children

L (gal)

Children

L (gal)

Children

( 6 yrs old

L (gal)

Perlman et al. (7984) 55 I 65.5

(17.3)

65.3

(17.2)

73.9

( 1e.5)

Remarks:

1. Five residences in the Toronto area ancl fifty more resiclences loc¿r,ted throughout

the province of Ontalio.
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T¿tJtlt: A.8: Avcr¿rgc Houllv C)r.nrsiunptiou of Hot \&atcr i>el I-Ioriseholcl

i\rrtllor' Sam¡rle

Size

llottt'l¡, Consrrntptiou L (gzr,l)

6:\Ì!l 8 () 10 11 t2 I Ptr,I 2

Stevenson (1988) 600 1 6.0

(1.6)

7.0

( 1.8)

15

(3.e)

13.5

(3.56)

tÐ E

(3.56)

IJ

(3.4)

8.5

(t t\
2.0

(0.5)

6.5

(1.7)

Perìman et aI. (1984) 55- 2.0

(0.5)

7.0

( 1.8)

16.5

(4.35)

t4

(3.7)

15

(3.e)

I4

(3.7) (3.56)

13

(3.4)

12

(3.2)

[,add and

Ilarlison (1985) 110 3 KE

( 1.4)

1B

(4.7)

19

(5.0)

18.7

(4.e3)

16

(4.2)

14.7

(3.88)

T2

(3.2)

10

(2.6)

9.0

(2.4)

Ivlerrigan (1988) 194 2.0

(0.5)

I1

(2.e)

t7
(4.5)

16

(4.2)

l4
(3.7)

10.5

(2.77)

9.0

(2.4)

8.5

(2.2)

7.5

(2.0)

Remarks:

1. Basecl on 600 single family homes act-oss Canada.

2. Five residences in the Toronto area ancl fifty more residences located thloughout

the province of Ontario.

3, Based on 110 single family lesidences by 11 utilities scatterecl throughout the

continental United States.

4. Basecl on 18 single family resiclences iocated in Floricla and Nor-th Car-oiina.



APPEÀDIX A. T.A.BLES OF THE LITERATLTRE RE\.IE\\T

T¿rltle A.9: Avc'r'¿rge Houlll' Consunrpl,ion of Hot \\/¿r,ter pel Horrsr,:liolcl (g,,rr¡i11nr,.cl)

Remarks:

1. Basecl on 600 single family homes across Canada.

2. Five residences in the Tolonto area and fifty mor.e lesidences locatecl thloughout

the province of Ontario.

3. Based on 110 single family r-esidences by 11 utilities scatterecl throughout the

continental United States.

4. Based on 18 single family resiclences located in Floricla ancl Nolth Car-olina.
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Ä u l;llor Sanr ¡rle

Size

[ìorrlly Consunttion L (gal)

3 PìVI 4 5 6 I I 10 t1 l2

Stevenson (1983) 600 I 6.0

(1.6)

4.5

( r.2)

6.5

( 1.7)

7.5

(2.0)

t2.5

(3.30)

1r1.5

(3.67) (3.30)

10.5

(2.77)

9.0

(2.4)

7.0

( 1.8)

Perlman et al. (1984) 10

(2.6)

9.0

(2.4)

10

(2.6)

1l.5

(3.03)

15

(3.e)

16

(4.2)

I3.5

(3.56)

t2.5

(3.3)

11

(2.e)

9.0

(2.4)

Ladrl ancl

llarLison (1985) ti0 3 8.0

(2.r)

9.0

(2.4)

10.3

(2.7)

13.6

(3.6)

16.6

(4.4)

I6

(4.2)

15

(3.e)

II.7
(3.1 )

10

(2.6)

Ð.ó

( 1.4)

lvlelrigan (1988) 184 6.2

(1.6)

6.2

(1.6)

7.0

(1.8)

13

(3.4)

15

(3.e)

14.5

(3.83)

12.5

(3.30)

12

(3.2)

8.0

(2.1)

5.5

(1.5)



APPEiYDIX A. TABLES OF THE LITERATLIRE REVIE\,\T oí
òi)

Taltle 4.10: \,I¿i,xitnuln Horrr of Ericrg.l' CrnsurnPtion fbl Dishrv¿rshcr' ¿r,rrcl Clotires

\\/¿rsircl

¡\ uthor Sanple

Size

I tctr r lVf on

('l'ime)

'l'rre

(f irne)

Wed

(Timc)

1'hrr

(f irne)

Fli

('lime)

Sat

(f ime)

Sr¡n

(Timc)

Ladrl an<l

Llarrison (I985) 110 I

dishrvasher B PIVf B PÌVf 8 PÌVI 8 PNI 9PM 10 PN,I 10 PlvI

clothcs

q,ashe r'

IO.,\II,I 9 AJVI I i\Ìv{ 9 ANI 1O A]VI i0 Alvl LO AN'f

Remar'l<s:

1. Basecl on 110 single family lesiclances by 1i utilities scatter-ecl throughout the

continentàl Unitecl States.
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¿r, Casc¿rrle .10Taltlc 4.11: Euei'gt' Ciousttmptiou \tcrlsus Hot-\\r'¿rtcl Consurnptiolt fol

Electric \\i¿rtel Hc¿ltcl

¡\ uthor

I-Iot lVate¡

Consu rnption

L (sal)/Day

Enelgy

Consumption

hWh/Day

(Iltu/Day)

Unit

Production

L/ìr!Vh

(sal/Btu)

lìlficiency

%

I(ipping

( 1e81)

0

(0)

J.J

(11 000)

0

(0)

0

50

( 13)

6.9

(24 000)

7.2

(o.o0o 560)

52.0

100

(26.4)

10.5

(35 800)

9.5

(0.000 730)

68.4

150

(3e.6)

14.0

(47 700)

10.7

(0.000 827)

76.5

200

(52.8)

r7.6

(60 ooo)

1.1.4

(0.000 881)

81.3

250

(66.0)

2I.2

(72 300)

11.8

(0.000 912)

84.4

300

(7e.2)

24.8

(84 600)

12.1

(0.000 e35)

86.7

350

(e2.4)

28.4

(e6 800)

12.3

(0.000 e51)

88.4

400

(106)

31.9

(10e 000)

12.5

(0.000 e66)

89.7

450

(11e)

35.5

(121 000)

t2.7

(0.000 982)

s0.7

Remallçs:

1. The stolage tempelature for the tank in the above example is 65.6'C (150.1"F),

the inlet temperature is at 4'C (39"F), and the ambient air temperatule is at

i0"c (50"F).

2. This case illustr-ates the tempelature conclitions which result in the most eneïgy

requirecl to procluce a quântity of hot rvater ¿r,nd this will occul cluling the winter.
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T¿rbic A.12: Ett<'t'g1'Cousurnirtiou \¡clsus Ho1,-\\i¿r.tei'Colsurnptioli for'¿r Ci¿isr:aclc -10

Elcctlic \\¡atcl He¿rtcl

¡\uthol

I-lot Water'

Consumlrtiorr

L (gal)/Day

Iìner.gv

Consum¡rtion

klVh/Day

(lltu/Day)

IJnif

Plocluction

r,/k\\rrr

(sal/Btu)

Ill{ìciency

/o

I(ipping

(1e81 )

0

(0)

7.4

(4 700)

0

(0)

0

50

(r3)

.lo

(11 000)

r5.6

(0.001 210)

55.8

i00

(26.4)

5.0

(r7 000)

20.0

(0.00r 550)

71.7

150

(3e.6)

b.ð

(23 000)

22.1

(0.001 710)

79.1

200

(52.8)

8.6

(2e 000) (0.001 800)

83.5

250

(66.0)

10.4

(35 5oo)

24.0

(0.001 860)

86.3

300

(7s.2)

12.2

(41 600)

24.6

(0.001 e00)

88.4

350

(e2.4)

L4.0

(47 700)

25.0

(0.001 e30)

aoo

400

( 106)

15.8

(53 eoo)

25.3

(0.001 e60)

91.0

450

(11e)

17.6

(60 ooo)

2rÒ.6

(0.001 e80)

91.9

Remarks:

1. The storâge tempet'atule foÌ the tank in the above example is 48.9"C (L20"F),

the inlet tempelatule is at 18"C (64'F), ancl the ambient air-. tempelatule is ¿ìt

25C (77"F).

2. This case illustrates the temperattu-e conclitions which result in the least energy

requiled to procluce a quantity of hot water ancl this will occur during the

summeÌ.
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¿i Cj¿rs<:aclt 60T¿rblc 4.13: EttelgS' C)onsuruption \/clsrrs Hot-\\¡atcl Consunrption fbl

Eiectlic \\¡atcrl Hcr¿rtel

r\u t hc¡¡

IIot !Va.ter'

Consumption

L (sal)/Day

Dnelgy

Consumption

kWh/Day

(Btrì/Day)

l_l n it
Procluction

L/liWh

(sal/Btu)

Iìflicicnc.y

%

I{ipping

( re81 )

0

(0)

3.9

(13 000)

0

(0)

0

50

(r3)

7.5

(26 000)

tl. /

(0.000 520)

47.8

100

(26.4)

11.1

(37 800)

9.0

(0.000 700)

64.7

150 (3e.6)

(3s.6)

14.6

(4e 800)

10.3

(0.000 7s6)

f .).J

200

(52.8)

18.2

(62 000)

11.0

(0.000 850)

78.6

250

(66.0)

21.8

(74 300)

11 .5

(0.000 88e)

82.1

300

(7e.2)

25.4

(86 600)

11.8

(0.000 e12)

84.6

350

(e2.4)

29.0

(e8 eoo)

12.I

(0.000 e35)

¿lb -5

400

(106) (111 000) (0.000 951)

88.0

450

(1 1e)

36. i
(i23 000)

i 2.5

(0.000 966)

89.2

Remallcs:

l. The storage tempelature for the tanh in the above example is 65.6'C (150.1'F),

the inlet temperature is at 4"C (39'F), and the ambient air temperatuïe is at

10"c (50'F).

2. This case illustlates the tempelature conclitions which result in the most energy

lequirecl to procluce a quantity of hot watel ancl this will occur cluring the winter.
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Tal;le 4.1.1: Ettct'gv flousuniptiou \,clstrs Hot-\Ä¡atcr Corrsrun¡rtiou for'¿r C¿rsr:¿rrle 60

Elcctlic Watel Hc¿r,tel

¡\uthor

IIot Water

Consum¡rtion

L (szrl)/Day

Dlrergy

Consr"rmption

hlVh/Day

(Btu/Day)

I_lnit

Procluctiorr

L/k!Vh

(gal/Btu)

Dfficiency

%

Kipping

(198r)

0

(0)

1.7

(5 800)

0

(0)

0

50

(13)

DE

(12 000)

14.3

(0.001 r 10)

51.7

r00

(26.4) (18 000)

18.9

(0.001 460)

68.2

150

(3e.6)

7.1.

(24 000)

2t.I
(0.001 630)

76.2

200

(52.8)

8.9

(30 ooo)

22.5

(0.001 740)

81. t

250

(66.0)

r0.7

(36 s00)

23.4

(0.001 810)

84.3

300

(7e.2)

12.5

(42 600)

24.0

(0.001 860)

86.5

350

(e2.4)

L4.3

(48 800)

24.5

(0.001 BeO)

88.2

400

( 106)

16.0

(54 600)

25.0

(0.001 930)

89.5

450

(11e)

17.8

(60 7oo)

25.3

(0.00i e60)

90.6

Remarks:

1. The storage temperatur-e for the tank in the above example is 48.9"C (I20'F),

the inlet temperatule is at 18"C (64"-F), ancl the ambient ail temperature is at

25"C (77"F).

2. This case illustrates the temperatule conditions which result in the least enelgy

requirecl to plocluce a quantity of hot water and this will occnl clur.ing the

sulll.rner'.
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TaJrle A.15: Aver'¿l,gcr Dailv Cousurnptiorr of Hot \Ä,,¿1,r¡r' ¡>el Per.s<tu

¡\u thor S zrrri p lc

Size

Ovc¡ a.ll Åvclzrgc

Daily [Iot WateL

per Crrstomer'

L (sal)

Pct'l¡¡an eú ø1. (1984) (( I 62. r

(16.4)

Iiippins (i981) l6 6t.7 2

( i 6.3)

lvlerrigan (1988) 193 58.6

( 15.5)

Rernar-lis:

1. Five lesiclences in the Toronto ¿ìreâ ancl fifty more resiclences loc¿r,tecl thloughout

the plovince of Ontalio.

2. This result is calculated by taking the average of all 16 householcls given by the

author.

3. Basecl on 18 single family residences located in Flolida ancl North Carolina.
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APPEÀDI-X ¡f . T.\BLES Otr THE LITERATLTRE R,E\:IE\ /

T¿rblc 4.16: \\trtci' Consrunptiou of Nd¿rlcs VeLsus Fcur¿rlcs

r\ u thol Sarnple

S ize

r\vg Wzrter Consrrrnption [, (gal)

NI¿le I Fc¡nale I NIale 2 llen¿lc 2

Rohles ancl

Iionz (1982)

i20 peo¡:le :l 4'2.4

( 11.2) (7.20)

5I

( 13) (20)

Remar'lcs:

1. This gloup tooh a showel without washirg their hail.

2. This group toolç a showel ancl v/ashecl theil hair.

3. Tlris gÌoup of 720 people inclucles 60 males and 60 females of age between 18-23

(college stuclents).

4. The people that used a low-flow showelheacl set the watel tempertule at 4L7"C

(106.0'F) , while tlie people that used a conventional showerheads used a \Mater

temperature of 38.9'C (L02.0"F).
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T¿rble 4.17: Cjornl¡¿rrison of thc Toir

Lls¿rge ìry \\/,1¡.,t Hc¿rtels rvith Fixecl

L IT E R AT LTRE R E \,' IE\\T

\ielsus thc Bottorn Elemeut fol'

Watcl Dla¡r' P¿rttc.r'rr

92

a D¿rily Enelgv

Äu thol

lllements Installr¡d I

\,V (Bru/lì)

'lbtal 1-ime

Iìnelgized (h)

ìtlVh Llsed

(Btu) Used

Top llottonr Top llottom 'lbp Bottom

Collivel eú ø1. (1988)

4 500

( 15 300)

4 500

( 15 300)

0 4.258 0

(0)

15.09

(51 450)

4 500

(15 300)

2 000

(6 Boo)

0 9.371 0

(0)

14.76

(50 320)

4 500

(15 300)

1 500

(5 100)

0.129 11.676 0.46

(t 570)

13.79

(47 020)

4 500

(15 300)

1 000

(3 400)

0.673 13.730 2.40

(8 i80)

10.82

(36 8e0)

Remarlcs:

1. Tlrese are the listecl wattages ãt 240 V. The coÌresponcling wattages at the

measurecl 2I3V are: 3544 for the 4500 \,V (15 300 Btu/h) element, 1575 fol the

2000 w (6800 Btu/h) element, 1181 for the 1500 w (5i00 Btu/h) element, ernd

788 fol the 1000 W (3400 Btu/h) element.



APPEIYDT.X A. TABLES OF TLIE LITERATL|RE RE\/IE\A/

T¿rJrlc A.18: A'n'eLage Dirill, Hot-Watcl LTse ltr- Avelagcr Agc of AclLrlts

r\uthor

Sarn ¡;k:

Size

,\r,cr¿l8c ¡\gc oI

¡\clrrlts

.Âvc.ragc D:rily Usc:

L(gal)/ I)elson

Perlnr¿rn et al. (1984)

<30 55.1 (14.6)

30-;15 77.3 (20.4)

:J5-40 72.3 ( 19.1)

40-¿Í,t 66.8 (17.6)

45-50 64.7 (t7.t)

>50 5e.B (15.8)

Perlmam eú a/. (1988)

200 2 ÐK 8s (23)

112 3 31 77 (20)

289 3 67.5 (17.8)

196 t 62 5e (16)

1. Five resiclences in the Toronto area ancl fifty more lesiclences locatecl throughout

the plovince of Ontario.

2. Basecl on 200 rentâl â,partments in the Toronto alea.

3. Condos in the Toronto area.

4. Based on 196 senior cilízen apai-tments in the Toronto ar-ea.
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T¿rbicr 4.19: St¿rndbl, Losscrs Compzlr'ecl ll'ith Thiclilrcss ¿lncl Tv1>r,: of Iusul¿r,tion

¡\ u lhol

Saurplc

Sizt:

Insu l¿l,ion

Typ"

In s rr l¿r t ion

'I'h icir ncss

rnrn (in)

Wa.tts

Loss

W (Btu)

Seclman eå ¿1.

( 1ee2)

.Jr foam 50 .97) 104 (355)

Tl fi bleglass 50 r.97) r21 (412)

Dl foam 0.e8) 138 (470)

e1 lìbregìass 25 0.e8) 163 (556)
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APPEN?IX A. TABLES OF THE LITERATLTR.E R,EVItr\,V 95

Rerrr¿rrlis:

1. This tntrttlter leplesettts the uurnbcl of u'¿ter he¿rtels they usecl fol e¿rch test.

Table -A.20: Enelgy Savings fbl Hot-Water Heatcls with Aclclecl Fibelglass Insulation

Remai-hs:

1. These r-eferences are tahen directly fi-om The Canadian Electrical Association

ploject paper 77-57 with the title "Impovecl Enelgy Efficient Water--Heaters"

prepared on February (1979).

Author' Methocl

th.nli

Size

L (gal)

Originaì

Insulation

mm (in)

¡\dclecl

Insulation

mm (in)

Oliginal

Loss

w (Btu/h)

Final

Loss

w (Btu/h)

Ilnergy

Savings

k!Vh/yr

( 106xBtu/yr)
Johns ¿ncl

Ì\,Ianville 1 measurentent

163

(43)

3B

( 1.50)

38

( 1.50)

170

(580)

r20

(410)

440

( 1.50)

Hosl<ins

anrl I'Iirst I calculation

159

(42)

50

( 1.e7)

50

( 1.e7)

107

(365)

64

(218)

380

( 1.30)

Critchlorv

et aL. (1979) calcu lation

r50

(40)

50

(1.e7)

50

( 1.e7)

105

(358)

oo

(225)

340

(1.16)

McCabe 1 rneasulelnents

225

(60)

50

( 1 .e7)

50

( 1 .e7)

134

(457)

94

(32r)

350

(1.1e)

Critchlorv

et al. (1979) calcuìation

225

(60)

50

( i.e7)

50

( 1 .e7)

133

(454)

81

(276)

460

( i.57)



APPEIVDIX A, TABLES OF THE LITER.ATLIR.E, R.E\I,IE\\I

T¿rlrle A.21: Conveutiorr¿rl \,i:r'sus Lor,v-Flou' Sholr'cr'hca,d Fkxvr¿rtr-.s

r\ u 1, lr<¡r' Sa.rn ¡rlr:

Size

Slrorvclllea<l

il'ypr:

Plou't'atc

L(gzrl)/min

Iìoìles antl

t(onz (1982)

120 people ì conve¡ltional I 1.6

(3.06)

N.R.C of

C¡\NADi\ (1981) t'?l

conventional 18.3

(4.83)

Brorvn and

Caldwelì (1983) t2l

conventional 12.9

(3.40)

Rolles ancl

I(onz (1982)

120 peo¡;le I lorv- lì orv 8.1

(2.i )

N.R.C t3l of

CANADA (1981) tzl

lorv-florv

( l.e)

Suier ancl

Smitlì (i975) t?l

I orv-llorv B-12

(2.0-3.2)

Rema,r.lçs:

1. This gtoup of 120 people inclucles 60 males and 60 females of age ltetween 18-23

(college students).

2. The above statistical infor-mation is talcen fi-om the Enelgy Conser-vation Bïànch,

Energy, Mines and Resoulces of Canada resealch leport with the tille "A Study

of Energy Saui,nç1s Usi,ng Low-FIow Showerhearls" published in December 1985.

3. N.R.C. National Resealch Council.
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APPEÀDI.X A. TABLES OF TT.TE LITERATLIRE R.E\¡IET\I 97

T¿r,lrlc A'.22: Dailrl, Ht:¿rt Loss of \'tltical ¿urcl Flolizoni;a1 Pipirrg Clo¡r1;zr¡c¿ to Hr:¿rt,

Tlaps

Àùthor IlxperirnentaÌ l)ct:rils

Daily llc:rt
Loss ¡)sti¡tiltc

(Pi¡>ing Losses)

hJ (Btu)

Dxpectcd Daily
Energy Savings

of lleirt 'Ira¡>

Rclativc to
Ve¡tic¿l

Configùr¿rùioû

kJ (Btrr)

Schultz ct ¿1.

(1978) r

Vertical Configu¡e¿ion of
Nonrinal 12.7 ùnr (0,5 in) Copper

Tubi¡ìg; Connectcd to
Elcctric Watcr Ilc'ctcr I[lct
or Outlet and Uni¡rsulatccl

600

( 56e)

to

950

(eo1)

21.O

(1ee)

to

560

( s31)

Johnso¡r ct ¿1.

(1e80)

Vertical Corrfi gurelion of
Nonri¡¡¿l .[2.7 nr¡rr (0.5 in) Copper

1-ubing; Connected ¿o Gas

lV¿tc¡ Ifcate¡ I¡lct and

Uninsùl¿¿e.l

550

(52r )
230

( 218)
Johnson ct al

( r s8o)

Dxte¡nal FIeat Trap;
Con¡rcctcd to gas Wate¡

Hcatc¡ inlct and Uniusul¿ted

Nomi¡ral 12.7 mm (0.5 in) Coppcr

Tubing

320

(3os)

Johlson et al

( 1 s80)

Vertical Configuration of
Nomi¡r¿l 12.7 mm (0.S in) Copper

Trrbing; Connectcd to G¿rs

W¿ter I{eate¡ Où¿ct and

Uninsulated

510

(.r83)

210

(res)
Johnson et aì

(reBo)

External Heat Trap;

Connccted to gas Water
Hcater Outlet a¡d Uni¡rsulated

No¡ni¡¡al 12.7 mn (o.s in) Coppcr

Tubing

300

(284)

Remarhs:

1. Although no heat traps were testecl by schultz, these values do

estimate of the maximum savings potential associatecl with a heat

particular conditions of Schultz's wor.k.

plovicle an

trap for the
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B.x- Ðerívatiovl of the Coslvectíova l{eat-ã'rar¡sfer

Coefficíer¡t for a ã{orízor'¿tal Fipe

For a tulbulent flow in cir.culal tubes, the Dittus-Boelter equation states:

Ntr,p:0.023 Rept Pr"

where n:0.4 for heating (f" > [,)and 0.3 for cooling (7" 17,,).

In this case ?] 1T* so n:0.3 ancl our final ecluation is then given in the form

Nnp:0.023 Rept Pro'3

(B 1)

98

(8.2)



B.l Deriv¿ttktn of'tltr: Contection He¿¿t-Tr¿t"usfct' Cor:lficielt fòt' ¿t Horizontal Pipe gg

The ec¡rzr.tion irave been confir'rnecl cxpelimenta.lly f'or- thc r'¿ìnge of conclitions: 0.7 <

Pr'(160, Rc¡¡ )10,000, !ttOD-
Because lr: Nl,ik 

so ouï fintr,l equatiorr isD

l't, ¡ -
0.023 Re¡|ë Pro'l k

(B 3)

For long horizontal cylinclers the Nusselt nurnber th¿r,t is lecommenclecl by Chulcliill

ancl Chu talçen from Funclamentals of Heat ancl iVfass Transfer by Incropera ancl De-

\Mitt (p 551, 1990) for- a wide Reyleigh number range is

Nun - 0.60 +
I

0.387 Raoe
(8.4)

D

('.(#)*) '

with a Rayleigh

defined by

number- range of 10-5 1 Ra,p < 1012. The Rayleigh numbel is

13 s (T* - T*) Dt
Ran - ua (8.5)



ß.f Derjvation of tlte Conver:tjon Heat-Tr¿tnsf'er Cocí[ir:ir:nl for ¿¡. Horizr¡nt¿t] Pipc700

r'r'heLe p is the voiumetlic cxpansion coefÊcient ancl g is

coefflcient. But p : I 
, whc¡c Q is the fil¡r ternperatlre

tl

Thelefor-e B can be u'r'itten in the following folm

2
t'.) 

-' (T,u+?t)

glzrvita,tionzrl

given lty T¡ :
¿rcceler^ation
(T', + T*')

2

Substituting the beta coefficient, the Rayleigh numbel is given by

Rao -
2g(T--T*)Dt
(r-+T*)ua

Substituting the Rayleigh number- back into the Nusselt number we get

(B 6)

(B 7)

(B 8)

0387(
2s (7.-T*) Dt

)*(r- +T*) u aNup: 0.60 +

('.(H)*) 
*

Substituting

of

g:9.81 ancl for T:293"K ancl Pr:0.709 we get a Nusselt numbel



B.l Deriv¿ltion of thr.' Convr:c:licn He¿t-Tt'¿lnsfr.'t' Cor:fftcient f'r>t' it, Horizonta.l Pipr:I}l

(B e)

Expzr,ncling the above equation we get

.5275

+
(8.10)

Finally, the heat-transfer coefficient fol a long hor-izontal pipe is given bv

(8.11)

),)

1

6

#))
)

T,o

T*

,)

D:j

UQ.
)
)

T"o

T*;-t-
7,,

n,(i1v.¡ : (o uo + o.52zb

)u

(g* -
t@r

)a:1å
l"-)

/Q*
\ø

x)-

5275

?t)
T*)

0.

+
1!)

I

7D

Ds

UQ,
)
)

Too

r*+

\

n: )e.602 +

+0.5

Too

T*

.0

T-
r-

60

(i

Ntt,¡1 :0.602+2.0.

0.52752

2- 0.60

275, ( 
g

\(r.



8.2 Dr:riv¿úion r¡f the Cot¡,r.'r:tion Hcat-Tr¿tnsfer Coefficient f'ot' ¿t \t?:úic¿tl Pipt i02

w,2 Ðenivatios"¿ of tk¿e Coss.vectior¿ Ë{eat-TY"arrsfer'

Coefficïent fon a Ventical tripe

For- a veltical cylinclel the colr-elation of a veltic¿-ri piane mzr,y be useci, if zì cSrli¡¡lst

of height L h¿rs a, bonnclar.y liwel thickness ó much less than the cylinclel cliametel D.

This conclition is satisfiecl rvhen ? t -\. lVher-e G:: is the Gr'¿rshof numberL _ Grtï

G,: g 13 (7. - T*) Lt
(8.12)

In orir case this conclition is satisfiecl; therefore, a vertical plate apploxirnation

is usecl in this report for vertical piping. The correlation that Chur-cliill ancl Chu

Funclamentals of Heat ancl Mass Transfer by Incropera ancl DeWitt (p 543, 1990) rec-

ommendecl is of the form:

I
0.670 RatoNut - 0.68 + (8.13)

('.(#)*) 
u

for a Rayleigh numbel' r'ange of 0 < Rap < 70s

Substituting the Rayleigh nurnber bacl< into the Nusselt number we get



8.3 Tlte Effer't of'InsuL¿.¿tir>n in tltr:S'l'sfr:rils 103

Ntt¡, :0.68 +
(.7,,, +T*) u u

(8 14)

('-'(w)*) 
*

Substituting g : 9.81 ancl fol T: 293'I( a Pr = 0.709 we get a Nusselt numbel of

ouro(
)'

2 g (7,, - T*) L"

Finally the heat-tlansfel coefficient for a long ver-tical pipe is clefinecl by

Nu¡ - 0.68 + t.Ot, (
(T--?t) ¿t\+
e, +Tâ u a)

(ouu*

(8.15)

h- koi,

L (7,, + T*)
(7", - T*)

(8.16)

B.S T'he Ðffect of ãr¡sulation im the Systerres

The derivation of the heat-transfer coefficient will be treated clifferently when insu-

lation is addecl to the pipe system. The insulation material will contribute in the

lreat-transfer coefficient. If we let T6 be the temperature of the fluicl, ancl ?¡a. the

temperature of the wall, T¿n" the temperatule of insulation and finally fu the tem-

perature of the air, then the heat tlansfer through the pipe is given by

1os2( Ls

ua. ),)

qf : h¡ 2 rr 1L(T¡, - 7.,,) (8.17)



8.3 Tltr: Effer:t of'Insul¿tf itn¡ in t,ltct Si,stens

L,i,,, ) T LlT,u - T¡,,.,)
Qit,.t:¿lt.s - , ,,.'r.

Ln,( :i I\ lÌ /

Qst,,: 142rt'2L(T¡r, - 7t)

Flom ecluation 8.16 ancl 8.17 we get

If we solve the above equation f.or T¿,," we get

Solving simultaneously equations 8.17 and 8.18 we get

\#!r,, + hr L2r r1T, : tt¡ 2r t'1 LT¡, + þtÇ!7,," (8.20)
rlt\- ) tn\ 

\)

104

(8.18)

(8.1e)

It,¡ r.yln(2)r,, h¡ 11h(2)76
Tin":r,** (8.21)

k;rr2rL- k¿r"2rL-
-?T- Tin":h"L2îr'2T¿r"-Itr2nt'2LToo (ß.22)Lnl-l t"l 

n)



8 . 3 . 1 D c r iv¿t t i r¡ n o f' an Eff ec t ivc H e ¿t t -Tt'¿¿risf?,r' Ci r¡ effr r : ir: nt

SuJrstitLrting T¡,," ill the ¿lbove cc¡rzltion it ltccornr:s

l2rlz¡ry

105

(8.24)

k'.."2r L:::: .T.
I'o ! u)

ln'(:)
'I'1

(
h, L2 n ,,lf*

\

k:¿,,""2 r L
--- fùtn(:)

't'I

h¡ ryl

h¡ r¡ln(2)T¡,
t.
/ì'¡ r ¡. s

)r,,

("

. l't
n(--a

l'1

l"r¡ rlln(2)7,,

):

liin.,

t..
toir¡ s

la

h¡ ryln(:)76" l'1'
L-Nit¿s

It,"2r r'2 LT6 tr¡ rltn(2)

- h,"2r 12 LT* (8.23)

Solving fol Z,, \Me get

T,u:
2 r 12 L h" lt¡ r'1h121

-a 

- 

tr'r'

Nins

lt 
"2 

r 12 LToo

( 2rr2Lh"h¡r1m(2) )0,"" 

[, 
r]'2Lh"+ 

- 

t2¡rnr,t t)

h,,2. r r, l,T,

( 2rr'2Lh"h¡rllntr2t \
k*,"l2r12Lh."-

\ 
ts#*2¡rt,r,,L)

,
r,,," 

(r 
7r 12 L h"

+

8.3.1- Ðerivatíon of an Effiective F{eat-Tbansfer Coefficient

For an insulated pipe, the clerivation of a heat transfel coefficient is much more

complex. The insulation on the pipe causes sorne complications bec¿r,use lve neecl the



B. 3. 1 D eúv¿tt ion of' ¿ut Effec t ivr: I-Iemt- Tt ansfu C o cffic ient l()ri

he¿rt tr-atlsfì:r'coclfcient betu'cleu thc pipr,: outlet cli¿tnctcl¿rncl the ¿r,ir'. Horvever', this

proìtlcttr ca,n ltc elirnin¿.r.tccl if r,r'e tle¿l,t tile thclnr¿r,1r'csist¿nce of thc iusula,tiorr ¿rncl tht:

fi'ee stle¿m of ail as oil.e systern. In tliis case we c¿rlculatc an effective heat tr'¿l,nsfel

coefficient f'ol the whole s),stem.

We llrow th¿r,t fol an instii¿rtecl pipe that the heat tlansfel through the pipe is

given bv

k¡n"2r L(7,, -T¡n") (8.25)Qins: . 't',Irt(-)
'l'1

ancl

Qsu, : h"2 rr2L(T¿n" - T*) (8.26)

From 8.25 and 8.26 we get

#trjm(å):r- -rin"

From 8.26 we get

(8.28)
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(B 2e)

(8 30)

(8.31)

Qt"''_ _-'r. _ -l
2nr.2Llr..,-'"'' iæ

If r,r'e ¿rclcl 8.28 ancl 8.29 we get

q ,'r'2,_¿n,t _ |2r k¡,," L 'I-r'
0fm

t - 
! lu joo

Z 1f l'c l¿ lL"

q ,, ,r2, 1'1
:--- - i|i¿i- i :- *2rr1 L' '?'r' kj,,,

T1 \,-
t I - 

ru ¿co
1'2 17.r'

Finally

Then

air is

Tu"ër JL + -il : r- - r*A' 'T7' kin" I'z h"/ w (8.32)

the effective heat-transfer coefficient, h.¡¡ , of the insulation ancl free stream

h"ff: , /'l'2\'l'y l-1rn\-), -f .' 
T I liir" l-2 h"

(8.33)
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C.7 ,Snt¿tll Bttngttlol Housr: Sizr:

C"l- Sffirall Buragalow ffiouse Såze

T¿¡ble C.1: Ttr.ps Pet'ceuta,ge Pelfolnr¿r.nce (1f2 n. Pipe Diauneter; Srntr.ll Bnnga,lor,r'

House)

109

Shorver'head

M/ô

Lorv-Flow

Sholver'head

t//o

Launclry

%

lVashroorn Sinli

o//a

Dishrvasher

%

I{itchen Sinlr

o'/
/()

Tap Itself r00 100 100 100 100 100

All Taps Open 53.2 Er t 63.8 60.4 52.4 56.2

Shorvelhead 93.2 77.8 94.9 93.4

Launch'y 90.3 92.2 89.4 82.5 80.8

lVasluoom Sinl< 69.9 72.6 90.0 92.7 91.3

Disirwasher 94.7 96.1 88.4 94.2 84.0

I(itchen Sink 90.3 93.9 83.4 91.3 78.2



C.1 Sn¡¿tll Btut¡3a.|ow FIousr: Size

T¿rble fl.2: Tzrps Pt:r'c:c'tttttge Pclforrn¿rlcc (3/4 in. Pipe Diarrrc.tcr; Srnall Bringalon'

Housc)

110

Shorverheacl

a'//o

Lorv-FIorr'

Shorvelire acl

%

Launch'y

û//o

Washroorn Sink

ç/o

Dishrvasher

/o

I(itchen Sinlr

û,//o

Tap Itself 100 100 i00 100 100 100

All Taps Open 82.0 B4.1 85.5 84.4 82.5 83.7

Sholver'head 98.4 92.9 99.0 98.4

Launch'y 98.0 98.4 97.5 96.0 95

lVashloom Sinlr 90.7 92.6 97.6 98.3 97.5

Dishwasher 98.8 98.9 97.2 98.8 95.7

I{itchen Sinlr 98.3 98.4 95.6 97.9 94.7



Table C.3: Taps Percentage Performance (tlZ in. Pipe Diameter-; Lalge Tv,o-Stoly

House

Tap Itself

All Ta.ps Open

Showerhead fi
Level f2

Kitchen Sink

Level f 1

%

Washroom Sink f1
Level S2

Ttrb Level f2

Laundry

Level f 1

%

i00

63.9

Laundry

Dishwashe¡

Shorverhea.d

and Washroom Sink

Level ff2

Kitchen Sink

Dishwasher

Level f 1

%

100

40 .1

'Washroom Sink

and Tub Level. ff2

82

Showerhead 1

Level f2
%

100

.6

82

59.6

Laundry and

Washroom Sinlt

Level S2

77

.8

.7

72 .4

100

lVash¡oom Sinli 1

Level f2
%

Laundry and

Showerhead

Level fiZ

8

Laundry and

Tirb Level #2

67.5

100

77

Tub

Level f2
G/o

t

20

65.9

61

.8

70.4

.6

79.4

r00

Aal\.t :-
otV

h€ t-'
^i!

ll3

M-Ll.-l
rAq
¡#tssc
0q c^
Õö

!

lJt)lÈ
4i\
A i/-V^[-
ef)
e+

þ3
E.J\
M
FJ4

F.
tn
Õ

.4

70

79.4

.4

50

69.9

,

56 .1

54.4

47 .0

ts



Table C.4: Taps Percentage Performance (i/2 in. Pipe Diameter; Large Two-Story

House) (Continued)

Iap ltself

All Taps Open

Shower f2 Level f2
Wash¡oom Sinl

Level f1

Wash¡oom Sink

Level f1
yo

Wa-shroom Sink S2
Level #2

Washroom Sink f2
Level g2 and

Washroom Sink Level f,l

100

Wash¡oom Sink 2

Level ff2
%

44.r

Shower f2 Level f2
and Washroom Sink

Level f1

82.8

Shower f2 Level S2
and lVashroom Sink f2

Level #2

100

Showerhead 2

Level f2
'/a

78.2

19.2

78.0

Washroom Sinì< f 1

Level #2

Low-Flow

Showerhead 1

Level #2
%

77.1

100

Tub Level f2

28.1

Laundry and

Washroom Sink Sì
Level #2

Laundry

Lo$'Flow

Showerhead 2

Level #2
aÁ

69.0

71

100

.2

9.t

71.2

49-0

a
L\)

Þ-r

ûé
.D

Ë
ò
(n
o

o
=100

20.7

74_1

73.6

75.7

68.2

52.0
\)



Table C.5: Taps Percentage Performance Qla in. Pipe Diameter: Lar.ge T¡vo-Stoly

House)

Tap Itself

All Ta.ps Open

Showerhead

Level ff2

Kitchen Sinli

Level g1

%

Washroom Sink

Level g2

T[b Level f2

Laundry

Level ffl
%

100

80

Laundry

.7

Dishwasher

Showerhead

and Washroom Sink

Level ff2

Kitchen Sink

Dishwasher

Level f1
%

100

57.0

Washroom Sink

and Tub Level f2

Ql 7

Showerhea.d 1

Level f2
%

100

95.7

79

Laundry and

Washroom Sinli

Level f2

92.0

l

89 .2

100

Washroom Sinli I
Level S2

%

Laundry and

Showerhead

Level S2

46.8

Laundry and

TIlb Level f2

85.7

94.1

91

100

Tub

Level f2
%

.6

50

88

80.2

.1

.ò

91 o

93 .7

i00

51 c

a
t\)
trt

JC
õ
ì
o

I

C^+
o.t
FH
$r
C
È
i4
O

90.9

92 .8

80

89

.8

.7

83.3

78 .4

/ o.4



Table C.6: Taps Percentage Performance ( 3la in. Pipe Diameter'; Lalge Two-Stor-y

House) (Continued)

Tap Itself

AII Taps Open

Shorver S2 Level 2

Washroom Sink

Level f1
%

Wash¡oom Sinlr

Level S1

Washroom Sink 2

Level ff2
Wash¡oom Sink 2

Level f2 and
'Washroom Sinh Level 1

100

Washroom Sinli 2

Level f2
70

61.9

Shorver S2 Level ff2
and Washroom Sink

Level f 1

94 o

Showe¡ ff2 Level ff2
and Washroom Sink f2

Level f2

100

Shorverhead 2

Level $2
%

o,

56

.J

.4

93.1

Washroom Sinh $1
Level ff2

91.4

Lorv-Flow

Shorverhead I

Level f2
%

100

Tub Level f2

Laundry and

Washroom Sink f1
Level $2

Laundry

Lou-Flow

Shorverhead 2

Level S2

%

86.4

92

100

,

¿.Q 7

90

82

.7

o

80 .o

100

a
l\)
t-
p

ûq
a)

ì
¡

ta+
C

hr
C
=a4
a)

56 .J

94.0

92.3

83.1

93.4

90.2

93.4

83 .1



C.3 Lalgt: Brurg'zrJorr. Housc Size 115

T¿ltle C.7: Taps Pcrccutage Pelfolm¿rnce (1/2 in. Pipe Dizrmeter-; La,r'ge Bnnga,lou'

House)

lVashroom Sinlç

%

Shorvel f 1

o/r'

lV¿rshr-oom Sinh ff2

%

Sholvel f2
ô7
/()

Ta.p Itself 100 100 100 100

All Taps Open 52.7 48.6 50.7 46.9

Shower'$1 87.8

Washroom Sinlt f 1 83.7

Shorvel f2 86.0

lVashloom Sink ff2 9r,

Table C.8: Taps Pelcentage Performance (I12 in. Pipe Diametei'; Large Bungalow

House) (Continued)

Laundly
(Ì/
/o

Kitclien Sink
(Y
/o

Dishwasher

%

Tap Itself 100 100 100

Au Taps Open 56.0 47.8 44.6

i{itchen Sinh 86.1 76.9

Dishwasher 90.1 82.8

Laundry 84.1 85.6

I(itchen Sink

ancl Dishlvasher 79.1.

Dishwashel

and Laundly 68.3

I{itclien Sink

ancl Launclry 63.7



Cl.3 L¿trge Brrrt,g'zr1or'r. House Sizr:

T¿rblc C.9: Taps Pcrlt:cutzr,ge Pet'fbt'rn¿utcc (3/.1 irr. Pipc Dizr,lrctcr'; Lar.r'ge Bulgzrlou'

FIouse)

trVasliroorn Sinli

%

Shorver f 1

%

Washroom Sink f2
o/n

Shorver S2
(r/,
/l)

Tap Itself 100 100 100 i00

All Taps Open 79.t 77.7 78.7 77.4

Shorver'$1 96.8

Washroorn Sink #1 95.7

Shorver ff2 96.3

Washloom Sinlc ff2 95.4

Table C.10: Taps Per-centage Perfolmance (3f 4 in. Pipe Diameter'; Large Bungalow

House) (Continuecl)

Launch'y

ú/o

I(itchen Sinlc

M/o

Dishrvasher

û//o

Tap Itself 100 100 100

All Taps Open 80.8 78.4 77.r

I(itchen Sinlc 96.4 94.1

Dishwasher 97.6 95.7

Laundry 95.9 96.4

I{itchen Sinlc

ancl Dishlvasher 93.1

Dishlvasher

and Laundly 90.4

I{itchen Sink

ancl Launclry 89.2

116



C.3 Liu'gr: Brrirgerlou' Hottse ,Sizr,t

T¿rlrle C.11: Ttrps Pelccutitge Pei'foluta,nr:r: f'or' 7l2itt. Pipe Dizinri.-ter'¿¡rrl Shorver'hcarl

Position 1.8 rn fi'onr Hot W¿rtel T¿rnk

Wasliloorr Sinli

%

Sìroiver' ff1
cr//o

Washloorn Sinh f2
%

Shorver' ff2
$t
/l)

Tap Itself 100 100 100 100

All Taps Open 49.3 44.6 42.6 46.9

Shorvel f 1 86.1

Washloorn Sink ffl 81.6

Shorver ff2 84.6

lVashroom Sink ff2 80.1

Table C.12: Taps Percentage Perfolmance fol I12 in. Pipe Diameter ancl Showerhe¿-rcl

Position 1.8 m fi'om Hot Water Tanli (Continued)

Laundry
(v
/o

I(itchen Sink

M/o

Dishrvasher

/0

Tap Itself 100 100 100

All Taps Open 60.0 5r.7 48.6

Kitchen Sink 88.0 78.6

Dishwashel 91.5 83.8

Launclry 86.5 87.9

I(itchen Sinl<

and Dishrvashel 81.8

Dislrrvasher

and Laundry 70.8

I(itchen Sink

and Laundry 66.4

L17



C.3 Lztryc: Brrrrg'zr-lorv llousr: ,Siza 118

T¿r.lrlc C1.13: Taps Pelccnt¿tge Perfbliu¿ìlrce for 712 il. Pipcr Di¿r.rneter'¿rircl Shou'elhc¿rcl

Posìtiorr 4.3 m fì'om Hol, W¿rtel Ta,nlc

trVashloom Siltli

%

Shorvcr' ffl
a//o

lV¿rshloom Sink ff2
a//o

Shorvel f2
o'//o

Tir.p Itself 100 100 100 100

AII Tzr"ps Open 41.0 Ji)..'l 39.2 tt r

Shorver f 1 83.5

lV¿rsìrloorn Sink ff1 78.0

Shorvel f2 81.8

lVashloorn Sink f2 76.7

Table C.14: Taps Percentage Performance for 112 in. Pipe Diameter ancl Showelheacl

Position 4.3 m from Hot lVater Tank (Continuecl)

Laundry

v/0

Kitchen Sink

%

Dishwasher

%

Tap Itself 100 100 100

All Taps Open 53.4 63.7 60.6

I(itchen Sink 92.0 82.0

Dishwasher 94.4 86.0

Launclry 91.2 92.6

I(itchen Sink

and Dishwashel 87.1

Dishwasher

and Laundry I t.,J

I{itclien Sink

ancl Laundry 73.6



C.3 Lttrg'c: Bulgalou' Hottse Size 119

Talrlc C.15: Taps Pelcetita,ge Pelforrn¿urce foi I f 2 n. Pipc Diartrcl,cl ¿ulcl Shor,r'clhc¿r.cl

Position 7.3 nl h'orn Hot \Ä¡¿rtel T¿llh

lV¿¡.shroorn Sink

/()

Shou'er'#1
(r/
/a

Wasirloon Sink #2
û/
/o

Shot'cr'#2
û//o

Tap Itself 100 100 100 100

All Taps Open ¿ I .L 30.4 35.6 28.9

Shorver f 1 81.4

W¿shloom Sinli #1 74.9

Showel f2 79.9

lV¿r.shloom Sink f2 74.0

Table C.16: Taps Pelcentage Pelformance for' 712 in. Pipe Diarneter ancl Showelheacì

Position 7.3 m fi'om Hot Water Tank (Continuecl)

Laundry

%

I(itchen Sinh

%

Dishwasher

%

Tap Itself 100 100 100

All Taps Open 48.7 69.2 66.4

I{itchen Sink 97.7 85.5

Dishwasher 94.4 88.9

Laundry 9r.7 92.7

I{itchen Sink

ancl Dishwasher 86.1

Dishwasher

and Laundry 79.9

I(itchen Si¡rlr

and Laundry 76.8



Appesadåx ffi

Frøgtr&.røa ååsÉårags

Ð.X- S,istìng of Frogl'a.rm for ärasulatíon Case

C ****+ HARDY CROSS PIPE NETI¡/ORK ANALYSIS ***+*

c

implicit none

c *********+*++*******++************+++***********+**********++********++

real*4 diameter, area, length, roughness

real+4 R_friction,R_minor,R_bar,Q,Q0,Qa,Re

real*4 delta-H,H-ref

real_*4 HPO , HP1 , HP2 , Q1 , Q2, a0 ,a! ,a2

reaL+4 sum_top,sum_G

realx  pi, gravity, vis cos ity, spec_grav, converge, minor_1oss

realx4 test, test1,test2,H,H_drop

real*4 delta_Q,G,phiO, Q_out,ReK

real*4 tem,tmenn, ttww,pipelo

real-*4 areal,tmean, qh,t2, tf lL,todemand

real-*4 rr2, tme,rho,tcoldrtcr,mh,demand

720



D.1 Listing' of Prog,:lt-n¡t fot' Insttl¿¿tion C¿tse

real-*4 qt¿ith, cp , hl , qloss , troom, toqloss , toqwith

integer*2 j _tubes, j _tube_number, fjunct_num, junct_num

integer*2 i, j,n, j_elements, j_element_number, label, iteration
integer+2 n_pipe,n_junc,n_pump,k,pipeloc,ml,timemax,uct

dimens ion diamet er (60), area (60), length (60), roughness (60), t cr (60)

dimension R_friction(60),R_minor(60),R_bar(60),timemax(60)

dimension delta_H(60),Q(G0),Q0(60),H(60),H_drop(60),tftt(60)

dimension j _elements (60), j _element_number (60, 60),mI (60), tme (60)

dimension j _tubes (60), j _tuUe_number (60, 60), Q_out (60), pipelo (60)

dimension a0(60),a1 (60),a2(60),ReK(60),tem(60),pipeloc(60)

dimension areaL(60),qh(60),fjunct_num(60),tmenn(60),ttww(60)

dimens ion j unct_num (60), tmean (60),t2(60), rr2 (60), minor_lo ss (60 )

c ++*****t**+********+****>¡++******+*****+*++**+*>r+******+*****+*******

c

pi=3. 14159

gravity=9.806

rho=985.5

cp=4184.0

uct=32

tcold=284.0

troom=293.0

h1=3. 1

open(unit=2, f il-e='hardy .ph2, )

open (unit=3, f ile=' hardy. re1980mo' )

open (unit=4, f iJ-e=' sched Jnol2' )

do 11 i=1,uct

read(4,9) k,mf (k),timemax(k),tme(k),tcr(k)

write(+,+) mI(k), tme(k), tcr(k)
9 f ormat (14x,3i10 ,21.10)

t21



D.1 Listing of'Prcg;t'tun for Insnl¿:¿tion C¿tsr:

c ont inue

read(2, 5) n-pipe,n_junc,n_pump

format(12x,i10)

read(2, 6) viscosity,spec_grav, converge

format(12x,f10.0)

read(2,7)

read (2 ,7)

format (12x)

do 10 n=1,n_pipe

read(2,8) i,length(i),diameter(i),roughness(i),Q(i)

f ormat (12x, i10, 4f 10. 0)

diamet er ( i) =diameter ( i) / 100 . 0

rr2 (i) = (diameter (i) / 2. 0) +O . 001

area ( i) =pi+diameter (L) **2 / 4 . O

area] ( i ) =l*pi+ (diarnet er ( i) /2) xlength ( i)
roughness (i)=roughness (i) /fOOO. O

Q0(i)=Q(i)

a0 (i) =0 .0

a1(i)=0.0

a2(i)=6.9

continue

read(2,7)

read (2,7)

read(Z,7)

if(n-pump.ne.0) then

do 20 i=1,n_pump

read(2, 12) label-,HPO,HP1, Q1,HP2, Q2

122
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D.1 Listin¡4' of'Pro¡4t'ztnt for Instilittir¡n C¿tsr.:

f ormat (72x, iLO, 5f 10. 0)

a0 (1abe1) =HPO

a2 (]abe1) = (HPo+ (HP1IHPO-1 . 0) +Q2-HP2) / (Qr+Qr+Q2/HP0-Q2+82)

al (labe1) = (HP1-HP0-a2 (labe1) *Q1*Q1) /HpO

a2 (]abe1) = ( (hp1-hpO) xq2- (hp2-hpO) *qI) / (q7++2*qZ-q2xx2+q1)

a1 (l¿þe1) = (hp1-hp0-a2 (labe1) *q7++2) / qI

cont inue

endif

read(2,7)

read(2,7)

read(2,21) H_ref

format(12x,f10.0)

read(2,7)

read(2,7)

read(2,7)

read(2,7)

do 30 i=l,n_junc

read(2,22) j-elements(i),

( j -element-number (i, j ), j =1, j -elements ( i) )

format (12x,6i10)

continue

read(2,7)

read(2,7)

read(2,7)

read(2,7)

do 40 i=n-junc+l,n_pipe

read(2,31) deLta-H(i), j-elements (i),

(j-element-number(i, j), j=7, j-elements (i) )
f ormai (12x.,f 70. 0, 6í10)

r23
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D. 1 Listing' of' Prcgrtut¡ for Insul¿tt,irn C.'¿,tsc,

continue

read(2,7)

read(2,7)

read(2,7)

do 240 i=1,n_junc

read(2,31) Q-out (i), j_tuUes(i),

A (j_tube_number(i,j),j=1,j_tubes(i))

continue

read (2 ,7)

read(2,7)

do 44 n=1,n_pipe

read(2,42) i, junct_num(i), fjunct_num(i)

format ( 12x ,3i10)

continue

write (3 ,46)

write (x ,46)

format(' ','TRIAL N0. RELATIVE FLOhi CHANGE,)

todemand=O.0

toqloss=O.0

toqwith=0.0

do 102 k=1,uct

if (mt(i<).eq.1) then

minor-loss(1)= 2.5

minor-loss(2)= 8.4

minor-l-oss (3¡= 99999999

minor-]oss (4) = 99999999

minor-l-oss (5)= 99999999

minor-l-oss (6¡ = 495 .2

minor-loss (7)= 99999999

tÐ 
'

40

42

44

46



D.1 Listing rsf Pt'og't'tu¡t fot' Insttltttion C.i¿tsr: r25

minor-loss (8; =

minor-loss (9) =

pipeloc (t)= t

pipeloc (Z)= t

pipeloc(3)= 3

pipeloc(4)= 3

pipeloc(S)= g

pipeloc (6)= 2

pipeloc (Z)= S

pipeloc(A)= e

pípeloc(g)= g

99999999

ôoôoooôo

else if (ml(k).eq.2) then

minor-loss(1)= 2.5

minor-l-oss(2)= 8.4

minor-loss (3)= 99999999

minor-loss (4)= 99999999

minor-l-oss (5) = 99999999

minor-1oss(0¡= 99999999

minor-l-oss (7) = 246 .4

minor-loss (8)= 99999999

minor-loss(9¡= 99999999

pipeloc(t)= t

pipeloc (2)= I

pipeloc(3)= 3

pipeloc(4)= 3

pipeloc(5)= 3

pipeloc(0)= e

pipeloc (Z)= t



D.1 Listing' of'Prcgraut for Insul¿ttictn Case

pipeloc(8)=

pipeloc (9) =

else if (ml(k).eq.3) then

minor-loss(1)= 2.5

minor-1oss (2¡= 99999999

minor-loss(3)= 2.4

minor-l-oss (4) = 245 .9

minor-l-oss (5) = 99999999

minor-loss (6)= 99999999

minor-loss(7)= 99999999

minor-loss (8)= 99999999

minor-1oss (9)= 99999999

pipeloc(1)= 1

pipeloc(2)= 3

pipeloc(S)= t

pípeloc (4)= 2

PiPeloc(5)= 3

pipeloc(0)= g

pipeloc(7)= 3

pipeloc(8)= 3

pipeloc(9)= 3

el-se if (ml(k).eq.4) then

minor-loss (1)= 2.5

minor_1oss (2)= 99999999

minor-loss(3)= 2.4

minor-loss(4)= 99999999

minor-l-oss(5)= 2.9

126



D.1 Listing of Progtzttn fot' Insul¿tic¡n C¿tsr: 127

minor-loss (6) =

minor-1oss (7; =

minor-l-oss (8¡ =

minor-l-oss (9) =

pipel-oc(1)= 1

pipeloc(Z)= S

pipeJ-oc (3) = 1

pipeloc(+)= g

pipeloc(S)= t

pipeloc(6)= 3

pipeloc (7)= 3

pipeloc (8)= 2

pipeloc(9)= 3

99999999

oooooooo

309 .0

ooooooôo

else if (mI(k).eq.5) then

minor-l-oss(1)= 2.5

minor-loss(2)= 99999999

minor-loss(3)= 2.4

minor-loss (4)= 99999999

minor-loss(5)= 2.9

minor-loss(6)= 99999999

minor-1oss(7)= 99999999

minor-l-oss (8¡ = 99999999

minor-loss(9)= 665.5

pipeloc(t)= t

Pipeloc(2)= 3

pipeloc(e)= t

Pipeloc(4)= 3

pipeloc(S)= t



D.1 Listing of'Pt'oglttnt for Insul¿ttion C¿tsr:

PiPeloc(6)= 3

PiPeloc (7)= 3

PiPeloc(8)= 3

PiPeloc (9)= 1

end if

if (ml(tr).eq.6) go to 72O

do 75 i=1,n_pipe

R-rninor ( i ) = (minor-l-oss ( i) ) / (2 .0+gravity+area ( i ) x x2 )

75 continue

do 100 iteration=1,100

testl=0.0

test2=0.0

do 80 i=n-junc+l,n-pipe

sum-toP=-delta-H (í)

sum_G=O.0

do 60 j=1, j-elements(i)

n=IABS (j -element-number (i , j ) )

Qa=ABS (Q (n) )

Re=Qa/area (n) *dianeter (n) /vís cosity

R-frict íon (n) = 1 . 07*length (n) / (gravity+diamet er (n) **5 )

&, * (LOc ( . 2Txroughness (n) /diameter (n) +s .7 4* (1. 0/Re) ++ . 9) ) x* (-z)

R-bar (n) =R-fríct ion (n) +R_minor (n)

G=2xR_bar (n) +Qa- (a1 (n) +zxa2 1*) *Qa)

phi0=R_bar (n) +Qaxx2

& -i.9(n)+al (n) xQa+a2(n) *Qa*+2)
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sum_G=sum_G+G

sum_top=sum_top-phi0+j _el-ement_number (í , j ) *Q ¡tr¡ / (Qa*n)

60 continue

delta_q=sum_t op/ sum_G

do 70 j=1,j_elements(i)

n=fABS (j -element-number (i, j ) )

Q (n) =Q (n) +del-ta_Q+j _element_number ( i , j ) /n

70 continue

80 continue

do 90 i=1,n_pipe

test 1=tesr 1+ABS (ABS (Q ( i) ) -ABS (a0 ( i) ) )

test2=test2+ABS (a (i) )

Qo (i) =Q (i)

90 continue

test=test t/test2

write(3,91) iteratíon,test

write(*,91) iteration,test

91 format(' ',i9,f23.6)
IF (test.lt.converge) G0 T0 105

100 continue

105 do tI2 i=1,n_pipe

Qa=ABS(a(i))

Re=Qa/area (i) *diameter ( i) /viscosity
R-frict ion ( i ) =1 . 07*Length ( i ) / (gravityxdiarneter ç I ) *x5)

& +(LOG(.27*roughness(i)/diameter(i)

k, +5 .74*- (1 .O/Re) aa.9) ) xx (-Z)
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R-bar (i) =R_friction ( i) +R_minor (i)

H-drop (i) =R_bar ( i) *Qa**2- (a0 (i) +a1 ( i) *Qa+a2 (i) +Qa**2)

ReK (i) =¡s

772 continue

H(1)=H-ref

do 120 i=l,n_junc

if (i.ne. 1) H(i)=H(i-1)

do 120 j=1,j-elements(i)

n=fABS ( j -element-number ( i, j ) )
H(i) =H (i) -H-drop (n) +n/j -el-ement-number (i, j )

120 continue

if (ml(k).eq.1) then

H(2)=H(1)

H(3)=H(1)

el-se if (nl(k).eq.2) then

H(2)=H(1)

H(3)=H(1)

else if (mI(k).eq.3) then

H(a)=H(1)

el-se if (ml(k).eq.4) then

H(a)=H(1)

el-se if (mI(k).eq.5) then

H(a)=H(1)

end if

do 125 i=1,n_pipe

if (ml(tr) .eq. 1. or.ml(tr) .eq.2. or.ml-(k) . eq. 3

& .or.rnl(k).eq.4.or.ml(k).eq.5) then

write(+,x) m](k)

130



D.1 Listing of Progrtut¡ for Insttl¿ttir¡n Casc

if (i. eq.1) then

rftt(1)=tme(k)

tmean(1)=tme(k)

end if

if (i.gt.1) then

tf11 (i) =t2 (fjunct_num(i) )

end if

call fl-ow (i,n_pipe,pipeloc(i),length(i),dia¡neter(i),

k Re,rr2(i) ,Rek(i) ,Q(i) ,

& tem(i),qh(i),t2(junct_num(i)),tmean(i),tfll(i))

pipelo (1) =pipeloc (i)

if (ml(k).eq.1) then

mh= ( (Q ( 1) *rho*tcr (k) ) - (Q ( 1) xrho+tcold) ) /
k (tzçg¡-tcold)

deroand= ( (mh/rho ) * 1000) +t imemax (k)

eLse if (mI(k).eq.2) then

mh= ( (Q ( 1) *rho+tcr (k) ) - (a ( 1) +rho+rcoLd) ) /
& (t2(10)-tco1d)

demand= ( (mh/rho ) * 1000 ) *t irnemax (k)

else if (ml(k).eq.3) then

mh= ( (Q (1) *rho*tcr (k) ) _ (a ( 1) *rho+tcold) ) /
k (t2(6)-tcotd)

demand= ( (mh/rho) *1000) +tímemax (k)

else if (ml(k).eq.4) then

mh= ( (Q ( 1 ) xrhoxr cr (k) ) - (a ( 1 ) +rho*t col-d) ) /
þ, (t2Q) -tcold)

demand= ( (mh/rho) x1000) xtimemax(k)

el-se if (ml(k) .eq.5) then

mh= ( (Q (1) *rhoxtcr (k) ) - (a ( 1) +rho*icold) ) /
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& (t2(8) -tcold)

demand= ( (mh/rho) *1000) xtimemax (k)

end if

qwith= ( cp+mh* (tme (k) -t c old) +t imemax (k) ) / fOOO

qloss= (hlx (tme (k) -troom) +tímemax (k) ) /fOOO

el-se if (mI(k).eq.6) then

write(+,*) ml(k)

call- nofl-ow (i,pipelo(i),tmean(i),diameter(i),length(i),

& tmenn(i),ttwr,r(i),timemax(k),k)

qloss= (h1'r (tme (k) -troom) +timemax (k) ) / fOOO

end if

L25 continue

c

c

if (ml (tr) . eq. 1 . or . ml (k) . eq. 2 . or . mI (k) . eq. 3

& .or.ml(tr).eq.4.or.mI(tr).eq.5) then

t odemand=t odemand+demand

t o qwith=t o qwith+qwith

t oqlo s s=t oqloss+qloss

write (3, 128)

write (*, 128)

728 format(/" 
"'PIPE 

N0. FLOt4t RATE TEMPERATURE')

do 130 i=1,n_pipe

if (q(i).9t.0.000001) then

write (3,I29) i,Q(i), tem(i), qh(i)

write (*,I29) i,Q(i) , tem(i) , qh(i)

729 f ormat (' , ,i8,2179 .6,2f Ig .6,2f 79 .G)

end if

i32
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130 continue

r.rrite(3,131)

write (* , 131 )

131 format(/' ,,'N0DE N0. HyD. GRADE LINE Flow Sum')

do 140 i=1,n_junc

test=_Q_out (i)

do 1140 j=1 , j-tubes (i)

n=IABS (j _tube_number (i, j ) )
test=test+Q (n) x j _tube_number ( i, J) / n

II40 continue

write(3,129) i,H(i),test

write (*,129) i,H(i) ,test
74O continue

write (3,L47)

write (+,141)

L4t format(/' ','Pipe Length Diameter Rough,,

k ' Re R_bar Q,)

write (3, I42) ( i, length ( i), diameter ( i) +100 . 0, roughness ( i) *1000 . 0,

& Rek(i),R-bar(i),Q(i),i=1,n-pípe)

write (*, I42) ( i, length (i), diameter ( i) *100 . O, roughness (i) + 1000 . 0,

& ReK(i) ,R-bar(i) ,Q(i) , i=1,n-pipe)

L42 format(,,,í4,fto.1,f10.3,f10.4,e10.3,e10.3,f10.5)

write (3,744)

write (*, 144)

I44 format(/' ','pipe outl-et temperaturer)

do 150 i=l,n-pipe+l

write (3, 145) i, t2 (i)

write(+,145) i, t2(i)

745 format(' ' ,i4,fIo.4)

.t- J.J
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150 continue

write(3,151)

write(*,151)

151 format(/' ','mass fl-. rate demand (litres) total- demand,)

write(3,152) mh, demaad, todemand

write(+,752) mh, demand, todemand

I52 f ormat ( ' ' , f 10 .5 ,f 20 .2 ,f20 .2)

write (3, 154)

write (+,154)

I54 format(/' ','heat withdraw loss (KJ), heat l_oss (KJ),)

write(3,156) qwith, qloss

write(*,156) qwith, qloss

156 format(,,,fI4.4,f14.4)

write (3,158)

write (*, 158)

158 f ormat(/' ','Tota1 heat r¿ithd loss (f¡), Tot heat l-oss (KJ) ,)

write(3,159) toqwith, toqloss

write(+,159) toqwíth, toqloss

159 f ormat (' ' ,f 14.4,f 14.4)

eLse if (ml(k).e9.6) then

t oqloss=t oqloss+qloss

write (3,228)

write (*,228)

228 format (/' ' , 'PIPE N0. FL0hl BATE TEMPERATURE, )

do 230 i=1,n_pipe

if (q(i).9t.0.000001) then

i34
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write (3,229) i,Q(i), tmenn(i)

write (+,229) i,Q(i), tmenn(i)

229 f ormat ( , ' ,i8,2f 79 ,6 ,2ttg .6 ,2f Ig .6)

end if

23O continue

write (3 , 231 )

write (+ ,231)

237 format(/' ','NODE N0. HYD. GRADE LINE Fl_or^r Sum,)

do 239 i=1,n_junc

test=_Q_out (i)

do 2140 j=1 , j-tubes (i)

n=IABS (j _tube_nunber (i, j ) )
test=test+Q (n) xj _tube_number ( i, J) / n

2740 continue

write (3,229) i,H(i) ,test
write (+,229) i,H(i) ,test

239 continue

write (3,247)

write (+,2+t)

24t format(/' ','Pipe Length Diameter Rough,,

k, ' Re R_bar Q, )

write (3,242) ( i, l-ength ( i), diameter (i) +100 . O, roughaess (i) * 1000 . O,

& Rek(i),R-bar(i),Q(i),i=1,n-pipe)

write (*,242) ( i, length ( i), diameter ( i) *100 . O, roughness (i) x1000 . O,

& ReK(i),R-bar(í),Q(i),i=1,n-pipe)

242 format(, 
"í4,f10.1,f10.3,f10 

.4,e!o.3,e10.3,f10.5)

write (3,244)

write (*,244)

244 format(/' ','pipe pipe temperaiure,)

.L Ji)
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do 250 i=1,n_pipe

if (minor_Loss (i) .lt.99999) then

v¡rite (3,245) i, ttww(i)

v¡rite (+ ,245) i, ttww(i)

245 format(, , ,r4,fI}.4)
end if

250 continue

write (3,254)

write (*,254)

254 f.ormat(/' ','heat loss from isul_at (K¡) totat heat loss (KJ),)

write(3,256) qloss, toqloss

write(*,256) qloss, toqloss

256 f ormat ( " ,f 74.4,f 74.4)

end if

702 continue

c

c

close (2)

cLose (3)

close (4)

stop

end

c

c ++*+*******+****+*+********+++++***+*t**********+*+*****+*****++*****

subroutine flow (i,n_pipe,pipeloc, length,diameter,Re,

& rr2,Rek,Q,tem, q}r,t2,tmean,tfll)

implícit none

real-+4 diameter, length
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real+4 Q,Re

real-*4 pi , gravity

real+4 ReK

real-*4 l,fI,left,right,mid, size,root,tem,alpha

real-+4 kvi, pr, tf l-l- , tmean, qh, t2 , rho , cp , testt , tlower

real*4 tair,vair, aair,kair, rr2,kins

integerx2 i,j

integer*2 n_pipe, count, a,pipeloc

logical done

external f,f1

c +*++*****++++*+++*************+*+++*************+*+++++*+********+ì<++*+

c

pi=3. 74759

gravity=9.806

kw=O.6536

pr=3.02

rho=985.5

cP=4184.0

alpha=O.201

tair=293.0

vair=O.0000153

aair=O.0000216

kair=O.02574

kins=O.057

write(x, x) i,n-pipe,pipeloc, length,diameter,

Re,

rr2 , Rek, Q

tlower=303.0
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tmean=tf Il-

t-z-t LII

if (pipeloc.eq.3) go to I24

do 724 j=1,40

if (pipeloc.eq.1) then

count= 0

left= 298.0

do 106 a=1,300

lef t= 298 .O +real (a-1) lF} .25

right=left+0.25

if (abs (f (]eft,Re, length,diameter,

troean) ) .rt.0.001) then

print 107, left, f (left,Re,length,diameter,

&, trnean)

107 format (1x,'root =,,f7.3)

count=count+1

el-se if (f (left,Re,length,diarneter,tmean)+

f (right , Re , length, diameter,

tmean) .lt.0.0) then

done=.false.

size=right-l-eft

108 if (size.gt.0.01.and..not.done) then

*1¿= (left+right)/2.0

if (abs (f (mid,Re,Iength,diameter,

& tmean)).ft.0.001) then

138
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done= .true.

else if (t(mi¿,Re,length,diameter,

trnea¡r) *

f (left , Re , length, diameter,

tmea¡L).1t.0.0) then

right=míd

else

l-ef t=mid

end if

size= right - left

go to 108

end if

if (size.gt.0.01) then

root = mid

el-se

root = (left+righr)/ 2.O

end if

print 107, root, f (root,Re,length,diameter,

A tmean)

count=count+1

endif

106 continue

left=333 .0

if (abs(f (tett,Re, length,diameter,

& tmean)).ft.0.001) then

print 107, left, f (left,Re,length,diameter,

& tmean)
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count = count *1

end if

if (count.eq.0) then

print+, 'no roots in interval [25,60]'

end if

else if (pipe1oc.eq.2) then

count= 0

left= 298.0

do 109 a=1,300

l-eft= 298.0 +real-(a-1)+0.25

right=left+0.25

if (abs (tf (fett,Re, length,diameter,tmean) )

.]t.0.001) then

c

print 110, Ieft,

& f1(left,Re,length,diameter,tmean)

110 format (lx,'root = t,f7.3)

c

count=count+1

el-se if (f 1 (left,Re,length,diameter,tmea¡)x

f1 (right , Re, length, diameter, tmean)

.lt.0.0) then

done=.false.

síze -- right - left

111 if (size.gt.0.01.and. .not.done) then

*1¿= (left+right)/2.0

if (abs (f 1 (mid, Re , length, diameter ,

1,10
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tmean) ) . ft.0.001) then

done= .true.

el-se if (f 1 (mid,Re,length,diameter,

tmean) xf 1 (left , Re , length, diameter,

tmean)

.lt.0.0) then

right=mid

el-s e

left=mid

end if

size= right - left

go to 111

end if

if (size.gt.0.01) then

root = mid

else

root = (left+right)/ 2.0

end if
c

print 110, root, f1(root,Re,length,diameter,

& tmean)

count=count+1

endif

109 continue

left=333.0

if (abs(f 1 (left,Re,length,diameter,tmean) )

.]t.0.001) then

print 110, 1eft, f1(left,Re,length,diameter,

t.l1
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& tmean)

count = count *1

end if

if (count.eq.0) then

print*, 'no roots in interval [25,60],

end if

end if

tem=root

if(pipeloc.eq.1) then

qh=(tmean-tair) / ((1/ ( ( (O.OZS*(Rek) **(0. 8)*(pr) xx

& (0.3)*kr,r)/(diameter))*Z.Q*pi*diameter/2.O*

& l-ength) ) + ((exp(rr2/ diameter/2 .0)) / (kins+2 . Oxpix

& length) )+(7/ (2.O+pixrr2

& *lengthx ( (Xalr/aiameter) + (0. SO* ( (tmean+tair) *+

o (0.3333))+((0.633)*(((tmeaJI-tair)+x(0.16666)*

& (díameter)**(0.5)+(tmean+tair)**(0. L666)) /
k ((vair*aair)++(0.16666))))+((0.2783)*(((tmean-tair)**

O (0.3333)+diameter)/((vair*aair)*+(0.3333)))))))))

eLse if (pipeloc.eq.2) then

qh=(tmeaa-tair) / ((1/ ( ( (O.OZS+(Rek) x*(0. 8) +(p¡) **

& (0 . 3) xkw) / (diameter) ) xZ . Q*pi+diam eter /2 .O*

& length))+( (exp(rr2/diameter/2 .O)) / (kinsx2.O+pi+

& length) )+(1/ (2.O*pi*rr2

þ, xlength+ ( (irair/length) + (0.0e* ( (tmean+tair) x*

O (0.25))+((1.082)*((tmean-tair)xx(0.25)x(length)x*

&, (0.75) )/( (vairxaair)++ (0.2s) ) ) ) ) )) )

end if

1+2
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t e str=tf tt_ qh / (rho *q+ çp ¡

if (testt . gt . tfl1) then

tu"¡¡=(r2+tfII) /2.0

else if (testt.lt.tl-ower) then

t""¡¡= (t2 +tlower) / 2 . 0

end if
t2=t2+a]-phax (testt_

a t2)

tmea¡r= (tfl-l-+t2) /2.o

write (+, x) qh,tem,tmea:t,tf 11

c

c

c

L24 continue

write(x,x) Rek, diameter,Q,tem,tmean

return

end

c

c

c +*+******+*********+*++*+*********+*+++*******+*+********++******++

subroutine nof lor.r ( i, pipeloc, tmean, diameter, length, tmenn, ttww,

& timemax,k)

implicit none

real+4 tmen, dia¡oeter, length, time,pipeloc

real*4 ttw, trans , tmean, del-tat , ttww, trans2

real*4 left,right,mid,size,root,tmenn

dimension ttw(3900),tmen(3900)

f .i3

c

c
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integer*2 j, count, a,ti-memax, i,k

logical done

external- trans, trans2

c *****+*+***+*+**<*+>1.+++**********+*********++++*+******>F+*++********

c

c

time=O.0

deltat=35.0

tmen(1)=tmean

write (x, *) i,pipeloc,tmean,diameter,length,

k tmenn, tt tnn¡I , t imemax , k

if (pipeloc.eq.3) go to 20

if (pipeloc.eq.1) then

do 10 j=l,timemax/3'

t ime=t ime+del-tat

count= 0

left= 293.0

do 209 a=1,400

left= 293.0 +real(a-1)*0.20

right=left+0.20

if (abs (trans (tett,tmen(j ),diameter, length,time) )

.]t.0.0001) then

print 270, lel.t,
trans (tett, tmen ( j ), diameter, length, time)

t44
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27O format (1x,'root = ' ,f7.3)
c

count=count{-l

el-se if (trans(tett,tmen(j),diameter,length,time)+

trans (right, tmen(j ), diameter, length, time)

.lt .0.0) then

done=.fa]se.

size=right-left

2It if (size.gt.0.0001.and..not.done) then

*i¿= (teft+îight)/2.0

if (abs (trans (míd,tmen(j ),diameter,length,time

& )).rt.o.ooo1) then

done=.true.

else if (tra¡s(mid,tmen(j),diameter,length,time

& )*trans(tett,tmen(j),diameter,length,time)
& .]t . 0.0) then

right=mid

eLse

left=mid

end if

size= right - left

go to 211

end if

c

if (si2e.9t.0.0001) then

root = mid

else

root = (left+right)/ 2.0

145
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end if

print 210, root, trars(root,tmen(j),diameter,

& length,time)

count=count*1

endif

2Og continue

left=333.0

if (abs (trans (tett,tmen(j ),diameter, length,time) )

& .1t.0.0001) then

prínt 210, left, trans(teft,tmen(j),diameter,

& length,time)

count = count *1

end if

if (count.eg.0) then

print+, 'no roots in interval [25,61],

end íf

ttr,r(j)=root

tmen(j+1)=ttw(j )

write(+,*) tmen(j), ttÌ,r(j), time

10 continue

tmenn=tmen (t imenax/35 )

ttr¿w=ttw (t irnemax/3S )

el-se if (pipe1oc. eq.2) then

do 20 j=l,timemax/35
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t ime=t ime+de 1t at

count= 0

left= 293.0

do 279 a=1,400

l-ef t= 293.0 +rea] (a-1) *0.20

right=1eft+O.20

if (abs (trans2 (left,tmen(j ),diameter, length,time) )

.]t.0.0001) then

C

print 210, left,

& trans2(left,tmen(j),diameter,length,time)

220 format (1x,'root =',f7.3)
c

count=count+1

eLse íf (trans2(tett,tmen(j ),diarneter,length,time)x

trans2(right, tmen(j ),diameter, length,time)

.lt.0.0) then

done=.false.

size=right-left

227 if (size . gt .0 .0001 . a¡rd. . not . done) then

*1¿= (left+right)/2.0

if (abs (trans2(mid,t¡nen(j ),diameter,length,time

& )).rt.o.ooo1) then

done=.true.

eLse if (trans2(mid,tmen(j),dia¡eter,length,time

& )*trans2(tett,tmen(j),diameter,Iength,time)

r+7
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.lt.0.0) then

right=mid

el-s e

left=mid

end if

size= right - l-eft

go to 22I

end if

if (si2e.9t.0.0001) then

root = mid

else

root = (teft+right)/ 2.0

end if

print 220, root, trans2(root,tmen(j),diameter,

& length,time)

count=count+1

endif

2I9 continue

left=333.0

if (abs (trans2(tett,tmen(j ),diameter, length,time) )

& .lt .0 .0001) then

print 220, l-eft, trans2(tett,tmen(j),diameter,

& length,time)

count = count +1

end if

if (count.eq.0) then

print*, 'no roots in interval [25,61],
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end if

ttw (j ) =root

tmen(j+1¡=ttr,r(j)

20 continue

tmenn=tmen (t imemax/35 )

ttww=ttui (t imernax/35 )

end if

return

end

c

c

c *+t+++********+>t+++**+***>È**+*++++*********+++*+****++*+**+*******+++

real- function trans (ttw,tmen,diameter, length,time)

implicit none

real+4 ttw,tair,diameter,pi,length,rho, cp,time

real*4 tmen, f hs1 , del_tat ,rI ,r2, kins

external fhsl

C *t<*******++++***********+*+**********++++*****+*+,t<>F,F+*******+*+*+****

c

c

rho=985.5

cp=4184 ' 0

deltat=35.0

pi=3. 14159

1.19

c

c
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tair=293.0

¡1=(diameter/2.0)

12= (diameter /2. 0) +0 .001

kins=0.057

tt.trs= (exp (- ( ( 1/ (exp(r2/rI) x (r1lkins) +(rI/

k (r2xfhs1 (ttw, diameter) ) ) ) xZ+pi* (diameter/2) x

& length) / (rho+ cpxpi* ( (diam eter / 2) **2 ) *length) xde ltat ) ) )

& -( (ttw-tair) / (tmen-tair) )

return

end

c

c

c +++*********+>F++++******+++*+******++++++++*********++***+*****+++

real function trans2(ttw,tmen,diameter, length,time)

implicit none

rea1x4 ttw,tair,diameter,pi, length,rho, cp,time

real*4 tmen,fhs2,deltat,T!,r2,kins

external fhs2

c ++****>F****+**+********+*+********+**+++++**********+******t*++*+*

Ç

rho=985.5

cp=4184.0

deltat=35.0

pi=3. 14159

tair=293.0

¡1= (diameter /2 .0)
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¡2= ( di ame t er / 2. O ) +0 . 00 1

kins=0.057

trans2= (exp (- ( ( 1/ (exp (r2/rt) * (r1lkins) + (rI/
k (r2*flhs2(ttw, length,diameter) ) ) ) *2*pí* (diameter/2) +

& length) / (rho+cp+pí+( (diarnet er/2) ++l) +lsngtn)x¿ettat) ) )

k -((ttr¡-tair)/(tmen-tair))

return

end

c

c

c +++t**+t**********+++**+******+t+*++++*********+*****t*+*+****+******

real function f (tw,Re, length,diameter,tfl-)

real-+4 twrdiameter,kair,vairraair,tout,Re,prrtflrkw

reaL*4 pi,r2,11,al,a2,kins,length,a3,hf ,hs,fhs1

C *******t*+*++***+*********+>t(++*+******+++++++++*+*************,F+*+++*

c

c

external- fhsl

kair=O .02574

vair=O .0000153

aair=O.0000216

kw=O.6536

kins=0.057
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¡1= (diameter /2.O)

¡2= (diameter /2. 0) +0 .001

pr=3.02

pi=3. 14159

tout=293.0

hf=(0 .O23+(Re) *x (0. 8) x(pr) ++ (0.3) +kT,r) / (diameter)

hs=fhs1 (tw,diameter)

aL=2 .0xpi*r2xlength

a2=r1+exp (r2/rI)

a3=2 .0*pixhf +length*r1

f= (þfx¿2xalxhsxtfI) /
& (kins*(a1+hs+(alxhsxhf*a2)

O /Oins+a3))+(al*hs*tout)/

& (al*þs+(a1+hs*hfxa2)/kins+a3)

k +(2.0*pi*ht*r1*l_ength*tf1)/(a1+hs+

& (a1*hs+hf+a2)/kins+a3)-tçr

return

end

c

c

c *****+++++*+**********+++*+*+*****++*++******++**********++*********
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real-*4 tw , length , kaír , vair , aair , t out , Re , pr , tf 1 , kw

real-x4 pi,12,r1,a1,a2,kins,a3,hf ,hs,fhs2

real*4 diameter

C ***+*******++*++****************+++*++*****+*+*+++++********+++*+x*t(

c

c

external- fhs2

kair=O .02574

vair=O.0000153

aair=O .0000216

kw=O.6536

kins=O.057

¡1=(díameter/2.O)

12= (diameter /2. O) +0 .001

pr=3 .02

pi=3. 14159

tout=293.0

hf= (0.023+ (Re) x* (0 .8) * (pr) ** (0 .3) +kw) / (diameter)

hs=fhs2 (tw, length, diameter)

a7=2.0xpi+12xlength

a2=r1*exp (r2/rI)

a3=2 . 0*pi+hf *length*r1

153
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f 1= (hf *a2xa1*hs*tf 1) /
& (kins* (al+hs+(a1*hs*hfxa2) /
& kins+a3) ) + (al+hs*t out) / (a1+hs+

& (u.t+hs+hf*a2)/kins+a3)+

e, Q. Qxpi+hf xrlxl-ength+tf 1) / (a1xhs+

k (¿lxhs*þf+a2)/kins+a3)-tw

c

return

end

c

c

c ****+***+**+***x+*+++*t**********+*+++********+*++++++*ìk*******++********

real- function fhsl (tw,diameter)

real+4 tw,kair rvair, aair, tout

realx4 diameter

c +*++,F+++*******+*t*********+t<+++********+***++*+***********+*+************

c

c

kair=O .02574

vair=0.0000153

aair=0.0000216

tout=293.0

fhsl= ( (kair/¿ianeter) x(0. g0* ( (tw+tout) xx

& (0.3333))+((0.633)+(((tw-tout)x*(0.16666)*(diameter)+*

& (0.5)*(tr,r+tout)**(0.1666))/((vairxaair)x*(0.16666))))+

& ((0.2783)+(((tw-tout)xx(0.3333)+diameter)/
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& ((vair*aaír)x*(0.3333))))))

return

end

c

c

c >F++**+****************+++*++******++++++++*******+*++***********+*++*+++

real function fhs2(tw,length,diameter)

real-+4 tw,kair,vair,aair,tout, length

realx4 diameter

c *t<******+***++t*++***********++++++***,F******+++*+***x****+>k+*>t<>F>F>t+,F+***

c

c

kair=O .02574

vair=0.0000153

aair=O.0000216

tout=293.0

fhs2= ( (kair/length) * (0 . 68* ( (tv¡+tout) x*

& (0.25))+((r.082)+((tw-tout)x*(0.25)*(lengrh)+*

& (0.7s))/((vairxaair)**(0.2s)))))

return

end

W "2 F,åstimg of Frogra.rrå fon Clnåuasulaôed Case

C +XXX* HARDY CROSS PIPE NETLIORK ANALYSIS *+XXX



D.2 Listing of' Prcgl¿rrt fot' Liriirsrrl¿¡úc cI C¿tsc

ímplicit none

C **+*+**++****+**++**,k*+*++*++++*+*+*******+*+*+*,È*****+*+*>F**+>k*****+**

realx4 diameter, area, length,roughness

real+4 R_friction,R_minor,R_bar,Q,Q0,Qa,Re

real*4 del_ta_H,H_ref

rea1x4 HPO , HP1 , HP2 , Q1 , Q2 , a0 ,a! ,a2

real*4 sum_toprsum_G

real-+4 pi, gravity,viscosity, spec_grav, converge,minor_loss

real*4 test,testl,test2,H,H_drop

real-*4 delta_Q , G, phiO , Q_out , ReK

real*4 tem,tmenn,ttww,pipelo

real*4 areal-, tmear, qh,t2, tf 1l-, todemand

real*  rr2, tme,rho,tcold,tcrrmh,demand

real-+4 qwith, cp,hl,qloss,troom,toqloss,toqwíth

integer*2 j_tubes, j _tube_number,fjunct_num, junct_num

integer*2 i, j,n, j_elements, j_element_number,label, iteration
integer*2 n_pipe,n_junc,n_pump,k,pipeloc,ml,timemax,uct

dimension diameter (60), area(60), length(60), roughness (60), tcr(60)

dimension R-friction(60),R_minor(60),R_bar(60),timemax(60)

dimension delta_H(60),Q(60),Q0(60),H(60),H_drop(60),tftt(60)

dimension j _elements (60), j _element_number (60, 60),mI (60), trne (60)

dimension j -tubes (60), j -tube_number (60, 60), Q_out (60),pipelo (60)

dimension a0(60),a1(60),a2(60),ReK(60),tem(60),pipeloc(60)

dimension areal(60),qh(60),fjunct_num(60),tmenn(60),ttww(60)

dimension junct_num (60), tmean(60), t2 (60), rr2 (60),minor_loss (60)

c +*+**+*******+**+*****************+*t>i+*******+**+**************++***

c
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gravity=9.806

rho=985 .5

cp=4784 '0

uct=28

t cold=284 . 0

troom=293.0

h1=3. 1

open (unit=2 , f ile= 'hardy , ph2 ' )

open(unit=3,f ile='hardy.nire1960sa' )

open (unit=4 , f ile='shed. ho 15' )

do 11 i=1,uct

read(4,9) k,m](k),timemax(k),tme(k),tcr(k)

write(x,x) ml(k), tme(k), tcr(k)

9 format (14x,3i10,2f10)

11 continue

read(2,5) n-pipe,n_junc,n_pump

5 format (12x, i10)

read(2,6) viscosity,spec-grav, converge

6 for¡nat(12x,f10.0)

read(2,7)

read(2,7)

7 format (12x)

c

do 10 n=1,n_pipe

read(2,8) i, tength(i),dia¡reter(i),roughness (i),Q(i)

8 format(12x,i10,4f10.0)

diameter ( i) =diameter (i) /100 . 0

rr2 (i) = (dia¡neter (i) /2. 0) +0 . 00S
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area(i) =pi+diameter (i) *+2 / 4. 0

areal ( i) =2*pix (diameter (í) / 2) *length ( i)

roughness (i) =roughness ( í) /1000 .0

Q0(i)=Q(í)

a0 (i) =0. 0

a1(i)=0.0

a2 (i) =0.0

continue

read(2,7)

read(2,7)

read(2,7)

if(n-pump.ne.0) then

do 20 i=1,n-pump

read(2, 12) l-abel,Hpo,Hp1,Q1,Hp2,Q2

format ( 12x, i10,5f 10 . 0)

a0 (1abe1) =HP0

a2 (labe1) = (HPO+ (HP1/HP0-1 . 0) *Q2-HP2) / (QrxQr*Q2/HP}-Q2*Q2)

a1 (labeI) = (HP1-HP0-a2 (labe]) *Q1+Q1) /Hpo

a2 (labe1) = ( (hp1-hpO) *q2- (hp2-hp0) +qI) / (qI++2+qZ-q2+*2*ql)

a1 (Iabel) = (frpf -frpO-a2 (1abeI) +ql**2) / qI

continue

endif

read(2,7)

read(2,7)

read(2,21) H-ref

format(12x,f10.0)

read(2,7)

read(2,7)

read(2,7)
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240

read(2,7)

do 30 i=l,n_junc

read(2,22) j -elements 
(í),

& (j_element_number(i,j),j=1,j_elements(i))

format ( 12x,6i10)

continue

read(2,7)

read(2,7)

read(2,7)

read(2,7)

do 40 i=n_junc+1,n-pipe

read(2, 31) deLta-H(i), j-elements(i),

& (j-element_number(i,j),j=1,j_elements(i))

f ormat ( 12x, f 10. 0, 6í10)

contínue

read(2,7)

read(2,7)

read(2,7)

do 240 i=1,n_junc

read(2,31) Q-out (i),5-tuUes (i),

& (j-tube-number(i,j) ,j=1,j_tubes(i))
continue

read(2,7)

read (2 ,7)

do 44 n=1,n_pipe

read(2,42) i, junct-num(i), fjunct-num(i)

format (I2x,3i10)

continue

write (3,46)
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r,rrite (+,4a)

format('','TRIAL

todemand=O.0

toqloss=O .0

toqwith=O.0

do IO2 k=1,uct

if (ml(k) .eq.1)

minor-loss(1)=

minor-1oss (2) =

minor_loss (3) =

minor-l-oss (4) =

minor-loss (5) =

minor-loss (6) =

minor-1oss (7) =

minor-loss (8¡ =

minor-loss (9) =

pipeloc(1)= 1

Pipeloc (Z)= t

pipeloc(3)= 3

pipeloc(4)= 3

PiPeloc(S)= S

pipeloc (A)= Z

pipeloc(7)= 3

Pipeloc(8)= 3

Pipeloc(g)= e

Liiiirisr rJ¿¿ úr: d C ¿tsr:

NO . RELATIVE FLOI./ CHANGE' )

I t)(J

46

then

2.5

8.4

oooooooo

99999999

99999999

495.2

99999999

ôoôooooô

99999999

el-se if (mI (k) . ee. 2) then

minor-loss(1)= 2.5

minor-Loss(2)= 8.4
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minor-loss (3) =

minor-loss (4) =

minor-Loss (5) =

minor_1oss (6) =

minor-loss (7; =

minor-Loss (8¡ =

minor-loss (9¡ =

pipeloc(t)= t

pipeloc (Z)= t

pipeloc(g)= S

pipeloc(+)= S

pipeloc(S)= g

pípeloc(6)= 3

pipeloc (7)= 7

pipeloc(8)= 3

pipeloc(9)= 3

99999999

99999999

oooooooÕ

99999999

246.4

oôoooooo

99999999

else if (ml(k).eq.3) then

minor-loss(1)= 2.5

minor-loss(2)= 99999999

minor-Loss(3)= 2.4

minor-loss(4)= 245.9

minor-l-oss (5) = 99999999

minor-Ioss (6;= 99999999

minor-Loss (7)= 99999999

minor-l-oss (8¡ = 99999999

minor-1oss (9;= 99999999

pipeloc(t)= t

pipeloc (Z)= S



D.2 Listing of'Progt'¿un f'or Liilj¡suJ¿¿fecI C¿tsr:

pipeloc(e)= t

pipeloc (+)= Z

pipeloc(5)= 3

pipeloc(6)= 3

pipeloc(7)= 3

pipeloc (8)= 3

pipeloc(9)= 3

else if (ml(k).eq.4) then

minor-loss (1)= 2.5

minor-Ioss (2)= 99999999

minor-loss(3)= 2.4

minor-loss (4¡= 99999999

minor-loss(5)= 2.9

minor-loss (6)= 99999999

minor-loss (7)= 99999999

minor-loss(8¡= 309.0

minor-Loss(9)= 99999999

pipeloc (1)= 1

pipeloc(2)= 3

pipeloc(3)= 1

pipeloc(4)= 3

pipeloc(5)= 1

pipeloc(6)= 3

pipeloc(7)= 3

pipeloc(8)= 2

Pipeloc(9)= 3

else if (ml(k).eq.5) then

r62
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mi-nor-loss(1)= 2.5

minor-loss (2) = 99999999

minor-loss(3)= 2.4

minor-loss(4¡= 99999999

minor-loss(5;= 2.9

minor-loss (6¡ = 99999999

minor-loss (7)= 99999999

minor-loss (8¡= 99999999

minor-l-oss (9; = 665 .5

PíPe1oc(1)= 1

PiPeloc(Z)= S

PiPeloc(3)= 1

PiPeloc(4)= 3

PiPeloc(S)= r

PiPeloc(6)= 3

PiPeloc(7)= 3

PiPeloc(A)= g

PiPeloc(g)= f

end if

if (ml(k) .eq.6) go to 120

do 75 i=1,n_pipe

R-minor (i) = (minor-1oss (i) ) / (2.0*gravity*area(i) xx2)

75 continue

do 100 iteration=1,100

testl=0.0

test2=0 .0

do 80 i=n_junc+l,n_pipe

i63
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sum-t oP=-delta-H ( i)

sum_G=O.0

do 60 j=1,j_el-ements(i)

n=IABS (j -element-number (i, j ) )

Qa=ABS (Q (n) )

Re=Qa/area(n) x¿ia:net er (n) /víscosity
R-fri ct ion (n) =1 . 07* length (n) / (gravityxdiamet er (n) x*5 )

& * (L0c ( . 2Txroughness (n) /diameter (n) +5 .7 4* (I. o/Re) ** . 9) ) *x (-z)

R-bar (n) =R-frict ion (n) +R-minor (n)

G=2xR_bar (n) *Qa- (a1 (n) +2*a2 Gr) *Qa)

phiO=R-bar (n) +qa+*2

&, - (a0(n)+a1 (n) xQa+a2(n) +Qa++2)

sum-G=sum_G+G

sum-top=sum-top-phi0xj -element-number (i, j ) xQ (n) / (Qaxn)

60 continue

de 1t a-Q=sum-t op/ sum_G

do 70 j=1,j_elements(i)

n=fABS (j _elernent_number (i, j ) )

Q (n) =Q (n) +delta_Q*j _element_number (í , j) /n
70 continue

80 continue

do 90 i=l,n_pipe

test 1=test 1+ABS (ABS (Q ( i) ) -ABS (Q0 (i) ) )

test2=tesr2+ABS (a (i) )

Q0(i)=Q(i)

90 continue

test=test I/test2

t o-l

c

c
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write (3,91) it erat ion, t est

orti¡e(+,91) it erat ion, t e st

97 forrnat (' ' ,í9 ,f23 ,6)

lF (test.lt . converge) c0 T0 105

100 continue

105 do 112 i=1 ,n_pipe

Qa=ABs(Q(i) )

Re=Qa/area ( i ) xdiamet er ( i) /vís cos ity
R-f riction ( i) =1 . 07*length (i) / (gravity*dianeter (i) xx5)

& * (LOG ( , 27*roughness ( i ) /dianeter ( i)
& +5.74*(1.o/Re)+x.9¡¡¡a1-2¡

c

c

R-bar ( i) =R-f xiction(i) +R-minor ( i)
H-drop(i)=&-bar(í) *Qa*r,2- (a0 (i)+a1(i) *Qa+a2 (i) *Qa,t,*2)

ReK(i)=Re

c

tL2 cont inue

H(1)=¡¡-tut

do 120 i=1 , n_j unc

if (i 'ne ' 1) H(i)=H(i-1)

do 120 j=1' j-elenents(i)

n=IABS ( j -elenent-nunber (i, j ) )

H(i)=H(i)-H-drop(n) *n/j -element-number ( i, j )
72O cont inue

if (m](k).eq.1) then

H(2)=H(1)

H(3)=H(1)

16ó
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el-se if (mI (k) . eq. 2) then

H(2)=H(1)

H(3)=H(1)

else if (ml(k).eq.3) then

H(a)=H(1)

el-se if (ml(k) .eq.4) then

H(4)=H(1)

el-se if (ml(k) .eq.5) then

H(a)=H(1)

end íf

do 125 i=1,n-pipe

if (ml(k) . eq. 1 . or.ml (t) . eq.2. or.ml (k) . eq. 3

k .or.ml-(t).eq.4.or.mL(t).eq.5) then

write(x,x) m](k)

if (i.eq.1) then

tf11(1)=tme(k)

tmean(1) =tme (k)

end if

if (i.gt.1) then

tf11 (i) =t2 (fjunct_num(i) )

end if

catl flor¡ (i,n-pipe,pipeloc(i),length(i),diameter(i),

& Re,Rek(i),Q(i),areaI(i),

& tem(i),qh(i),t2(junct-num(i)) ,t¡nean(i),tf 11(i))
pipelo(1)=pipeloc(i)

if (ml(k).eq.1) then

mh= ( (Q ( 1) xrho*t cr (tr) ) - (Q ( t ) xrtroxtcold) ) /
k, (t2(9)-tcold)

demand= ( (mfr/rtro) x1000) xtimemax(k)

166
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el-se if (ml(k).eq.2) then

mh= ( (Q (1) xrhoxtcr (k) ) - (Q (1) +rho+tcoId) ) /
& (t2(70) -tcold)

demand= ( (mh/rho ) * 1000) +t imemax (k)

else if (mI(k).eq.3) then

mh= ( (Q (1) *rho*tcr (k) ) - (A ( 1) *rho*tcold) ) /
& ( t2(6) -t col-d)

dernard= ( (mh/rho) *1000) +timemax (k)

else if (m1(k).eq.4) then

mh= ( (Q ( 1) *rho*tcr (k) ) - (A ( 1) *rho+tcold) ) /
& (t2(7) -tcol-d)

demand= ( (mh/rho ) + 1 000) +t imemax (k)

else if (ml(k).eq.5) then

mh= ( (Q ( 1 ) *rho*t cr (k) ) _ (A ( 1 ) +rho*t cot-d) ) /
a (t2(8)-tcold)

demand= ( (mh/rho) +1000) xtimemax (k)

end if

qwith= (cp*mh* (tme (k) -tcold) xtimemax(k) ) /fOOO

qloss= (h1+ (tme (k) -troom) *timemax (k) ) /fOOO

el-se íf (mI(k).eq.6) then

write(*,*) mI(k)

cal-I noflow (i,pipelo(i),tmean(i),diameter(i),length(i),

& tmenn(i),ttww(í),timemax(k),k)

qloss= (h1* (tme (k) -troom) xtimemax (k) ) /fOOO

end if

t25 continue

c
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if (m1 (k) . eq. 1 . or.ml (k) . eq. 2. or.mI (k) . eq. 3

& .or.mI(ii).eq.4.or.mI(k).eq.5) then

t odemand=t odemand+demand

t o qwith=t o qwith+qwith

t oqlo ss=t oqlo s s+q1o s s

write (3, 128)

write (x, 129)

t28 format(/', ','PIPE N0. FL0VI RATE TEMPERATURE,)

do 130 i=1,n_pipe

if (q(i).gt.0.000001) then

r¡rite(3,129) i,Q(í) , tem(i) , qh(i)

write(x,tZg) i,Q(i), te¡n(i), qh(i)

I29 f ormat (' ' ,i8,2f 19.6,2f79.6,2f19.6)

end if
130 continue

¡rrite (3,131)

write (+,131)

131 format(/' ','NODE N0. HYD. GRADE LINE Flow Surn,)

do 140 i=1,n_junc

test=_Q_out (i)
do 1140 j=1 , j-tubes (i)
n=fABS (j -tube_number (i, j ) )
test=test+Q (n) *j _tube_number (i, j) /n

7740 continue

write (3, 129) i,H(i) ,test
write(x,129) i,H(i),test

I40 continue

write (3,141)

write(+,141)
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747 format(/' ','Pipe Length Diameter Rough, ,

U ) Re R_bar Q')

write (3, I42) ( i, length(i), diameter (i) x100 . 0,roughness (i) x1000 . 0,

& Rek(i) ,R-bar(i) ,Q(i) ,i=1,n-pipe)
write (*, 742) (i, Iength(i), diameter (i) +100 . O, roughness (i) *1000 . 0,

& ReK(i),R-bar(i),Q(i),í=1,n_pipe)

742 format(",i4,f10.1,f10.3,f10 .4,e70.3,e10.3,f10.5)

write (3,I44)

write (+, 144)

I44 format(/' ','pipe outlet temperature')

do 150 i=l,n-pipe+l

v¡rite(3,145) i, t2(i)

write(*,145) i, t2(i)

745 f ormat (' ' ,i'4,f 70 .4)

150 continue

write (3, 151)

write (* , 151 )

151 format(/' ','mass fl-. rate demand (litres) total- demand,)

write(3,152) mh, demand, todemand

i,¡rite (x , tSZ) mh, demand, todemand

L52 f ormat ( ,- , f 10 .5 ,f20 .2,f20 .2)

write (3, 154)

write (*, 154)

I54 format(/'. ', 'heat withdraw loss (KJ), heat loss (KJ),)

write(3,156) qwith, qloss

write(*,156) qwith, qloss

156 format(",f74.4,fL4.4)

write (3, 158)

write (+,158)
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158 format(/' ','Tota1 heat withd l-oss (KJ), Tot heat loss (KJ),)

write (3, 159) toqwith, toqloss

r¡rite(*,1S9) toqwith, toqloss

159 format(",f74.4,174.4)

else if (ml(k).eq.6) then

t oqloss=t oqlos s+qlo s s

wríte (3,228)

write (+,228)

228 f ormat (/' ' , 'PIPE N0. FLOI,/ RATE TEMPERATURE, )

do 230 i=1,n_pipe

if (q(i).9t.0.000001) then

write (3,229) i,Q(í), tmenn(i)

write (*,229) í,Q(i), tmenn(i)

229 f ormat (' ' ,i8,2f tg.6,2f tg .6,2f Ig .6)

end if

230 continue

write(3,231)

r,rrite(*,231)

23L format(/' ', 'N0DE N0. HYD. GRADE LINE Flor¿ Surn,)

do 239 i=1,n_junc

test=_Q_out (í)

do 2140 j=1,j-tubes(i)

n=TABS ( j _tube_number(i, j ) )

test=test+Q (n) xj _tube_number (i, j) /n
2740 continue

write (3,229) i,H(i),test
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write (*,229) i,H(i) ,test
239 continue

write (3,241)

write (*,24I)

241 format(/' ' ,'Pipe Length Diameter Rough,,

& ' Re R_bar Q')

write (3,242) ( i, tength (i), diameter ( i) +100 . 0, roughaess (i) +1000 . 0,

& Rek(i),R-bar(i),Q(i),i=1,n-pipe)

write (*,242) ( i, length (i), diameter ( i) +100 . 0, roughness ( í)'F 1000 . O,

& ReK(i),R-bar(i),Q(i),í=1,n-pipe)

242 format(' 
"i4,f10.1,f10.3,f10.4,e70.3,e10.3,f10.5)write (3,244)

write (+,244)

244 format (/' ' , 'pipe pipe temperature, )

do 250 i=1,n_pipe

if (minor_loss(i) .lt.99999) then

write(3,245) i, ttww(i)

write (* ,245) i, ttw¡¡(i)

245 f ormat (' 
"i4,f 

Io .4)

end if

250 continue

write (3,254)

write (x,254)

254 format(/' ','heat Loss from isul-at (K.l) totat heat loss (KJ),)

write(3,256) qloss, toqloss

write(x,256) qloss, toqloss

256 format(",fI4.4,ftâ.4)

end if

702 continue
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close (2)

cl-ose (3)

close (4)

stoP

end

c

c *++++++*++*+***********++++*++******t*++++++*****+**+++*+********+***

subroutine fl-ow (i,n-pipe,pípeloc, length,diameter,Re,

& RekrQrareal,tem,qh,t2,tmean,tfll)

implicit none

real-*4 diameter, length

real_r4 Q , Re

real+4 pi,gravity

real*4 ReK

real-*4 f ,f I ,lef t , right ,mid, size ,root , tem, alpha

real+4 kw,pr,tfll-,tmean,qh,t2,rho, cp,testt,tlower

real*4 tair, vair, aair, kair, areal

integerx2 i,j

integer*2 n_pipe, count, a,pipeloc

logical done

external f,f1

c +***************++**+**********+********++************+++++x***********

c

pi=3. 14159

gravity=9.806

kw=O.6536

LT2

c

c
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pr=3.02

rho=985.5

cp=4784.0

alpha=O.201

tair=293.0

vair=O.0000153

aair=O.0000216

kair=O .02574

write(+,*) i,n-pipe,pipeloc, length,díameter,

Re,

Rek, Q

tl-ower=303.0

tmean=tfL1

t2=tf Ll-

if (pipeloc.eq.3) go to 124

do 724 j=1,40

if (pipe1oc.eq.1) then

count= 0

l-ef t= 298.0

do 106 a=1,300

left= 298.0 +real(a-1)*0.25

right=1eft+0.25

if (abs(f (left,Re,diameter,

tnean)) .ft.0.001) then

print 107, 1eft, f(left,Re,díameter,

tmean)

173
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707 f ormat (1x,'root = t ,f7.3)

count=count+i

else if (f (feft,Re,diameter,tmean)x

f (right , Re , diameter,

tmean) .It .0.0) then

done=.false.

size=right-left

108 if (size.gt.0.01.and..not.done) then

*1¿= (left+right)/2.0

if (abs (f (mid,Re,diameter,

& tmean)).ft.0.001) then

done=.true.

el-se if (f (mid, Re , diameter,

& trneal) *

& f(left,Re,diameter,

k tmea¡r) .]t .0.0) then

right=mid

else

left=mid

end if

size= right - l-eft

go to 108

:nd if

if (size.gt.0.01) then

root = mid

el-se

LT,J
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root = (Ieft+right)/ 2.0

end if

print 107, root, f (root,Re,díameter,

tmean)

count=count*1

endif

106 contínue

left=333.0

if (abs(f (left,Re,diameter,

& tmean)).ft.0.001) then

print 107, left, f (left,Re,diameter,

& tmean)

count = count +1

end if

if (count.eq.0) then

prínt*, 'no roots in interval 125,60],

end if

else if (pipeloc.eq.2) then

count= 0

left= 298.O

do 109 a=1,300

l-ef t= 298.0 +real- (a-1) *0.25

right=1eft+0.25

if (abs(f 1 (tett,Re,length,diameter,tmean))

.lt.0.001) then

print 110, left,
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110

C

f 1 (Ieft , Re, Iength, diameter, tmean)

format (1x,'root -',f7 .3)

count=count+1

el-se if (f 1(left,Re,length,diameter,tmean)*

f 1 (right , Re , length, diameter , tmean)

.lt.0.0) then

done= .fal-se.

size=right-Left

IT6

&

&

111 if (size.gt.0.01.and..not.done) then

mÍd= (left+ríght)/2.0

if (abs (f 1 (mi.d, Re , length, diameter ,

& tmean)).ft.0.001) then

done=.true.

etse if (f 1(mid,Re,length,diameter,

k tmean)*f1(left,Re,length,diameter,

A tmean)

k, .1t. 0.0) then

right=mid

else

left=mid

end if

size= right - left

go to 111

end if

if (size.gt.0.01) then

root = mid
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else

root = (left+right)/ 2.O

end if

print 110, root, f1(root,Re,length,diameter,

tmea¡)

count=count+1

endif

109 continue

l-ef t=333.0

if (abs (f 1 (left,Re, Iength,dì-ameter,tmean) )

A .1t.0.001) then

print 110, left, f1(left,Re,length,diameter,

& tmean)

count = count +1

end if

if (count.eq.0) then

print*, 'no roots in interval [25,60]'

end if

end if

tem=root

if(pipe1oc.eq.1) then

qh=( (tmean-tair) / ((1/ ( (o.ozsx (ReK)xx(0. 8) *(pr) *+ (0.3)

& .*kw) /(diameter)))+(t/((lçair/¿¡-ameter)*

& (0. S0* ( (tem+tair) *x(0.3333) )+( (0.633)+ ( ( (tem-tair) **

& (0. 16666) x (diameter) x* (0 .5) x (tem+tair) ++ (0. 1666) ) /
& ((vaír*aair)++(0.16666))))+((0.2783)+(((tem-tair)x+

& (0.3333)*diameter)/((vairxaair)+x(0.3333)))))))))xareal

else if (pipe1oc.eq.2) then

LTT
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qh=( (tmean-tair) / ((1/ ( (o.OZS+(ReK) +*(0. 8)+(pr) x*(0. 3)

& +kv¡) / (diameter) ) ) + (7/ ((kair/ length) * (0.68*

k, ((tem+tair)+*(0.25))+((1.082)x((tem-tair)**(0.25)*

& (length)++(0.75))/((vair*aai¡)*x(0.25))))))))*areal

end if

t e stt=tf l-]-- qh / (rhoxQ+ çp)

if (testt.gt.tf11) then

,""¡¡= (t2+tfl]-) /2 .0

el-se if (testt.lt.tlower) then

t""¡1= (t2+tlower) /2 .O

end if
t2=t2+a]-pþ¿x (testt-

þ, t2)

t*".It=(tfll+t2) /2.o

write (*, *) qh,tem,tmean,tf 11

c

c

c

724 continue

write(*,*) Rek, diameter,Q,tem,tmean

return

end

c

c

c *++*********++*+++++***+***++*+************************************

178
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subrout ine nof 1or¡ ( i, pipeloc, tmean, diameter, length, tmenn, ttvrw,

& timemax,k)

implicit none

real+4 tmen,diameter, length,time,pipeloc

real-x4 ttw, trans , tmean, deltat , ttvriu, trans2

rea1x4 left , right , mid, s ize , root , tmenn

dimension ttv¡(3900), tmen(3900)

integerx2 j, count, a,timemax, i,k

logical done

external trans,trals2

C *++**************************++**+*+*++*********++**+++>F********>k**

c

c

time=O.0

del-tat=20.0

tmen(1)=tmean

write (x, *) i,pipeloc,tmean,diameter, length,

& tmenrr,ttww,timemax,k

if (pipeloc.eq.3) go to 20

if (pípe1oc. eq. 1) then

do 10 j=l,timemax/2,

t ime=t ime+deltat

count= 0

left= 293.O

do 209 a=1,400

left= 293.0 +reaI(a-t)+0.20
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right=1eft+0 .20

if (abs(trans(left,tmen(j ),diameter, length,time) )

.]t .0.0001) then

c

print 210, Left,

k trans(left,tmen(j),diameter,length,time)

27O format (1x,'root = t ,17.3)

c

count=count*1

else if (trans(tett,tmen(j),diameter,length,time)x

& trans(right,tmen(j),diameter,length,time)

A .1t.0.0) then

done= .fal-se.

size=right-Ieft

2tI if (size.gt.0.0001.and..not.done) then

*1¿= (lef t+ríg;]nt) /2.O

if (abs (trans(mid,tmen(j ),diameter, length,time

&, )).rt.0.0001) then

done=.true.

else if (tra¡rs(mid,tmen(j),diameter,length,time

& )+trans(tett,tmen(j),diameter,length,tirne)

k lt. 0.0) then

right=mid

else

left=mid

end if

size= right - l-eft
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go to 2II

end if

if (si2e.9t.0.0001) then

root = rnid

else

root = (teft+right)/ 2.O

end if

print 210, root, trans(root,tmen(j),diameter,

k length,time)

count=count*1

endif

209 continue

left=333.0

if (abs (trans (tett,tmen(j ),diameter, length,time) )

& .1t.0.0001) then

print 2I0, Left, trans(teft,tmen(j),diameter,

& length,time)

count = count *1

end if

if (count.eq.0) then

print*, 'no roots in interval [25,61],

end if

ttw(j )=root

tmen (j +1 ) =ttw (j )

write(x,x) tmen(j), ttT,r(j), time
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10 continue

tmenn=tmen (t imemax/20 )

ttww=ttw (timemax/20)

el-se if (pipeloc . eq.2) then

do 20 j=l,timernax/20

t ime=t ime+deIt at

count= 0

left= 293.0

do 219 a=1,400

left= 293.0 +real(a-1)*0.20

right=left+0.20

if (abs(trans2(teft,tmen(j),diameter, length,time) )

.]t.0.0001) then

print 2!0, Ieft,

& trans2(left,tmen(j ) ,diameter,length,time)

22O format (1x,'root = ' ,f7.3)
c

count=count*1

el-se if (trans2(left,tmen(j),diameter,length,time)*

trans2 (right, tmen ( j ), diamet er, length, t irne )

.lt.0.0) then

done= .fal-se.

size=right-left
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227 if (size.gt .0.0001 . and. . not . done) then

mid= (left+right)/2.0

if (abs (trans2 (mid,tmen(j ),diameter, length,time

& )).rt.0.0001) then

done= . true.

else if (trans2(mid,tmen(j),diameter,length,time

& )*trans2(tett,tmen(j),diameter,length,time)

A .lt . 0.0) then

right=mid

else

l-ef t=mid

end if

size= right - l-eft

go to 22I

end if

if (si2e.9t.0.0001) then

root = mid

else

root = (teft+rigtrt)/ 2.0

end if

print 22O, root, trans2(root,tmen(j),diameter,

length, t ime)

count=count*1

endíf

2tg continue

left=333.0

if (abs (trans2(left,tmen(j ),diameter,length,time) )

183
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. tt .0.0001) then

print 220, Ielt, trans2(tett,tmen(j),diameter,

length, time)

count = count *1

end if

if (count.eq.0) then

print+, 'no roots in interval [25,61]'

end if

ttw (j ) =root

tmen(j+1)=ttw(j )

20 continue

tmenn=tmen (t imemax/20 )

ttww=ttw (t imemax/20 )

end íf

return

end

c

c

C * * * * * * * * * * + * >F * * * * * >k >k * * * * * * *>k * * * ** * * * * ** * * * ** * * * * ** * * * *+ * * * * * * * ** *** * *

real function trans (ttw,tmen,diameter, length,time)

implicit none

real+4 ttw,tair,diameter,pi, length,rho, cp,time

real+4 tmen,fhsl,deltat

external fhsl

18.+

c

c
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c **+*++***+***>F**+*+**+++,F+***++++*+**++**+*+*+*********+*********++*+

c

c

rho=985.5

cp=4184 ' 0

deltat=20.0

pi=3. 14159

tair=293.0

tr.trr= (exp (- ( (tirsf (ttw, diameter) *2*pi+ (diameter/2) *

& Length) / (rhoxcp+pix ( (diamet er/2) +*2) *fengttr) +¿eltat) ) )

þ, -((ttr¡-tair)/(tmen-tair))

return

end

c

c

C +*+***************+t++++*+++****+,t<++*+*+*+*******X++**+*++**+*****

real function trats2 (ttw, tmen,diameter, length, time)

implicit none

realx4 ttw,tair,diameter,pi, length,rho, cp,time

. real+4 tmen,fhs2,deltat

external fhs2

c ***************************************>F*****+**********t+**+t+>i(,F*

c

rho=985.5

cP=4184.0
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del-tat=20.0

pi=3. 74159

tair=293.0

trans2= (exp (- ( (fnsZ (ttw, diamet er) *2*pi+ (diamet erl2) x

& l-ength) / (rho*cp+pi+ ( (diamet er/2) **2)*lengrh) +dettat) ) )

& -( (ttw-tair)/ (tmen-tair) )

return

end

c

C

c *******+*+*+*****************+*+++***** ** ********+ *+**+******

real- function f (tw,Re, diameter, tf 1)

realx4 twrdiameter,kair,vair,aair,tout,Re rprrtfl,kw
c *+*********++*+*****+++ ++ ****+**+*+*********>È+t++++**********

kair=O .02574

vair=0.0000153

aair=O.0000216

kw=O.6536

pr=3.02

tout=293.0

f = ( ( (0.023* (Re) +* (0 .8) * (pr) +x (0.3) *kw) /diameter) * (ttl-tr,r) ) x

& ( (tw+tout)xx(0.3333) ) -( (kair/diameter) +(0.:Ox( (tw+tout)**

k (0.3333))+((0.633)+(((tw-tout)+*(0.16666)*(diameter)xx

O (0.5)*(tw+tout)xx(0.1666))/((vairxaair)x*(0.16666))))+

& ( (0 .2783) x ( ( (tw-tout) ** (0.3333) xdiameter) /
& ((vair+aair)x+(0.3333))))))*(tw-tout)

r86
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return

end

ç

c

c ** * ****+*+ *+**** ******+*+***** ** *++*****+*++*** * *** * + ì<+**+ ****

real function f 1 (tw,Re, length,diameter,tfl)

real+4 tw, length,kaír,vair, aaír,tout,Re,pr,tf1,kw

real-'k4 diameter

c *+***** *****+ + + +*+++*****++ +*******+*>! ***** **++*+****** *>F**+++

kair=O .02574

vair=O.0000153

aair=O.0000216

kw=O.6536

pr=3 .02

tout=293.0

f 1= ( ( (o . ozg+ (Re) ** (0 . s) x (pr) ++ (0 . 3) *kT,r) /diamerer) * (tf I-rli) ) *

& ((tr¡+tout)**(0. 25))-((kair/length)+(O.oax((tw+tout)**

& (0.25))+((1.082)x((tw-rout)**(0.2s)*(length)*x

& (0.75)) /((vair+aai¡)x*(0.25)))))*(tw-tout)

return

end

c

c

c *+*+****++>F+*t++**********+******+{(++>i<****+*+*****+**+**************+>t<+**

real- function fhsl (tw,diameter)

real*4 tw, kair,vair, aair,tout
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real+4 diameter

C **++***+****++*++*>F++**+************************+++**++***+>F**+*********+*

c

C

kair=O .02574

vair=O.0000153

aair=O.0000216

tout=293.0

fhsl= ( (kair/diameter)*(0.36*((tw+tout)++

& (0.3333))+((0.633)*(((tw-tout)*+(0.16666)*(dfa¡sf,s¡)++

O (0.5)+(tw+tout)**(0.1666))/((vair+aair)**(0.16666))))+

& ( (0.2783) x ( ( (tw_tout) ++(0.3333) *diameter) /
& ((vair*aair)++(0.3333))))))

return

end

c

c

c *********++*********++++***++**+****************++****+*******++***+****

real- function fhs2(tw,length,dialreter)

realx4 tw, kair, vair, aair, tout , Iength

real*4 diameter

c ********+*+************************************+t*++*,F********++**+****+

c

c

kair=O.02574

vair=O.0000153



D . 2 L ist ing' ctf' P rc g't' ¿tnt f'or L'l nit¡sttl ¿t tr:d C ¿tsr:

aair=O.0000216

tout=293 .0

fhs2=( (kair/Length) * (0.68+ ( (tv¡+tout) x*

& (0.25))+((1.082)*((tw-tout)++(0.25)+(length)**

& (0.75))/((vair+aair)+*(0.2s)))))

return

end

i89



Appesadåx ffi

Äxapaa& æwa& ffizstp€.å& K,ås&åwags

Ð"1- ï,isting of am. äa'aput F ïle

n_p1Pes

n iunc

n_pumps

viscosity 0.0000006

spec-gravity 1.0

converge .0000001

Nor,r enter the pipe data: Nunber(#), length(L:m), diameter(d:cm),

roughness(e:mm), minor loss coefficient(K:-), initial fl-ow rate guess(Q:m^3/s)

#,L,d,e,K,Q L 2.3 1.905 0.0015 0.0400

#,L,d,e,K,Q 2 LO.4 1.905 0.0015 0.0200

#,L,d,e,K,Q 3 2.8 1.905 0.0015 0.0200

#,L,d,e,K,Q 4 I.O 1.905 0.0015 0.0100

#,L,d,e,K,Q 5 3.6 1.905 0.0015 0.0100

#,L,d,e,K,Q 6 2.O 1.905 0.0015 0.0100

#,L,d,e,K,Q 7 3.2 1.905 0.0015 0.0100

q

4

0

190
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#,L,d,e,K,Q 8 1.0 1.905 0.0015 0.0050

#,L,d,e,K,Q I 5.5 1.905 0.0015 0.0050

Next would enter the data for the punps. First enter the pipe label Enter Hp

at Q=0, Hp and Q at an intermediate point, and Hp and Q at a high point. Hp:m;

Q:m^3/s.

You must select a point in your system to act as a reference point. Then enter

the piezometric head at this location. H:m.

Reference 52.46

Next enter the data for the pipes betr¡een the joints. First the reference point

to the first junction, then first to second junction, and so on. For each path

enter the number of pipes between the junctions, then the label number for

these pípes. These label numbers are signed to give the direction of flow.

Pathtol 1 1

Pathlto2 1 3

Path2to3 1 5

Path 3 to 4 3-5-32
Next enter the data for the loops and pseudoloops. For each loop enter the

piezometric pressure difference between the start and end of the loop

(dH:m), then the number of pipes in the loop, then the l-abeL number for each

pipe.These label numbers are signed to give the direction of flow.

dH,#p,#'s -39.9 3 1 3 4

dH,#p,#'s -39.9 4 I 3 5 I

dH,#p,#'s -38.9 3 1 2 6

dH,# p,#'s -39.9 t 2 7

dH,#p,#'s -39.9 4 7 3 5 I

Finally enter the data for the tubes that meet at the junctions. For each

junction enter the number of tubes entering and the number of the tube. Each

tube is signed such that inflow is positive and outflow is negative. Q:rn^3/s.

Q,# p,#'s 0.0 3 1 -2 -3



8.2 Lisl,ingof'tut Otttl:ut File

Q,# p,#'s 0.0 3 3 -4 -5

Q,# p,#'s 0.0 3 2 -6 -7

Q,# p,#'s 0.0 3 5 -8 -9

Finally enter tha data for specification of pipe location. If pipe is

Pipe is in horizontal position, if pipe is 2 then pipe is in vertical
#,PT2L
#,P252
#,P 3 3 2

#,P463
#,P 5 4 3

#,P 6 g 5

#,P7705
#,P874
#,P984

t92

1 then

8"2 F,isting of ase tutput F ile

L

t

3

4

5

o

7

8

o

10

fi

0 .987199

0 . 99591 1

0.98L743

0.928088

0.756710

0.403692

0 .091670

0.005746

0.000439

0.000068

0 .000013
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72

13

I4

15

76

77

18

19

20

2I

22

23

24

25

26

27

0 .000009

0 .000006

0.000004

0 .000003

0.000002

0.000002

0 .000001

0 .000001

0.000001

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

FLOl'l RATE

0.000483

0.000482

0.000481

HYD. GRADE LINE

. 51 .729813

57.7298t3

51.729813

48.860428

TEMPERATURE

328.906250

328.878906

328.847656

Flow Sum

0.000000

0 .000000

0.000000

0.000000

PIPE NO.

1

2

7

NODE

27.582298

97.515739

29.980518

N0.

L

t

ó

4

Pipe Length Diameter Rough Re R-bar
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1

2

4

5

6

7

I
9

t2

70.4

2.8

1.0

3.6

2.0

?ô

1.0

5.5

pipe outl-et

1 0.0000

2 332.9892

3 0.0000

4 0.0000

5 0.0000

6 0.0000

7 0.0000

I 0.0000

9 332.9402

10 0.0000

mass fL. rate

0 .28188

temperature

demand (litres)

51 .48

total demand

225.L7

1 .905

1 .905

1 .905

1 .905

1 .905

1 .905

1 .905

1 .905

1 .905

0.0015

0 .0015

0.0015

0.0015

0.0015

0 .0015

0.0015

0.0015

0.0015

0.538E+05

0 .537E+05

0.7788+02

o.4trB+02

0.367E+02

0.8358+02

0.536E+05

0. 184E+02

0. 1848+02

0.314E+07

0. 1248+08

0.6288+74

0.6288+14

0.628E+14

0.6288+74

0. 1578+09

0.628E+14

o.6288+L4

0 .00048

0.00048

0.00000

0 .00000

0.00000

0.00000

0.00048

0.00000

0 .00000

heat withdraw loss

70402.7748

(KJ), heat loss (KJ)

22.3200

TotaL heat withd loss (KJ), Tot heat loss (KJ)
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45482.16+7 989 .5200

195


